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1. Two Puzzles

At present, most physicists feel that we have finally arrived
at a closed system of physical laws, with QCD for the strong in-
teraction and a unifying gauge theory for the weak and electro-
magnetic forces, plus of course Einstein's theory of general rel-
ativity. However, there are a few things that are not complete-
ly satisfactory. Of the participating fundamental particles, on-
ly the leptons and the photon have been observed directly. The
intermediate bosons and the graviton, we hope, can be detected
in the near future. All the rest, the quarks and the gluon, we
believe can never come out in the open and that therefore
direct observation will always be impossible.

In view of this, our strong belief in this grand scheme must
not be due entirely to direct experimental evidence, but rather
be based on the esthetic simplicity of the theoretical foundation
and the compelling conclusion of our mathematical deduction.

1. Missing symmetry

The basis of all these theories rests entirely on the symmefry.l
under local transformations with respect to either the internal
gauge variables or the space~time variables. Yet, in reality,
almost all the symmetry quantum numbers are found to be, or
believed to be, not conserved. Even the best-established con-
servation law, that of the baryon number, is now also believed
to be violated. Surely, this is somewhat puzzling.

2. Color confinement

Another puzzle is the problem of quark or mlor confinement,
which makes half of the elementary particles, quarks and gluons,
non-direct observables, The explanation of both puzzles is to
invoke the properties of the vacuum,

In the first case of the missing symmetry we require the vacu-
um, though Lorentz invariont, to be a coherent mixture of states
of different quantum numbers, Therefore the vacuum expectotion
value of any quantum-number~carrying spin-0 field ¢ can be
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In the second case, color confinement, we assume the QCD vacu-
um to be a condensed state of gluon pairs so that it is a perfect
color dia-electric (i.e., color dielectric constant k=0). This
is in complete analogy to the description of a superconductor as
a condensed state of electron pairs in the BCS theory, which re~
sults in moking the superconductor a perfect dio-magnet (with
magnetic susceptibility 1=0). When we switch from QED to
QCD we replace the magnetic field ] by the color electric
field E, the superconductor by the QCD vacuum, and the QED
vacuum by the interior of the hadron. As shown in Figure 1, the
inside by the outside and the outside by the inside, Just as the
magnetic field is expelled outward from the superconductor, the
color electric field is pushed into the hadron by the QCD vacu-
um, and that leads to color confinement. This situation can be
summarized as follows:
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Superconductivity in QED vs. quark confinement in QCD.
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1. Microscopic vs. Macroscopic World

In both of the above cases the system of elementary particles
no fonger forms a self-contained unit. The microscopic particle
physics depends on the coherent properties of the macroscopic
world, represented by these operator averages in the physical
vacuum state.

If we pause and think about it, this represents a rather start-
ling conclusion, contrary to the traditional view of particle
physics which holds that the microscopic world can be regarded
as an isolated system. To a very good approximation it is separ-
ate and uninfluenced by the macroseopic world at large. Now,
however, we need these vacuum averages; they are due to some
long-range ordering in the state vector, At present our theoret-
ical technique for handling such coherent effects is far from be-
ing developed. Each of these vacuum averages appears as an
independent parometer, and that accounts for the twenty-some

constants in the present weak and electromagnetic gauge theory.

A comparable number of parameters is also needed in any of the
grand unified theories. Consequently, we must view our present
theoretical framework as at least partly phenomenological.
After all, who has ever heard of a fundamental theory that re-
quires a grond fotal of twenty-some parameters?

