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%e explore the possibility that fractionally charged colored quarks and electrically neutral colored gluons

may exist as real particles, Our framework is a renormalizable, spontaneously broken version of color

dynamics (quantum chromodynamics (QCD)], in which the gluons are given a common mass p, in the

Lagrangian. Color SU(3) remains an exact global symmetry, and for small p, our understanding of color-

singlet hadrons in QCD is unaltered. For small p, the masses of physical quarks and gluons are large:

O((2na'p, ) ') with. a' the slope of Regge trajectories. There is at least one stable hadron for every

representation of color SU(3). In the unbroken QCD limit (p, ~0) the conventional picture of color

confinement is recovered. To implement quasiconfinement in detail we use the MIT bag model. For p, = 0
this model describes confinement. For p, +0, it describes quasiconfinement with no further modification.

Production cross sections for quarks and gluons turn out to be very small. Quark-nucleon and gluon-nucleon

cross sections, on the other hand, are very large. Quarks and gluons have a large nuclear appetite:

Sequential absorption of nucleons by a free quark is exothermic up to large values of total baryon number. If
quarks are very heavy, primordial quarks left over from the big bang will be found in superheavy quark-

nucleon complexes with large nonintegral charge and baryon number. Primordial gluons will have the

appearance of integrally charged superheavy nucleon complexes.

I. INTRODUCTION

Candidates for fractionally charged matter have
been reported on several occasions, the first
one by Millikan himself. ' Two new very intrigu-
ing candidates recently have been reported. ' This
gives us an excuse to speculate on the theoret-
ically unfashionable but most interesting poss-
ibility that unconfined fractionally charged quarks
and unconfined electrically neutral colored gluons
may exist.

Qver the past few years the point of view that
fractionally charged quarks should be confined in
colorless hadrons has gained general. acceptance.
Quantum chromodynamics (QCD), a gauge theory
in which the interactions between colored quarks
are mediated by massless vector colored gluons,
has emerged as the best candidate for a theory of
the strong interactions. In QCD gluons are mass-
less and conventional (u, d, s) quarks are light.
QCD is formally analogous to QED in many re-
spects, the major exception being the non-Abelian
nature of color SU(3). If the gauge group of QCD
is an. exact local symmetry the color-triplet
quarks and color-octet gluons of the theory are not
expected to exist as real particles. But suppose
that the evidence for unconfined quarks became
uncontroversial. We would then have to face the
following questions: Is the existence of unconfined
quarks and gluons compatible with our successful
understanding of colorless hadrons in a QCD con-

text? Does Archimedes's principle' apply to
quarks and gluons, i.e. , could they behave as light
particles in.side colorless hadrons and yet be
heavy when unconfined? We will answer both ques-
tions affirmatively. At a more phenomenological
level we would like to develop a theoretical
framework to guide further searches for uncon-
fined quarks and gluons. At this level we study
the masses of unconfined quarks and gluons, and
make rough estimates of production cross sections
in different reactions. We investigate the binding
of quarks with nucleons relevant to the searches
for quarks in stable matter.

It is conjectured that if the local gauge symmetry
of QCD remains unbroken, only color-singlet had-
rons exist. A proof of color and quark confinement
in QCD does not exist. For practical purposes we
must rely on models such as the MIT bag model, "
where the hadron is an extended structure ab initio
and confinement is automatic in QCD if the gauge
symmetry is unbroken. Such models, despite
their shortcomings, are rather successful at de-
scribing the properties of color-singlet hadrons. "

In the bag model, local energy-momentum con-
servation imposes boundary conditions on quark
and gluon fields at the bag's surface. Together with
the Gauss law for exact QCD, these force all states
to be color singlets. Qur strategy to allow for the
existence of unconfined quarks and gluons is to
make the minimum alteration in this scheme. We
implement a spontaneous breakdown of the local
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Mo = 2 Mo+ 0(p' ') (1.2b)

where a'= 0.88 GeV ' is the slope of Regge tra, -
jectories. Notice that as p, -0 the masses of free
quarks and gluons diverge as p, ', and the con-
ventional picture of color confinement is re-
covered. We consider this inverse relation be-
tween gluon masses in the Lagrangian and the
masses of free quarks and gluons to be a very
satisfactory property of our model. For small
p, , quarks and gluons are light "inside" color-
singlet hadrons and heavy "outside". ' The success-
ful phenomenology of confinement requires any
realistic model of quark quasiconfinement to satisfy
this principle in one way or another. '

In Sec.II we discuss theproblem of breaking of the
local SU(3) invarianc e of QCD via the Higgs mecha-
nism while retaining color SU(3) as an exact global
symmetry. Weareforced to introduce color triplets
of Higgs mesons whose masses and couplings must
be adjusted to avoid the formation of low-lying
fractionally charged bound states. Whether these
problems are serious depends on whether Higgs mes-
ons are real or just an artifact of our poor understand-
ing of spontaneous symmetry breakdown. Finally, we
discuss the approximate asymptotic freedom of
broken @CD.

SU(3) color gauge symmetry but retain the gfobal

SU(3) color symmetry and the calculational frame-
work of the bag model. By breaking the local gauge
symmetry spontaneously we generate gluon mass
terms in the Lagrangian while maintaining the
sacrosanct renormalizability of the theory. We
use a specific Higgs mechanism to generate a com-
mon Lagrangian mass for all eight gluons A',
a=1 ~ ~ 8

2A~+'~

The free parameter p, measures the breakdown of
the local gauge symmetry and is zero in the stand-
ard QCD limit. When p. is no longer zero the color
fiel.d of a single quark of gluon is of a Yukawa type.
Gauss's law no longer holds; the bag boundary con-
ditions can be satisfied, and colored objects are
allowed to exist. As p, -0 the boundary conditions
clash with the emerging Gauss law. Colored ob-
jects become infinitely large and infinitely heavy
and finally leave the spectrum altogether when p,

is zero. Because color remains an exact global
symmetry, familiar hadrons remain color singlets.
Our understanding of their spectrum remains in-
tact. Exact QCD confines color exactly, approxi-
mate QCD approximately.

Our model. predicts that the masses of free
quarks and gluons are

M = +O(p' '), (1.2a)
2m'p,

1/3 2

o„,(qp) = — 1+4. mp
(1.3)

The capture cross sections for the quark or gluon
to absorb part or the totality of a, nuclear target
may be a large fraction of 0$ f.

We end the paper with a discussion of the most
difficult problem: the cosmic history of primord-

In Sec. III we compute the masses of colored
objects in the bag model. We find that the leading

O(1/p) results of Eq. (1.2) are independent of the
detail, s of the model. The mass of a colored ob-
ject turns out to be linear in its color charge, de-
fined as the square root of the quadratic Casimir
operator of the color-SU(3) representation to which
the colored object belongs. It is a corollary that
there is at least one stable colored object per
SU(3) representation We discuss these questions
and the spectrum of colored states in Sec. IV.

In Sec. V we study the binding of nucleons to
quarks. This question is most relevant to the
searches for "natural" quarks in stable matter.
The free quark is a large lump of hadronic matter
with a radius R-O(y, ' '). If a nucleon "falls" into
a quark, the nucleon's constituent quarks can
"relax" into the large quark lump with consider-
able reduction in their kinetic energy. A quark
may exothermically absorb nucleons until the ex-
clusion principle makes it unfavorable to absorb
more nucleons into the quark cavity. We are con-
fronted with the somewhat unusual problem of cal-
culating the number of nucleons in a quark. We
call the expected number of nucleons which com-
bine with a single quark its "appetite, "which we
find to be of the order of magnitude A ~-Mo/m, .
If unconfined quarks are very massive, this may
be a reason to expect to find quarks in association
with heavy nuclei. In our model, free, massive,
electrically neutral colored gluons must also ex-
ist. Gluons are also expected to absorb nucleons.
Such states mill not have the telltale fractional
charge of quark nuclei, but wil. l have unusually
large masses.

