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Detecting the Quark-Gluon Plasma,

G. Bertsch

Dept. of Physics and Cyclotron Lab.
Michigan State University

East Lansing, MI 48824

3.1 Introduction

What are the properties of matter at high temperature and density? This
question is the focus of a large program of research in high energy heavy
ion physics. Besides general interest, there are two particular reasons for
this study. First, the theory of Quantum Chromodynamics (QCD), which
is the accepted theory of strong interaction physics, is capable in principle
of predicting these properties. Lattice calculations suggest that a phase
transition may take place at a temperature of about 200 MeV.

Another reason for interest in matter at high temperature is that the
universe in the Big Bang is thought to have originated at high density
and cooled through these temperatures. If there were a first order phase
transition, it could have important consequences for the later evolution.
For example, baryonic matter might become more concentrated as a result
of the phase transition; this would affect the later nucleosynthesis into
elements.

To study hot matter, we first need a way to produce it. The only possi-
bility in the laboratory is to collide heavy nuclei at high energy. Obviously
high energy is needed, but why use nuclei instead of nucleons or other
hadrons? It is important that the hot matter reaches a local equilibrium
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80 Chapter 3. Detecting the Quark-Gluon Plasma

under the conditions of study. Only then does the concept of temperature
have meaning. If we were condensed matter physicists, and we doubted the
equilibrium, we could just leave the sample in the oven longer. That isn’t
possible here; the high temperature lasts only a short time. The conditions
for equilibration become more favorable by making the region of the high
energy density as large as possible. And that is done using heavy nuclei as
projectiles rather than hadrons.

There are two accelerators involved in this program. In Brookhaven,
the AGS has accelerated heavy nuclei up to 15 GeV/n in experiments start-
ing from 1987. This program is now in full operation, and interesting results
are presently emerging. In Geneva at CERN the large accelerator SPS ac-
celerates ions up to 200 GeV/n, in an experimental program that started
in 1986. Both CERN and Brookhaven use ions of lighter mass elements,
mainly oxygen and sulfur. The CERN program had a major running period
in 1987, and the main results that I discuss come from this run. These re-
sults were presented in a conference in 1987, and have since been published

[1].

As I will try to explain, the results are interesting and consistent with
the expected phase transition, but proof is still lacking. Future experiments
starting in 1990 should do better; I have particular expectations for mea-
surements of pion correlations. Further experiments are under discussion
at CERN using beams of accelerated lead nuclei. This would allow sub-
stantially higher energy density to be reached. Finally, there are plans in
the USA to build a heavy ion collider at Brookhaven, to collide 200 GeV/n
nuclei against each other. This might take the system out of the mixed
state of hadronic matter and plasma, into a state of superheated plasma.

My own interest in this subject started from the point of view of non-
relativistic heavy ion physics. There we deal with a system that is extremely
complicated to describe in detail. Nevertheless one is able to calculate with
fair confidence certain kinds of observables, particularly those involving
conserved quantities such as linear momentum. Classical simulations of the
collision turn out to be very useful providing the quantum effects of the
Pauli principle are included. So it is natural to try analogous simulations of
the ultrarelativistic collisions. There are two important differences between
these regimes, however. In lower energy heavy ion collisions, we believe we
understand the important degrees of freedom and how they interact. One
can then make a complete dynamical calculation, starting from the cold
nuclei approaching the collision region. In the ultrarelativistic domain, we
do not know in enough detail how the important degrees of freedom, the
partons in the nucleons, interact to make reliable calculations. On the other
hand, the dynamics in the low energy domain is not so favorable for deter-
mining the equation of state. The equilibration process takes a considerable
fraction of the total collision time, so that the observables are sensitive to
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the details of the equilibration as well as to the equation of state. It has so
far not been possible to extract equation of state information from these
experiments. The equilibration should be more favorable in the ultrarela-
tivistic domain. Simple estimates based on expected densities of partons
indicate that the system would quickly come to local equilibrium. It is thus
reasonable to pursue models in which the details of the formation of the
hot matter are ignored, and instead assume a local equilibrium at a certain
time. This is my attitude and all inferences are based on this assumption.
But we must keep in mind that it is essentially untested as of yet.

3.2 Initial Conditions

Before we can model the dynamics of the expanding hot matter, we need
to know how the system starts out. The appearance of the hot zone for a
200 GeV/n Oxygen nucleus colliding with a Gold target nucleus is shown
pictorially in Fig. 3.1. We view the collision in the midrapidity frame, so
both nuclei are Lorentz contracted. The left figure shows the mass distri-
butions at the point when the surfaces just touch. The right figure shows
the nuclei and the hot zone between them at the time 1 fm/c later. The
excitation is in a roughly cylindrical zone; it expands longitudinally at the
projectile velocity, i.e. close to the velocity of light. The transverse motion
is less clear and depends on the details of the dynamics that we wish to
study.