On the experimental side, there has hardly been any direct
investigation of these coherent phenomena. This is because
hitherto in any high energy experiment, the higher the energy
the smaller has been the spatial region we are able to examine.
Likewise, in nuclear physics we have so far concentrated mostly
on nuclear matter af a constant density. Consequently, we have
avoided the opportunity to study coherent effects in either high
energy or high density, In order to explore physics in this fun-
damental areq, relativistic heavy fon collisions offer an impor-
tant new direction,

III. Relativistic Heavy lon Collisions

1. General discussions

A normol nucleus of baryon number A has an average radius
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Each of the A nucleons inside the nucleus can be viewed as a
smaller bag which contains three relativistic quarks inside; the
nucleon rodius is ™ ~.8 fm and its average energy density is

~ "N 3
N - T3~ 440 MeV/fm @)
(4n/3)r
N
Our purpose is to study the physics of objects which, in their
rest frames, con extend over several fm and have energy den-
sities much greater than that inside a single nucleon. If this is
possible, then inside such an object the usual concept of nu-
clear physics {regarding nucleons as units) must break down;
new physics may thereby emerge.

When two heavy nuclei collide, to begin with there is the
problem of Coulomb repulsion which must be overcome in order
to reach the nuclear surface; that requires a c.m. energy/nu-
cleon of 220 MeV. Next, in order fo penetrate the nucleonic
surface, it is necessary Yo overcome the strong repulsive force
between nucleonsdue to w and ¢ exchange. Thus, we must
have a c.m. energy of about several GeV/nucleon or higher.
This then brings us to the energy range of accelerators such as
ISR, ISABELLE, ete.

2. Coherence vs. incoherence

The total high-energy cross section of a proton-nucleus col-
lision is known to be given by the geometrical areo of the nu-
cleus; that of a high-energy nucleus-nucleus collision is there-
fore also expected to be similarly determined, We have
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where A and A' are the baryon numbers of these two nuclei.

More specific information concerning coherence or incoherence
can be obtained by examining some inclusive reactions such as

A+ A - g4+ ... 4)

at high energy.

For orientation purposes, let us first assume complete inco-
herence during the reaction; i.e., each collision is like a sin-
gle nucleon on a single nucleon and there is no shadowing, no
absorption and no re-scattering. The process at a given impact
parameter b may be illustrated by Figure 2. The shaded
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regionsin A and A" denote two circular cylinders of nucleons
facing each other. The number of nucleons contained in these
two cylinders is respectively proportional to A3 ond A'3 .,
Thus, for incohgrern collisions their rate for reaction (4) is pro-
portional to A3 A'3 . Adding the contributions due to all such
cylinders and averaging over the impact porameter, we see that

1 2
doy \lncoh) o A% AF(ata Ay (5a)
so that for A' = A
A
dop 4 lincoh) oc A’ (5b)
and for a single proton (A'=1) on A
doPAGncoh) oc A (5¢)

We now define any deviation from these A and A' depen-
dences as due to coherent processes. The coherence may either
serve as a suppression (such as the shadowing effect), or act as
an enhancement (e.g., due to multiple scattering). In any case,
its operational meaning is clear.

A case of interest is to examine the A-dependence of

pt+t A ~ ni + e
for n= with a high perpendicular momentum k . The experi-
mental result‘ expressed in the form +
(%) - @) ~w ©
L7pA L%p
gives for ni
~ . k €1
a(k.l.) 9 when N GeV
and @)
alk ) ~ 1.1 when k ~ 4-56 GeV .
1 4

The former is a suppression, the latter an enhancement, The cor-
responding values for other particles in the high k_l.~ 4-6 GeV
region ore

alk ) ~ 1.15 for K
4 +
1.2-1.3 for K

1.3-1.4 for pand p . ®)

The slight suppression in the low k_ region can be readily un-

derstood by taking into account the shadowing effect. The rel-

atively large enhancement in the high k region, especially
= e N 1

for p and B, is more complicated.

Since do decreases very rapidly with k , ot high k one
is more sensitive to rare but more interesfin&evenfs. The
rapid rise of a(k ) isdue portly to multiple scattering. But it
may also be due ~ in part to a completely different mechonism
(one that is similar to the well-known formation of antideuteron
and anti-HeS in a high-energy pp collision). In Figure 2,
when the two Lorentz-contracted (shaded) columns of particles
hit each other, the quark and the antiquark that form the final
pion may come from two separate collisions. Since the proba-
bility of having an additional collision is proportional to A3
-A'3 | one should therefore multiply (5a) by such a factor. Ino
p+ A] reaction, such o mechgnism gives an enhancement factor
of A3, making dcpAoc A3 for n and K. For p ond p,

there is the possibility of a triple collision, which carries an

enhancement factor of A% . giving d“pA o A3 . Similarly,
inan A+ A collision, the corresponding enhancement factqr

would be A% for x or K (maki doAAoc Az), and A%

for p or p (making doAAoc A8/3) ,

3. The central problem

The most crucial questions in an ultra-relativistic heavy-ion
collision are:

1) Can extended objects of very high energy densities ( >>
energy density inside a proton) be produced ?