In Sec. VI we discuss the search for quarks and
gluons. The feature of our model most relevant
to accelerator and cosmic-ray searches is the
radius of the colored object, which is large by
colorless-hadron standards. We argue that a
large radius strongly suppresses production cross
sections. With this suppression taken into
account, the present lower limits on quark masses
from accelerator experiments are only of the
order of a few Ge7. Further, a large radius im-
plies quark-proton and gluon-proton cross sec-
tions that are larger than typical strong-inter-
action cross sections. We estimate, for instance,
that
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ial quarks. In the event that quarks and gluons are
not permanently confined, nature may have seen
fit to leave some about at the beginning of time.
We are unable to estimate this initial density.
However, we can conclude rather safely that any

primordial quarks mould have satiated their nu-

clear appetite during the early minutes. Such
primordial quarks would not be found in the bary-
on-number-3 form but rather as anomalous heavy
nuclei with fractional charge. Quarks created
more recently, e.g. , in collisions of high-energy
cosmic rays, are more likely to be in their
pristine 8= 3 state since collisions are very rare
in the interstellar vacuum. Primordial gluons,
likewise, may be found as anomalously heavy
nuclei.

II. A CONSERVATIVE BREAKDOWN
OF COLOR GAUGE SYMMETRY

Here we show that it is possible to break the
color SU(3) gauge symmetry of QCD in such a
way that we have the following:

(l) All eight gluons acquire the same mass p.
(2) The theory remains renormalizable.
(3) Global color SU(3) remains an exact sym-

metry. Modifications of the spectrum and other
properties of low-lying color- singlet states are
small for small p, .

(4) The theory remains able to describe Hjorken
scaling in regions explored to date, though de-
viations are possible at very large momentum
transfers.

We present our arguments qualitatively in the
first part of the section; all technicalities are
postponed to the second part.

In order to preserve renormalizability, we
introduce a spontaneous breaking of the symmetry
in the manner of Higgs. We shall see below that
the introduction of three elementary color-triplet,
flavor-singlet Higgs scalars is sufficient for our
purposes. We choose a Higgs potentiaL whose sym-
metry ensures the survival of global SU(3) as an
exact symmetry. It is a corollary that all eight
gluons acquire a common mass p, and the spec-
trum and quantum numbers of conventional color
singlets are not affected.

The effects of elementary color-triplet scalars
on the spectrum and asymptotic properties of the
theory are potential. ly drastic. The color- singlet
sector will contain many states in addition to the
usual bound states of quarks. These include, for
example, flavor-singlet bound states of scalars,
and fractionally charged states consisting of a
quark bound to a scalar. ' If the scalars were light
these would appear to be light fractionally charged

yg yB y8

yG yG pC

(2. 1)

Color SU(3) acts on columns and the SU(3) to be
left over as a global symmetry acts on rows; 4
is a (3, 3) under SU(3)cx SU(3)e. The most general
renormalizabie SU(3)c x SU(3)e-invariant Higgs-
meson self-couplings correspond to the potential

V(4) =M'TrA+m(aTrC'4 —2detC)

+ X, Tr(A')+ X2(TrA)'+ H. c. ,

where

(2.2)

A=4 4 bl (2.3)

and a, b, m, and M are parameters with dimen-
sions of mass.

We may use an SU(3)c x SU(3)o transformation to
write 4 in the diagonal form

hadrons.
We will not explore the spectrum of color-sing-

let states including Higgs scalars for two reasons.
First, their masses may be made so heavy that
Higgs-meson-containing states are of no pheno-
menological importance. Second (and more im-

portant), we suspect that the Higgs mesons may
be only artifacts of our rather clumsy way of
breaking local gauge symmetries and that nature,
being more clever, can do jt without introducing
these new degrees of freedom. In any case we
regard hypothetical color-singlet matter made
of scalars and quarks as an even more speculative
subject than unconfined quarks and will not pursue
it here.

Elementary scalars destroy the asymptotic free-
dom of QCD. Asymptotic freedom is the standard
explanation of the observed Bjorken scaling. To
maintain Bjorken scaling in the explored domain
of momentum transfers, we must again make the
mass of the Higgs particles relatively large and/or
their self-couplings relatively small. This en-
sures that the theory is "temporarily" free and
that deviations from scaling only occur at very
large momentum transfers.

We now turn to a brief technical description of
a model embodying the ideas outlined above. The
technique to break the locai SU(3) gauge symmetry
in such a way that color remains exact as a global
symmetry has been invented by Bardacki and Hal-
pern in a different context and has recently been,
discussed by Mohapatra, Pati, and Salam. ." Let
there be three color triplets of Higgs scalars
p„p„p„ that we arrange into a 3 x 3 matrix,
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e =e" (2.4)

y~

with a, p, y rea.l. For M'& 0 the usua. l Higgs mech-
anism takes place and V(4) has an absolute min-
imum at

6=0.
2(X, +3m )

(2.5a)

(2.5b)

The Higgs fields have acquired nonzero vacuum
expectation values (VEV's)

0 0

m =/x' 'a
f

(2.7b)

where g is the QCD gauge coupling constant and
X is a combination of the quartic coupling constants
A., and X, of Eq. (2.2). The above equations are to
be interpreted" as masses renormalized at Eucli-
dean momenta of the order of a. If the VEV a is
small the coupling constants may be la,rge and
Eqs. (2.7) need not be numerically correct. They
simply indicate that p, and m~ are independent and
nonvanishing.

As we have already mentioned, the asymptotic
freedom"" of QCD does not in general survive
spontaneous symmetry breakdown. The ultraviolet
behavior of the theory we have constructed (and
of many other theories) has been studied by Politz-
er and Ross." We will present their results very
schematically. The renorma, lization- group P func-
tions of the gauge coupling constant g and the
quartic coupling constants A. have the following
form, to leading orders in g and A. :

Pg = -aug + &gg

j8)t = a2g + a3 A. —a4g g .

(2.8a)

(2.8b)

In the above equations, and the remainder of the
discussion, we refer to just one quartic coupling
constant A. , to present the gist of our argument
in a simplified context. The quantities a, in Kqs.
(2.8) are positive numbers. " In broken QCD the
origin (g=A=O) is not an ultraviolet-stable point.
But for initial values of g and X that are not very

(2.6)

0 0 a

The kinetic terms D„4t, lf 4, in the Higgs I.ag-
rangian now generate a global-SU(3)- invariant
common mass p, for all eight gluons. The values
of p, and of the Higgs mass m~ are

(2.7a)

r ~Sl M

/
I /

/'ll, Ij I
r

A

FIG. 1. A diagram responsible for the leading Higgs
meson contribution to the momentum evolution of the run-
ning gauge coupling constant of broken @CD. The wavy
lines are gluons. The dashed lines are Higgs mesons.

large the theory is "temporarily" free. It mimics
a truly asymptotically free theory: Coupling cons-
tants decrease with increasing momenta until
enormous values of the relevant momenta. " The
observed electroproduction scaling remains un-
affected. For large values of the Higgs mass m~
our theory is even closer to conventional QCD than
the theories explored by Politzer and Ross, who
studied the limit where all masses are negligible
relative to the relevant momenta. I et the mo-
mentum transfer in electroproduction be Q' and
let all quantities be renormalized at Euclidean mo-
menta M, with M,'-Q'. In the regime g «m~',
the quantity 5, in Eq. (2.8a) is now replaced by a
power (M, /m, )'« I. The exponent in the sup-
pression factor can be found by counting powers in
diagrams such as the one shown in Fig. 1, which
are responsible for the g'X term of Eq. (2.8a).
The suppression also occurs to higher orders in
perturbation theory. This power suppression is a,

manifestation of the Appelquist- Carrazone" theo-
rem, which (in brief) states that heavy particles do
not affect renormalizable theories at momenta
much smaller than their masses. The effects of
the Higgs particles on P~ and on the analysis of
electroproduction are negligible, provided the
Higgs particles are sufficiently heavy. Yet, if un-
confined quarks exist, the model we have outlined
would predict the electroproduction scaling will
not last forever. "

III. QUASICONFINEMENT IN THE BAG MODEL

quarks: in'' =q

gluons: n E""=0
(3.1a)

(3.1b)

where o. (1,2, 3) and a(1, 2 ~ ~ 8) are color indices.
(The Higgs scalars are irrelevant to this discuss-
ion. ) The spacelike four-vector n, is the covar-
iant outward normal to the bag's surface. There is
an additional boundary condition corresponding to

We reformulate the bag model of QCD with mass-
ive gluons following the prescription of Sec.
II. Inside the bag the quarks, gluons, and Higgs
scalar obey the usual equations of motion of (spon-
taneously broken) QCD. At the bag's boundary each
field obeys a "linear" boundary condition:
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the physical requirement that the field pressure
equal the universal bag pressure B (B' '= 146 MeV}
on the boundary

n ~ E =0a (3.3a)

B=g —
2( E,

' -B,' + p' A,'—p,
' A, ) —~ n ~ sqq,

a (3.2}

where the sum on quark color indices is implicit.
We must emphasize that Eqs. (3.1) and (3.2) are
not only boundary conditions on the fields but also
equations of motion for the surface of the bag.
Static surfaces of various shapes are not, in gen-
eral, consistent with Eqs. (3.1) and (3.2). Neverthe-
less the time-averaged structure of an unexcited
bag state is thought to be adequately represented by
approximating the bag as a static cavity. " For a,

static bag Eq. (3.2) requires that the total energy
(field energy pius bag energy) be stationary with
respect to local variations of the bag surface.
In looking for low-energy configurations this re-
quirement may be approximated by minimizing the
total energy with respect to the bag's volume and a
few parameters which describe its shape.

If the gluon mass were zero Eq. (3.1b) would
guarantee color confinement. In the local rest
frame of a given point on the surface it reads

A,'(x) =, ' + P,(x) . (3.7)

Upon substitution in Eq. (3.1) and (3.4) we find

(V'- p')4. (x) = -g[p, (x) —Q. /V], (3.8a)

n ~ &Q =0 (3.8b)

&$,(x) d'x=0. (3.8c)

It is easy to show that p, (x) is well behaved as p-0.
lim P, ( p, ') = P, + O(p') . (3.9)

For small. gluon mass the leading contribution to
the field energy within the bag comes from the
O(1/p') term in A,':

and f„d xA ', = 0, or Q, w0 and A', must contain
a term which diverges as p, -0. States of the first
kind are ordinary, color-singlet hadrons. States
with Q, + 0 are unconfined quarks and gluons. The
appearance of a divergence in f d'xA,'is a man-
ifestation of the well-known inconsistency of the
Neumann boundary conditions for a classical elec-
trodynamical system with nonzero total charge.
We may isolate the divergent term in Ao (x):

nx 8, =0. (3.3b}
(3.10)

(&'- p')A'. (x)=-gp. (x).

Integrating this over the bag we obtain

(3.4)

~ ~ &A,'d's - p2 Ao d'~ g
S

(3 5)

where Q, is the total color charge matrix. fz d's
spans the surface of the bag. In ordinary (p=0)
QCD Eq. (3.5) reduces to the Gauss law. Combined
with the bag boundary condition Eq. (3.3a) one ob-
tains Q, =O: confinement. In fact, the first term
in Eq. (3.5) always vanishes on account of Eq.
(3.3a), leaving

d xA, =-gQ, /p2. (3.6)

This may be satisfied in two ways. Either Q, =0

When p. is zero Gauss's law combines with Eq.
(3.3a) to force all hadrons to be color singlets.
When p is not zero, Eqs. (3.3a) and (3.3b) still
hold, but Gauss's law does not. Colored states are
possible. We proceed to ca,lculate their masses to
leading order in lip.

Suppose a static cavity of arbitrary shape (vol-
ume V} contains a time-independent, classical
color charge density p, (x) due to quarks and/or
gluons. The equation for the color (scalar) po-
tential is

where we have set g =4va, and+, Q,'= C', the
quadratic Casimir operator of color SU(3) (our
normalization is such that C = —' for a triplet rep-
resentation). We argue that all other terms in Ez
remain finite in the limit p-0. Quark and gluon
kinetic energies are controlled by their masses
or by llR (R is a typical cavity dimension), which-
ever is larger. The vector potential X, does not
contribute a term of order I/p' to Ez. The field
equation for X, is similar to Eq. (3.4}, but its
source, j„ is a static, divergenceless current
with no monopole moment. Quantum fluctuations
respect the global conservation of color charge
and therefore will not require new shifts of order
1jp,' in A,'. Quantum corrections to our semi-
classical calculations will therefore be of the same
order as those in color-singlet bags. Thus we
believe the result in Eq. (3.10) to be rather gen-
era.l.

The field pressure due to the leading term in.

A,' is uniform. Therefore, to leading order in

, the pressure balance, Eq. (3.2), may be
satisfied in a cavity of arbitrary shape. In this
case Eq. (3.2) is equivalent to minimizing the total
energy with respect to the volume V. The total
energy of a colored bag combines the bag energy,
BV, with the field energy E& of Eq. (3.10). To
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leading order we have

2~a, C'

p, V
(3.11)

whence

and

V=
4wa' p,B 16

3C2 1l 2

E = 2BV 2wei p 16

(3.12)

(3.13)

For convenience we have introduced the bag ex-
pression for the Regge slope':

a'= (3/2wa, B)"'. (3.14)

1
E(L)=, (y ctoyh)'~',

2PQ p.
(3.15)

where y —= pL. Application of the pressure balance,
Eq. (3.2), requires E(L) to be minimized with
respect to L. But E(L) is a monotonically increas-
ing function of L with a minimum L = 0: E(0)

Except for quark mass terms, which are small,
the corrections to Eq. (3.11) are scaled by a typical
linear dimension of the bag (1/fl). Typically 8

V' '
p,

' ', so the corrections to Eq. (3.12) are
O(g'~') and are indeed small for small g.

The shape of the free-quark bag is determined by
the next-order terms in the expansion of the field
pressure in p,'. These include pressures due to
the residual color potential fIe}, and the vector po-
tential A, , and the pressure of confined quarks
and gluons. The same terms appear in the study
of color-singlet bag states. Thus we expect the
lowest-lying colored states, like ordinary S-wave
hadrons, to be spherical. The quark kinetic en-
ergy, for example, is minimized in a, spherical
shape (for fixed V) because the minimum quark
momentum is determined by the smallest linear
dimension.