2) If produced, how con they be detected and how can we
analyze their properties?

These two problems hove recently been studied by several peo-
ple.3-5 The answers to both questions are affirmative, espec-
ially with colliders of ISABELLE-like energy.

Consider the collision between two relativistic heavy ions.
In the center-of-mass system, most of the final energy goes to
fragments with very lorge rapidity; these particles hadronize
outside the nuclear matter and are therefore not relevant for
our purpose. However, at least ~ 10-15 % of the energy will
be trapped in the two projectile nuclei and in the central ra-
pidity region. But 10% of ISABELLE-like energy per nucleon
is much greater than the nucleon mass. Therefore it is not sur-
prising that we can create extended objects of energy density
on order larger than that inside the proton,

We now turn to the second question. [f these objects ore
produced, how can we detect them and how can we analyze
their properties?

IV. A Possible Experimental Program

1. Quark-antiquark ond gluon plasma

Consider now such an extended object whose energy density
is £ , radius R and lifetime =+ (all in its rest frome). Its
interior is assumed to be in a new plasma state, but its exterior
consists essentially of normal hadrons. Heally, it looks like the
object shown In Figure 3. In its interior, because

Figure 3.

An object whose interior is a quark-antiquark and gluon plasma.
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the usual hadron bags disappear. Instead there should be a large
bag of quark, antiquark and gluon plasma. Nommal small hadron
bags can appear only on the surfoce. These different properties
are summarized in the following table.

INTERIOR EXTERIOR

energy density £>> € &= 5N ~ % GtsV/fm3

almost exact flavor
SU2 symmetry

almost exact flavor
SU3 symmetry

Us

average momentum

approximate SU, symmetry opproximate S

4

average momentum

symmetry

i
<k> ~ (&) 300 Mev

<k> ~ 300 MeV
EN

However, because the collision is a violent one, there will be all
kinds of instability due to QCD vacuum dynamics, phase transi-
tions, non-central collisions, etc.). In most cases, the inside will
simply erupt like volcanoes. Hence, as shown in Figure 4, a fair
fraction of the plasma con come out directly without thermaliza-
tion with the exterior, The lifetime r of such an unstable ob-
jectis ~ itsrodius R.

EXTERIOR

A schemotic view of the decay of the extended

Figure 4.

object when v is ~R.
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2. Detection of volcanoes

To detect such an eruption we take advantage of the fact thot
the total mesons produced from such an object would be on the
order of 10%-10° . Hence in a heavy-ion collision we may di-
vide the central and the near-central regions of rapidity y info,
say, ten sections. In each Ay sector we may again divide the
azimuthal angle ¢ around the line of collision in the center-of-
mass frome into, say, ten angular intervals. Per collision, in each
Ay - A¢ section we would still expect a statistically significant
number of mesons, ~ 10¢-10" . We can then plot the average
K/ n rofio in each section. If this ratio has violent variations,
from ~1 in some sectors to ~1/10 in others, then this is o
clear sign of "volcanoes® with K/x ~1 indicating o direct
hadroni zation of the interior. For corroboration, we may plot
)3 ‘k_l.l in each of the Ay - A¢ sectors, where kJ- is the

meson momentum component perpendicular to the initial line of
collision and the sum extends to all mesons emitted in that sector.
Again, we should expect that in a volcano-like event the aver-
age ’k | could be much bigger than 300 MeV in the Ay-A¢
sector thot has @ high K/ 1 ratio, but ~ 300 MeV if the
K/ n ratio is about 1/10.