A particular alternative to a spherical configura-
tion, namely a stringlike shape, should be dis-
cussed in detail. It has been conjectured' that in
lattice versions of @CD a free quark is a string
(with a quark on one end) which peters out over a
distance of order I/p. Since the string tension
equals (2wn') ', the mass of this stringlike quark
would be of order (2wo. 'p) '—in agreement with
our shape-independent result [Eq. (3.13)]. In the
bag model, however, the stringlike solution is
unstable against collapse to a roughly spherical
shape. We have checked this explicitly by esti-
mating the energy of a stringlike bag of length L
with a quark on one end. We find, minimizing
E with respect to cross section and taking L- I/p,

Qo

C=—~
I

0

~ ~

I

I

I

I

FIG. 2. Evolution of a QQ pair produced in e+e
annihilation. The dominant process, the breakdown of
the interquark color field into QQ pairs, is not shown.
For p & 0 the quarks may separate far enough for the
hadron to fission, resulting in the liberation of quarks.
For p =0 the color field strength does not weaken as
the interquark separation increases, and quarks re-

mainedd

confined.

IV. THE SPECTRUM OF COLOR

The parameter p measures the breakdown of
the color gauge symmetry and g ' measures the
overall mass scale of colored hadrons. Unfortu-
nately, we can offer ~o theoretical predilection
on the actual value of p, . The mass of a liberated
quark can be read off Eq. (3.13) to be

)If'=, =0.18 GeV g '.1
2FCK p

(4.1)

A quark mass of 10 GeV, for example, corres-
ponds to a value of p, of 18 MeV. This is considera-
bly smaller than the inverse radius of colorless

= (2wo. 'p) '. Thus the stringlike solution is ener-
getically unstable against contraction.

For p, identically zero, the bag state with a
quark and antiquark separated by a large distance
L is indeed stringlike. ' This might seem to sug-
gest that for p. =0 single quark states might remain
stringlike. As we have discussed this is not the
case: The limits p. -0 a.nd L-~ do not commute.
This is illustrated in Fig. 2. For p. =0 isolated
quarks do not exist. As L increases the string-
like bag grows longer and larger at a cost in
energy of order L/2wn' For pe. 0 and pL « I
the state is "cigarlike" in shape, as in the p, =0
case. As L becomes comparable to I/p the bag
becomes dumbbell-shaped and finally breaks
into two roughly spherical bags of radius -1/p, .' '
With this picture of unconfined quark states we
proceed to discuss their physical properties.
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TABLE I. The spectrum of color. Bm~—

Color
representation

3
8
6

15
10
15'

Examples

quark, diquark (5)
octet, quark-antiquark
diquark, gluon+ quarks
gluon+ quark
triquark
tetr aquark

Mass/M+

1
1.5
1.58
2

2.12
2.65 2mg

15 10

15

c(R) c(r,) +c(r,), (4 2)

where the equal sign holds only if x, or r, is acolor
singlet. According to Eq. (3.13) the mass of a
colored state is proportional to the corresponding
C. Thus Eq. (4.2) implies that the hadron R is
below threshold to decay into r, and r, . If color
can be unconfined there is a very rich spectrum
of stable colored hadrons —at least one for every
distinct color-SU(3) representation.

Colored hadrons, like conventional hadrons,
will have excited states. These can be radial ex-
citations, angular excitations, or correspond to
the addition of more quarks or gluons to the orig-
inal colored hadron. In all cases, the scale of
the splittings between states of the same color is
set by R ', the inverse radius of the state. The
radius of the state can be read off Eq. (3.12). The
result is that the mass splittings between states
of the same color C have an order of magnitude

(4.3)

hadrons. Thus our understanding of them as sys-
tems of quarks bound by massless gluons will not
be significantly affected.

The mass of a gluon (a color octet) can also be
read off Eq. (3.13). The result is ms =1.5mo.
Thus we expect a gluon (or a quark-antiquark with
octet color) to be stable under decay into a quark-
antiquark pair. The masses of colored objects in
different representations (normalized to the mass
of an unconfined quark) are summarized in Table
I. Recall that in our theory color is an exact
global symmetry. Inspection of Table I then leads
to the conclusion that the lowest mass state of a
given color charge is stable. This result is gen-
eral, and applies to all color charges, not only
the ones in Table I. If a colored hadron in the
R representation is to decay into two colored states
in the r, and r2 representations, respectively,
global color conservation requires R to be con-
tained in r, r, . But this condition is sufficient
to prove the following relation between Casimir
operators (color charges):

6
FORSIOD

TRANSITIO

ALLOIf0 m; y
, TRANSITIONS

mQ

SU I 3) COLOR REPRESENTATION

FIG. 3. The spectrum of color.

where M~ is the mass of the state. These mass
splittings are small by conventional hadron stan-
dards. For a IO-GeV quark, for instance, they
are of the order of 75 MeV. Figure 3 is a repre-
sentation of the general features of the spectrum
of color in our model.

W'e expect unconfined strange and charmed
quarks to be heavier than unconfined up or down
quarks by amounts comparable to the mass dif-
ferences between the corresponding colorless
hadrons. Unconfined s (c) quarks will decay into
unconfined u (s) quarks with typical weak lifetimes.
We expect the unconfined down quark to be a few
MeV heavier than the unconfined up quark and to
decay into it with a lifetime comparable to the
neutron lifetime.

V. THE BINDING OF QUARKS AND NUCLEONS

Unconfined quarks and gluons are larger than
ordinary hadrons. We predict that a 10-GeV
quark, for example, has radius -2.8 F. As p,

goes to zero the quark radius diverges like g ' '.
As mentioned in the Introduction, the large radius
of unconfined quarks or gluons suggests that these
particles will absorb baryons from ordinary matter
on contact. ' The dynamics of this process will
be essential in understanding where free quarks
or gluons reside in the real world and how they
behave in the laboratory. Typically we will have
to understand the behavior of an unconfined quark
(or gluon) in the vicinity of a supply of color-sing-
let baryons. Examples of this situation are a
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primordial quark in the early universe, a cosmic-
ray quark incident on the earth's atmosphere, or
an accelerator produced quark traveling through
an experiment's apparatus. Initially it will be
energetically favorable for the quark to absorb a
baryon:

Q + N - (QX) + s''s . (5.1)

E, = 2+v, C' p/' V, (5.2)

where V is the volume. As argued in Sec. III Eg
depends only on the hadron's total color (to lead-
ing order in I/g') so the presence of a color-
singlet quark sea is irrelevant. The quark en-
ergy is

3V
E, =

2~ k~'f(a, ), (5.3)

where k~ is the Fermi momentum and f(n, ) is an
interaction correction to be discussed soon. The
Fermi momentum is determined by the relation

3%+1=
2 Vk~ =—3A .2

(5.4)

In Eqs. (5.3) and (5.4) we have taken a degeneracy
factor of 12 (3 colors, 2 spine, and 2 flavors) We.
ignore the possible appearance of strange quarks
by leakage from the highly filled u and d quark

As more color-singlet quark triplets are added to
the interior of the unconfined quark, the long
wavelength modes in it fill up. Quarks from newly
absorbed baryons are forced by the exclusion prin-
ciple to more energetic modes. A Fermi degen-
eracy pressure builds up. Eventually the Fermi
sea of quarks reaches such a level that it is no
longer energetically favorable to absorb another
baryon. At this point the chemical potential of
the quarks equals one-third the mass of the nu-
cleon.

We call the baryon number of the resulting ob-
ject the "appetite, "A, of the original quark.
We refer to an unconfined quark that has absorbed
one or more nucleons as a "quark-nucleon com-
plex" (or QNG). This is to emphasize that the
binding of quarks and nucleons is, in our model,
entirely different from the binding between nucle-
ons. A quark-nucleon complex is, to lowest
order, a single bag of many noninteracting quarks,
not a collection of nucleons with an a,dded quark.

To be more quantitative, consider a QNC con-
sisting of 3N+1 quarks and having the total color
charge of a single quark. Ignoring for the mo-
ment electromagnetic effects, we identify three
contributions to the QNC's energy: the color field
energy, the kinetic and interaction energy of the
quarks, and the bag energy.

The static color field energy is

Fermi seas.20 The quantity f(n, ) measures the
change in quark energies due to interquark in-
teractions f(a, ) depends only on o, for dimen-
sional reasons so long as the u and d quarks are
massless and the strange (and charmed) quarks
are ignored. The function f(~, ) has been evaluated
perturbatively in studies of quark stars":

f(a,) =1+
3

' +O(n, ', ~,'Inn, ). (5.5)

E3 =BV . (5.6)

The fina) ingredient is the pressure balance at
the bag's boundary. The quark pressure is E,/3V;
the static gluon contribution is identical to that of
Sec. III:

B=E2/3V 2+as, g/'V (5.7)
%'e now have the necessary formulas to calculate
the appetite of an unconfined quark and other rele-
vant binding properties. In so doing, it is con-
venient to regard the physical parameters of the
system as functions of the quark pressure mea-
sured in units of B: x~E,/3BV, with x ~ I re-
quired by Eq. (5.7). In terms of x we find for the

Here ~, is the renormalization-group-improved
QCD fine-structure constant, and is a function of
k~.2' The values of k~ relevant to this calculation
are small, O(m/3). At small momenta, the value
of ~, is large and cannot be reliably inferred from
what is known about ~, from studies of deep-in-
elastic scattering. " Fortunately, the value of ~,
at the relevant momenta can be inferred from the
study of conventional colorless hadrons. The
"hyperfine" splittings between colorless hadrons
of different spins belonging to the same represen-
tation of SU(6) [spin SU(2) x flavor SU(3)j have been
interpreted by the authors of Ref. 6 and Ref. 7
as being due to one-gluon exchange between con-
stituent quarks. Comparison with experiment then
yields a, =0.55 (Ref. 6) and n, =0.4 (Ref. 7). There
is yet another independent determination. In the
bag model Eq. (3.14) can be interpreted as a pre-
diction for ~, in terms of the slope of Regge tra-
jectories. This gives again the result ~, =0.55."
For the purpose of illustration we will use ~, =0.55
in Eq. (5.5). We cannot take the result too seri-
ously. The reason is twofold. First, with so large
a value of ~, higher orders in perturbation theory
are bound to be significant. Second, and more to
the point, our results are rather sensitive to f(a, )
so even small corrections due to higher orders
in ~~ will be important. Thus, we will also give
predictions with f (o,, ) treated as an independent
unknown parameter.

The third contribution to the energy of a QNC
comes from the bag pressure:
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total energy

1 1+g
2va'p (1 —x}'~' '

for the baryon number

1 1 [2x/f (a,)]'~'
2sa'gB' ~4 3&x (I —x}'~'

and for the volume

1 1

4wo'pB(1 ,
—x)'~' '

(5.8)

(5.9)

(5.10)

10-1.

X
~ xl0-2

10 ~

~ 10"Q
l

C3
c .2

z.1

0
50

BINDING ENERGY PER NUCLEON AT A=AgA](

To calculate the appetite it is necessary to know
the rate of change of the mass of the system with

baryon number

az = 3(2ssBx)~~~f (~ )3~4
eA

(5.11)

3(2s 2B)1l4f ( )3l4 )~ (5.12)

We use the universal bag constant B' ' =0.146 MeV
to obtain the inequality f(o ) ~ 1.013. If f (&} is only
slightly greater than unity ordinary nuclei do not
collapse into single bags and unconfined quarks
have less than infinite appetite. Before we present
our results for the quark appetite, we must make
a final aside. In nuclear physics it is important
to consider the effects of Coulomb energy: Heavy
nuclei contain more neutrons than protons. The
same will be true for quarks which have absorbed
nucleons. For a given baryon number A there will
be a valley of stability" with its minimum at some
nonzero T, {third component of isospin}. We de-
note this value by T,(A). To include this effect,
we have modeled a QNC as a uniformly charged
sphere of radius B. The corresponding Coulomb
energy is

Equations (5.8)-(5.11) are to be understood as
equations for E and V as functions of A.

Absorption of an additional baryon will be en-
ergetically favorable so long as BE/BA is less
than a proton's mass. The quark's appetite, A,„,
is that value of A for which BE/BA first exceeds
m~. In principle it might be that BE/BA never ex-
ceeds m~ regardless of how large A becomes. But
for large enough A even the presence of a liberated
quark (or gluon) becomes unimportant, so if
lim„„BE/BA &m~ it would appear that ordinary
nuclei would prefer to collapse into single bags.
There is ample evidence that this is not the case
in nature. The parameters of our model must be
such that 1im„„BE,/BA ~ m~, and unconfined
quarks have finite appetite. According to Eq. (5.9)
A -~ implies x-1. From Eq. {5.11) we obtain the
condition

(A/2+ T,P
c 5 O'- (5.13)

W'e have modified our analysis to include this ef-
fect to order ~ and find

T~(A) = —~ o—[2s'Bf '(o.,)x] '~',A (5.14)

where g and 9 are the functions of A determined
by Eqs. (5.9) and (5.10). This expression for the
isospin of the most stable QNC of baryon number
A has all the properties that one may have ex-
pected. It decreases as the radius increases and
the Coulomb interactions vanish, and it is quad-
ratic in A, reflecting the fact that the Coulomb
energy is proportional to the number of pairs of
charged constituents.

Our results are summarized in Figs. 4 and 5.
Our model has two parameters: p, , which sets
the scale and therefore can be incorporated in
the way we label our axes, and f(o), which cannot.
Therefore in Fig. 4 we have plotted everything
as a function of f(o}. The figure shows the appe-
tite, A,„, of an unconfined quark, the binding en-
ergy per nucleon,

b(A) —= ms- (E —Mo)/A (5.15}

at A =A,„, and the isospin of the QNC at the ap-

20-
10-

5-
2-
1—

.2-
.1—
.05-

.02-

1 1.1 1.2 1.3 1.4 1,5 1.6 1.7 1.8

f 1()

FIG. 4. The dependence of satiated quark parameters
on f(n). The abscissa has been chosen to be f(e)~~3 for
convenience. Powers of (M~/m &) have been scaled out
of the appetite and fractional isospin to give universal
curves. The figure shows (T3/A}(m& /M+}2~3, b(A «} in
GeV, and Amax m&/Mq.
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FIG. 5. Dependence of separation energy S(A), binding

energy I}5 (A), and fractional isospin 7&/A on A with f(0.)
=1.47. The appetite and fractional isospin have been
rescaled as in Fig. 4. The appetite is A,„~/I+=Q.83.

petite. In presenting these figures we have ig-
nored the effect of the Coulomb energy on the ap-
petite and on b(A). The effect is small (unless A
is very large). Although the appetite measures
the maximum number of nucleons which will co-
alesce with a quark to form a single hadron, this
does not mean that further nucleons cannot bind
to this system by conventional nuclear interactions.
At A „, however, the dynamics goes over from
novel, color-dependent forces to conventional
nuclear physics.