3. Detection of new metastable objects

Occasionally, we may find that the K/x rotio and Z ,k |
are uniform in all Ay - A¢ sectors. This is then a good 1
indication that there is an absence of eruption, and that a meta-
stable object of a large bag of quarks-antiquarks and gluons is
formed, as shown in Figure 3. Its lifetime + can be quite a bit
longer. [If there is no bag pressure, no surface tension, and
quarks and giuons behave like free particles, then + should be
~/3 R. Since none of these assumptions is correct, we expect

~ to be >>\/3—R.]

We shall now examine the question of how to determine -
for such a metastoble object. The important decay mode of such
an object is through the radiation of mesons from its exteriar,
plus emission of photons and lepton pairs from its interior. The
rate of soft-pion radiation is proportional to its surface, and
therefore the total number of swoft pions emitted is

N 4n kR 2 - ()
n L

where k can be calculated theoretically and R, the mean

radius of the m - emitting exterior, can be measured experimen~

tally® through the Hanbury~Brown and Twiss method, as we shall

see.

Consider the emission of, say, a 7 of momentum kK from o
volume element d r, near the surface together with the emis-
sion of another 7~  of momentum k + § from d°r, Be-
cause these are identical particles obeying Bose statistics, the
total probability of seeing these two pions is proportional to

%Ieir'?°+ (K Q)T , K Tpt i(Rrg) T, {2

The interference term between these two terms in the sum gives
the deviation of the correlation function from unity. Hence, the
measurement of such correlation functions can give a direct
measurement of the geometry of the surface region. The radius
R, can then be determined. By using (9), together with the ex-
perimental values of N_ and R, + we can infer the lifetime

+ . Similar correlation functions can also be observed by using
7w, K'K', K K, ete. Each of these yields an indepen-
dent measurement of the some lifetime + .

In oddition, the y and lepton pairs are emitted directly from
the interior. Their emission rates are proportional to the volume




of the metastable object. Similar studies of yy cormrelation and
lepton pair-lepton pair correlations can determine the geometry
of the interior. Just as in (9), the total number of y emitted is
given by

3

= 4‘"

where R, is determined experimentally through the yy corre-
lation function and A can be calculated aceording to QCD.,
Thus t can again be independently determined. In an entirely
similar way we can also use lepton pair-lepton pair to measure
the lifetime. [See Figure 5.

EXTERIOR
™ (p)

 (p+aq)

Figure 5. The radius of the surface can be determined by the
aw (or other hadron-hadron) correlation function,
and the radius of the inside volume by the yy for
lepton pair-lepton pair) correlation. From these ra-
dii and Egs (?) and (10), one can derive the lifetime
T

In this idealized experimental program, we take full advan-
tage of the large multiplicity of particles produced. The spirit
is to regard each collision os an experiment, similar to the ob-
servation of a stellar object. Our strategy is to replace photons
radiated from a star by mesons, and neutrinos by photons and
lepton pairs. The large radius of these objects and the enormous
number of particles involved makes it possible for us to measure
their geometrical size through correlation functions. The total
multiplicity gives us the equivalent of the integrated luminosity
of a star. Thereby their lifetimes can be determined. In this
way we can discover an entirely new class of metastable states
of large baryon number and high energy density. Their equa-
tions of state would give us insight into the physics of the early
universe. Remembering that the total heavy ion cross section is
~ 10744 ¢m% , even an extremely rare event of ~ 10-10 prob-
obility has a rate that can be compared favorably with a typi-
cal neutrino event.

So far we have refrained from discussing any speculative
phenomena in order to show that even at the very minimum we
can expect, through relativistic heavy fon eollisions, the crea-
tion of a new state of matter. Its energy density should be

-206-

greater than that in the interior of neutron stars. Our usual con-
cepts of nuclear physics are not applicable, but new principles
are yet to be uncovered.

It is not inconceivable that in a decade or two, a fair per-
centage of the high-energy physicists and nuclear physicists will
be engaged in this exciting area of research,
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