The reader will note from Fig. 4 that the value
of A, and hence the scale of the entire QNC
problem, is rather sensitive to f(n, ) especially
as it approaches its minimum. To understand QNC
physics quantitatively it is necessary to know both
the quark mass and f(a, ). For the purposes of
illustration, suppose the second-order estimate
of f(~, ) [Eq. (5.5)] were adequate for u, =0.55
[f(a, ) =1.47]. The resulting QNC physics is sum-
marized in Fig. 5. There we have plotted quanti-
ties of interest from the nuclear physics point of
view: the binding energy per nucleon, defined in
Eq. (5.15), and the separation energy of the last
nucleon,

S(A} -=m —— (5.16)

and the isospin, T, (A), of the most stable QNC for
each A. Both S(A) and b(A) break at the appetite,

A,„, where we assume additional nucleons may be
added to the system with typical nuclear binding
energies.

For a specific choice of f(o,}, the appetite and

isospin at the appetite are simply related to the
quark mass. For f (a, ) = 1.47,

A ~ =0.83Mo/m~,

T, (A ) =-3.2 x 10~(M+/m&)'~3.

(5.17a)

(5.17b)

The considerations of this section apply to gluons
as well as quarks. Unconfined gluons will tend
to absorb nuclear matter up to an appetite —,

' as
large as that of the quarks. The formulas de-
rived in this section all apply to a gluon-nucleon
complex with the substitution of the quark mass
by the gluon mass (MG= —,'M J.

c~.~(QP)

«.i(PP)
' (6.1)

It is sometimes argued that this ratio may be —,'.
The argument is based on "quark additivity, " a
successful recipe in predicting the ratio of meson-
nucleon to nucleon-nucleon high-energy cross
sections. The same recipe would predict that

VI. THE SEARCH FOR UNCONFINED QUARKS AND GLUONS

In this section we discuss the implications of
our model for quark hunts in accelerator and cos-
mic-ray experiments, and for searches for
"natural" quarks bound in stable matter. Our con-
siderations are very approximate. Many proper-
ties of hadrons are merely reflections of their
size. We have seen that unconfined quarks, if
heavy, are large compared to colorless hadrons.
We suspect this to be a general feature of colored
hadrons in the context of broken QCD and not
merely a peculiarity of our particular model of
quasiconfinement. We may draw two conclusions
which form the basis for further phenomenological
considerations:

(i) Production cross sections for unconfined
quarks and gluons are probably much smaller than
production cross sections for pointlike particles
of the same mass.

(ii) Quark-matter or gluon-matter cross sections
are probably much larger than proton-matter cross
sections.

Quark-matter and gluon-matter cross sections

Quark hunters often assume in the analysis of
their experiments' that quark-matter cross sec-
tions are relatively small. A primary or second-
ary cosmic quark, for instance, is sometimes as-
sumed to have a large probability of descending un-
hampered from the upper atmosphere. Define the
cross-section ratio
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gluon-matter cross sections vanish. We believe
these arguments to be wrong.

In our broken-QCD model, a liberated quark or
gluon is a blob of hadronic matter larger in size
than a conventional colorless hadron, but with a
typical hadronic density. The bulk of a total had-
ron-hadron cross section is due to soft peripheral
processes, not to hard, short-distance quark-
quark scattering. Total hadron-hadron cross sec-
tions are of the order of magnitude as black-disk
geometrical cross sections. We estimate the ratio
of quark-proton (or gluon-proton) cross sections
to proton-proton cross sections to be the ratios of
the corresponding geometrical cross sections.
Combining the virial theorems m, =28V, and ~~
=4BV~ for a colored particle and proton, respec-
tively, we find

ot.~(CP) 1 1, ~Mo '" '
cl.t(PP) 4 ~o (6 2)

For a 10-GeV quark or gluon, for instance, our
estimate of o„,(CP) is -145 mb.

We have argued in the preceding section that the
capture of nucleons by heavy unconfined quarks or
gluons is energetically a very favorable reaction.
Thus, we expect a sizable fraction of the total
quark-matter or gluon-matter cross section to re-
sult in nucleon capture. The signatures of a free
quark or gluon in an accelerator search are uncon-
ventional and striking. An unconfined quark travel-
ing through a detector is likely to increase in mass
and positive charge by successive interactions. A
free gluon may appear as a neutral particle that
increases in mass and positive charge as it inter-
acts.

Quark separation in electron-positron annihihtion
and other current-induced reactions

Define the cross-section ratios

Re (exclusive) = o(e'e -QQ)
oee p p

(6.3a)

R (' I '
)

o e e

Qua+anything)

( )oee -gg
where Q (Q) denotes an unconfined quark (anti-
quark). The ratio Re(exclusive) is, by definition,
the square of the quark charge times a combination
of its timelike electric and magnetic form factors.
The calculation of a form factor is a task beyond
our power, even for a colorless hadron. To esti-
mate Ro(exclusive} we would have to know how
often the color flux lines developing between two
separating electroproduced quarks manage not to
break into quark-antiquark pairs. In conventional
unbroken QCD with p = 0, the probability for this
to happen is thought to vanish. But for p w 0 we ex-

pect the colored flux "tube" to become thinner for
quark separations of O(1/p) and to have a nonzero
amplitude to break into liberated quarks, as in the
first column of Fig. 2. We will refer to the proba-
bility amplitude for this to happen as the quark
"separation factor. " We proceed to develop a
rough educated guess of the actual value of this
quantity.

At small spacelike momentum transfers the form
factors of known hadrons have the form

where Q is the quark charge.
For the inclusive production of quarks we guess

Re(inclusive) ~ Q (1+4Mc'R, '/10) '~

&& (1 —4M '/q')'~'. (6.6)

1
(1 —q'(R')/6)' '

where P(R') is the mean square radius of the
charge distribution. The same form with roughly
the same (R') also fits form factors at large
spacelike -q'. P is found to be 1 (monopole) or 2

(dipole). The timelike form factors of colorless
hadrons, away from prominent resonances or
averaged over sufficiently large intervals, htIt',
are expected on analyticity grounds to be described
by the same function, Eq. (6.4).

Qualitatively, the hadron radius enters the form
factor because it characterizes the scale over
which phase coherence must be maintained in order
to preserve the identity of the struck object. Sim-
ilarly, we expect the form factor of a quark to have
a large negative slope at the origin, whose scale
is determined by the quark radius 3, and which
varies as (-R, 'q') ~ for some power p. There ex-
ists an argument" that the power P can be pre-
dicted by counting the minimum number of gluons
that must be exchanged to inform" all quarks in a
multiquark system that they must travel in the
same direction as the electrically struck quark.
For an unconfined quark this argument would pre-
dict P = 0. We do not expect this argument to apply
to unconfined quarks. In the case of an unconfined
quark, it is clearly necessary to "inform" the
static color field of the struck quark to go along if
the process is 4o be elastic.

Thus, we do not expect the form factors of a
quark at large spacelike q' to be very different in
functional form from the form factors of colorless
hadrons. We analytically continue this expectation
to the timelike domain and estimate a quark sepa-
ration factor as in Eq. (6.4), with (R') computed
for a uniform charge distribution within the radius
8,. Thus we have

Re (exclusive} ~ Q'(1+ q'R, '/10) '~

x (1 —4M '/q )'i (6.5)
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The appearance of 4M+ in EII. (6.6) instead of the
q' of Eq. (6.5) reflects our belief that, above the
threshold for quark production, any extra energy
can be spent in pion production with no further
suppression.

In Fig. 6 we have plotted Ro(exclusive) and in

Fig. 7 we show Ro(inclusive) for charge -', quarks
of different masses, and for P= 1 and 2. It is
clear from the figures that, if our rough argu-
ments are correct, it may be very difficult to de-
tect quarks in e'e annihilation, even if they are
relatively light.

All current-induced reactions should be compar-
ably inefficient at producing unconfined quarks.
We expect the ratio of unconfined-quark production
to the total cross section in electroproduction or
neutrino scattering to be of the same order of
magnitude as Rz(inclusive), with the q' variable
replaced by the invariant mass squared of the final
hadronic system.

We have no argument to make a numerical esti-
mate of gluon production in e'e annihilation, but
we expect it to be smaller than quark production.
An unconfined gluon pair in the final state must
have a large invariant mass (&4IIIe'). Feynman
diagrams in which the original quarks transfer
large momenta to the would-be unconfined gluons
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have large suppression factors in quark propaga-
tors. Thus we expect gluon production in current-
induced reactions to be orders of magnitude below
quark production.

Quark separation in hadronic collisions
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FIG. 6. Theoretical estimates of the ratio R+ (ex-
clusive) as a function of quark mass. The labels dipole
and monopole correspond to two choices of the quark
separation factor.

In the context of broken @CD, we expect cross
sections for unconfined quark production in ha-
dronic processes to be suppressed by separation
factors similar to those in current-induced pro-
cesses. We estimate the order of magnitude of
quark production using the parton model. " The
inclusive production cross section is an incoherent
sum over parton distributions of cross sections
for scattering of light pointlike partons into heavy
unconfined quarks. We concentrate on the produc-
tion of unconfined quark-antiquark pairs because
we expect processes with minimum numbers of
fractional baryon number particles in the final
state to dominate. We also neglect contributions
due to annihilation of constituent gluons of whose
distributions we are ignorant. On general grounds,
we expect that the gluon annihilation contribution
is not significantly larger than that of quark anni-
hilation. Our estimates are sufficiently crude that
a factor of 2 is irrelevant. Further, we find that
annihilation graphs are suppressed relative to
scattering graphs by kinematics and combinator-
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P

(b)

FEG. 8. Quark annihilation and scattering diagrams
used in estimating liberated quark production in pp
collisions.

ics, so in fact the gluon-annihilation contribution
is expected to be relatively unimportant.

The dominant parton-model diagrams contribut-
ing to the production of a given unconfined quark-
antiguark pair (Q Q) in pp scattering are shown in

Fig. 8. In this figure, the wavy lines are gluons
and q, q are light pointlike quark partons. The in-
clusive Pp production cross section at center-of-
mass energy Ws is

not introduce an additional suppression factor to
take it into account. Much as in the original parton
model of electroproduction, the ultimate final-
state debris need not be colored. Final-state in-
teractions occurring over a longer time scale have

riearly unit probability to neutralize the color of
the debris by transmitting it to one of the quarks.

The qq cross section is dominated by the t-chan-
nel graph. The annihilation amplitude is propor-
tional to 1/Q' while the t-channel amplitude is pro-
portional to 1/t. Q' is always greater than 4M'

while ~t( is always less than M and decreases
as Q' increases above threshold. Further, since
gluons are flavor singlets, the annihilation graph
contributes only to production of pairs in the fla-
vor-singlet channel. For comparison to the
strictest experimental limits on production in ac-
celerators, we must compute the cross section
for inclusive production of fractional charge, to
which flavor-nonsinglet QQ states of course con-
tribute. Thus the t-channel graphs are relatively
enhanced by combinatorics. We are therefore
justified, at this level of estimation, in ignoring
the annihilation amplitude of Fig. 8(a) and the
gluon-annihilation process.

The t-channel cross section is
2

c,—, oo(Q') = Q2' F(4Mo')'

2(Q' —M(&')' —Mo'

a „=co( y's), where
(6.8)

(6.7)

where f, and f, are the a-ppropriate parton distri-
bution functions and a,—, @ is the cross section
for light quarks scattering into heavy quarks at
center-of-mass energy /Q'= (y's)'t'. We estimate
cr,—, z@ by computing the corresponding pointlike
cross section and multiplying by the inclusive
quark separation factors defined above, evaluated
at 4M+'. In the case of the annihilation graph, it
seems clear that the separation factor should not
depend significantly on whether the quark pair has
been produced by electrons or by quarks. In the
case of the t-channel exchange graph, the argu-
ment is an order of magnitude one. We guess that
the square of the color transition form factor from
pointlike parton to unconfined quark is of the same
order as a single separation factor. The diagrams
in Fig. 8 would seem to imply that the hadronic
debris, as well as the quarks themselves, may
carry color. We think this not to be true and do

.-=-'Q'™o'+2 Q'(1 - 4Mq'/Q')"' (6 9)

and a, is the running fine-structure constant of
~D" evaluated at q' = 4M ' "

Q y

with

9 in(4Mq /A )
(6.10)

A- 500 MeV.

We plot our predictions for u-quark production at
s = 562 GeV' and d-quark production at s = 375 GeV'
in Figs. 9 and 10, respectively. The production
and subsequent decay of charmed and strange
quarks is relatively damped by their higher masses
and has been neglected. The predictions are given
as functions of quark mass, for monopole and di-
pole separation factors. The predictions are com-
pared in the Figs. 9 and 10 with upper limits on
cross sections as reported by one of the most re-
strictive accelerator quark searches. " The model
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FIG. 9. Comparison of rough theoretical estimates
and experimental upper limits on the production of
quarks of charge -~3 in Pp collisions. The curves labeled
monopole and dipole correspond to two choices of quark
separation factors. The experimental upper limits labeled
"phase space" and "transverse damping" correspond to
two ways of analyzing the data (see text and Ref. 25 for
details) .
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FIG. 11. Estimate of up or down quark or antiquark
production cross section in PP coQisions at a typical
present colliding-beam energy.

used in the experimental analysis is based on the
reaction pp -ppgq. The "yhase-space" assump-
tion is that the matrix element is a constant. The
"transverse-damping" assumytion is that the quark
transverse-momentum distribution falls off as
exp(-6P r/1 GeV). In our model the P r falloff is in
between these two, at least for P ~ ~ M~. The ex-
perimental limits are given with the assumption
that quarks do not interact in the detector. The li-
mits should be raised by a factor of 3 to 10 for the
very strongly interacting quarks of our model. "
The conclusion of the comparison of experiment
and theory is that, if our very rough estimates are
not very wrong, unconfined quarks heavier than a
few GeV would not have been found in past accel-
erator searches.

Figures 11 and 12 show similar cross-section es-
timates at present and future storage-ring ener-
gies: s = 1600 GeV' and s = 640 000 GeV'. The pre-
dominant increase in the cross sections is due to
the decrease of the average ~t I

We expect gluon yair production in proton-proton
collisions to be dominated by the parton-model dia-
grams such as the ones shown in Fig. 13. The in-
termediate wavy lines in the diagrams are again
gluons. The objects labeled G are the outgoing un-
confined gluons. Again, the diagrams are not sup-
posed to imply that the hadronic debris other than
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FIG. 12. Estimate of up or down quark or antiquark
production cross section in pp collisions at a future
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FIG. 13. Quark-annihilation and gluon-annihilation

diagrams used in the discussion of gluon liberation in
pp collisions.

the gluons themselves are colored. We expect the
gluon separation factors to be similar to quark se-
paration factors. In the absence of experimental
upper limits on gluon production, we have not en-
deavored to estimate the production cross section.
Up to the explicit color factors of order 1, they

should be of the same order of magnitude as quark
production cross sections at the same s and col-
ored particle mass. In our model unconfined glu-
ons are 50% heavier than unconfined quarks and

should be correspondingly harder to produce, since
at a given s the production cross section decreases
very fast with mass (see Figs. 9-12). But the
search for gluons should not be neglected; their
signatures, as we have discussed, are rather stri-
king.

Primordial and cosmic quarks

If quarks and gluons can exist as free particles,
we expect that they may have been produced by
natural processes at some times during the long

history of the universe. For example, a few un-

confined quarks may have remained after the ma-
jority had combined into colorless hadrons during
the first few moments of time. We call these "pri-
mordial" quarks to distinguish them from "cosmic"
quarks which may have been created much later in
stellar or galactic processes. Perhaps cosmic
quarks are produced in the neighborhood of black
holes, in supernovas, quasars, or in other catas-
trophic celestial events.

We cannot say much with assurance about the
nature of these extremely energetic processes.
We know little about the dynamics of unconfined
quarks and perhaps even less about very-high-en-
ergy astrophysics. We do not attempt to estimate
the number of quarks created either in the big bang
or later. Instead, we focus on the practical ques-
tion: Suppose quarks had been created, where
would they be now? Would they be in nucleon com-
plexes or in isolation T

Our conclusions depend on the environment in
which the quarks were created. Primordial
quarks, we argue, would absorb many neutrons
during the first ten or twenty minutes of the uni-
verse. They would therefore all be found as QNC's
with baryon number nearly equal to A . Cosmic
quarks, on the other hand, are likely to be found
with A &A and might even be found in their pri-
stine baryon-number-3 form in interstellar space.
Quarks with A «A entering the earth's atmos-
phere are likely to quickly pick up several units of
baryon number and charge before settling into the
earth's crust. The remainder of this section is de-
voted to discussing these results in more detail.

The density of unconfined quarks may have been
high in the very early universe. The reaction in
which quarks combine color-singlet baryons would
have occurred rapidly until unconfined quarks were
comparatively rare. As the temperature of the un-
iverse dropped, such quarks would begin to accum-
ulate baryon number. So long as the unconfined
quarks remained in thermal equilibrium they would
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a.bsorb up to roughly the baryon number A(T) at
which the separation energy S(A) of a baryon from
the growing QNC equaled the ambient temperature
S(A(T)) = kT. They would be termally distributed
about this A with width -[kT/S'(A)]'~'. Heavy con-
ventional nuclei are thought not to have been made
in the big bang because of the barriers presented
by the A = 5 and A = 8 systems. In contrast, baryon
abso+tion on a growing QNC is very exothermic
all the way up to A =A, so we expect no similar
barrier to its growth. Eventually the Coulomb bar-
rier about a QNC puts an end to its absorption of
protons. According to the standard cosmology,
however, neutrons were almost as plentiful as yro-
tons in the early universe —at least until times of
the order t, =918 sec (the neutron lifetime). A

growing QNC would continue to absorb upon ther-
mal neutrons until their density become too low to
maintain thermal equilibrium. We have estimated
this and found that the neutron flux is sufficient to
maintain equilibrium until times ranging from 3 to
3t, depending on the absorption cross section~ and
the primordial baryon density. At those times the
temperature of the universe was very low on a had-
ronic scale —roughly 10 to 100 keV. Since this
temperature is so low one might expect to find all
primordial quarks in the form of QNC's with bar-
yon number equal to the appetite, A . This is,
however, unrealistic. At energies as high as sev-
eral MeV, the details of nuclear physics become
important. Just as among heavy nuclei, there may
be some QNC's with anomalously large or small
neutron absorption cross sections, or QNC's which
are anomalously stable. Perhaps a QNC at the ap-
petite still has an affinity to bind nucleons by more
conventional nuclear forces. We cannot hope to
calculate these effects with our present knowledge.
We note, however, that because the separation en-
ergy increases rapidly for decreasing A, we ex-
pect very few QNC's with A &A

QNC's formed in the early universe are unlikely
to be altered by subsequent events. They are sta-
ble and have small cross sections for absorbing
further baryons. The implications for quark
searches in ordinary matter may be rather far
reaching. Quarks may be very specific. A strong
limit on the occurrence of quarks in (say) oxygen
would be misleading if primordial quarks occur as
QNC's with (say) approximately the nuclear charge
of copper, the mass of zinc, and (since they are
always ionized) with a chemistry unlike anything
curr ently known.

What cosmic processes may have produced un-
confined quarks after the first hours of the life of
the universe, we do not know. But several types of
very violent celestial catastrophes are known or
conjectured to occur. A quark freed in one of these

processes may have been subject to high nuclear
densities and may have reached the earth with its
appetite saturated, much like a primordial quark.
A more interesting possibility is that some uncon-
fined quarks may have escaped this fate and may
have traveled through interstellar space as cosmic
quarks in their pristine baryon-number-& form.
Interstellar space has a low average nuclear den-
sity: A quark traversing our whole galaxy through
its center would on the average only suffer -0.04
nuclear collisions per 100 mb of quark-proton
cross section. A quark not going through the cen-
ter of a galaxy may easily reach the upper atmos-
phere unimpaired. But our atmosphere is dense.
A cosmic-ray quark-reaching sea level would suf-
fer an average of -60 atmospheric collisions per
100 mb of quark-proton cross section. The chances
that it appears at sea level as an object with charge
+3 or +—,

' are very small. The cosmic quark, if
massive, will have accumulated a large positive
charge Q in its descent. Thus, our model favors
mountain-top or sattelite cosmic quark searches.
Sea-level searches require very good measurement
of Q or Q/M.

VII. CONCLUSIONS AND OUTLOOK

Years ago the absence of free quarks was consid-
ered to be evidence against the quark model. As
the successes of the quark model accumulated and
quarks still failed to present themselves the notion
of permanent confinement began to emerge. In
QCD, which is the best candidate for a theory of
hadrons at this time, none of the fundamental quan-
ta neither quarks nor gluons, are supyosed to exist
as free particles. Now, rather than an embarras-
sment, confinement is regarded as a desirable and
aesthetically attractive feature of the theory.

We have reconsidered the possibility that frac-
tionally charged color states may exist, and have
demonstrated a smooth connection between exact
QCD, in which such states (presumably) do not ex-
ist, and slightly broken QCD, in which unconfined
quarks and gluons are very heavy and the success-
ful phenomenology of color-singlet hadrons is al-
tered only slightly.

Since our theory of unconfined quarks and gluons
is smoothly connected to phenomenological models
of permanent color confinement, we have been able
to predict some of the properties of the hypothetical
colored particles. Unconfined quarks and gluons
have large masses of O(p '), large radii and scat-
tering cross sections, large nuclear appetite, and
small production cross sections. A quark bound in
a color-singlet hadron acts as a, light particle while
an unconfined quark has an extensive color field
that makes it heavy. The quark "parton" within an
unconfined quark would also be light when studied
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with a short-distance yrobe: It is only its infrared
color field that makes the free quark state heavy.

We have argued that if quarks are very heavy
yrimordial quarks left over from the big bang will
have absorbed large numbers of nucleons. They
will naturally occur in the disguise of fractionally
charged nuclei, with large electrical charges and
large mass. Their total baryon number will be of
the order of Mo/m and their mass of order 2M+.
Primordial gluons will similarly be disguised as
integrally charged anomalously heavy nuclei, with
masses of order Mo= 2/2M+. About the geological
history of an atom with a heavy quark nucleus we
can only syeculate. The atom will be permanently
"fractionally" ionized and its chemistry may be

bizarre. Even for atoms with conventional chem-
istry and nuclear masses, the selection, fraction-
ization, and purification processes in the earth' s
crust are amazingly selective. Bare materials,
such as gold, are enormously concentrated by na-
ture, and can be found in gold mines. Perhaps
quarks are to be found in quark mines.
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