For our initial conditions, we assume some distribution of energy in
this cylindrical interaction zone. Experiments already tell us quite a bit
about that energy distribution. Essentially, we only have to look at the pro-
Jjected mass overlap between the projectile and the target to determine the
transverse distribution of energy. This is the conclusion of the experiments
that measure the so-called transverse energy produced in the collision. The
transverse energy E7 is defined as the sum over final state particles

Er =) _ Eisinf; (3.1)

3

where E; and 8; are the energies and angles of the emerging particles. The
probability distribution of this quantity follows quite closely the behavior
expected if the energy is produced according to the geometric overlap of
the projectile and target nucleons. This is illustrated in Fig. 3.2. On the
horizontal axis is the transverse energy, and the differential cross section
in this variable is plotted. The two graphs show data from Brookhaven [2]
and from CERN [3]. A peak in the distribution is seen at small transverse
energy. This is due to peripheral collisions. At higher transverse energy the
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FIGURE 3.1
Visualization of a central collision between oxygen and gold nuclei. The

oxygen beam has an energy of 200 GeV/n, i.e. a rapidity of

y= cosh‘1(200/0.931) = 6.06, but the system is viewed in the
midrapidity frame, y = 3.03. Thus both target and projectile are
Lorentz-contracted by a factor ¥ = cosh 3.03 = 10.4. The right drawing
shows the positions of the nuclei 1.5 fm/c after they first make contact.

cross section has a plateau, corresponding to more central impact param-
eters. Finally, the distribution falls exponentially above a certain point.

The shape of the transverse energy distribution is very easy to under-
stand geometrically. One calculates the number of collisions between nu-
cleons, assuming that the nucleons are distributed in (Lorentz-contracted)
spheres having the volume of the nucleus, and they move only in the lon-
gitudinal direction. In Fig. 3.2a, each nucleon-nucleon collision is assumed
to produce a certain distribution of transverse energy. These contributions
are then convoluted with the distribution of NN collisions. The theoretical
distribution for the Brookhaven experiment is shown in the figure, with the
contributions from different numbers of NN collisions separately graphed.
The overall curve agrees very well with experiment.

I still have to explain how the distribution of transverse energy for
individual NN collisions is determined. In the analysis of Fig. 3.2a it was
parameterized to fit the data. A more fundamental analysis, modelling the
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FIGURE 3.2

Transverse energy distribution. a) is from 14.5 GeV/n collisions of O +
Au, measured at Brookhaven. The experimental data is fit by a sum of
functions representing convoluted NN transverse energy distributions. b)
is from 200 GeV/n collisions of O 4+ Au, measured at CERN (dashed
line). The solid line is the prediction of the VENUS code, which assumes
independent parton collisions in the target and projectile nucleons.



84 Chapter 3, Detecting the Quark-Gluon Plasma

underlying NN dynamics, has been applied to interpret the higher energy
data from CERN. To calculate from the NN collisions, we need to dis-
tinguish primary and secondary collisions. In principle, the distribution of
transverse energy from primary collisions could be taken directly from the
empirical systematics of the NN scattering. In practice, however, one uses
computer codes that are built to include the phenomenology of the NN
scattering. There are many such codes, but two of them, Fritiof [4] and
Venus [5], are well developed for this application. In the programs, it is as-
sumed that the secondary products of the collisions, such as pions, play no
subsequent role. However, the nucleons themselves can make further inter-
actions and produce more transverse energy. The amount of the transverse
energy measured is large, and can only be explained under the assumption
that the nucleons lose additional energy with each collision. This important
finding in the pursuit of high density matter was not so clear before the
experiments were carried out.

The way these codes work is fairly simple to explain. The nucleons are
treated as excitable particles. Each collision gives the nucleon additional
excitation energy, according to some probability distribution. In the case
of the Fritiof model, the probability to excite each nucleon from mass A

to M’ is given by

!

dP ~ 6(M' - M)%?[i,- . (3.2)
with an upper cutoff given by the total available energy. The excited nucle-
ons then decay completely independently, according to a string fragmenta-
tion scheme. The Venus model differs from the Lund model in that pairs
and triples of partons are the basic objects that interact and produce the
strings. Multiple collisions produce greater energy deposition by involving
more of the nucleon’s constituents in the string formation.

It may be worth mentioning that at a quantitative level these models
are not in complete agreement with the data [6]. Although the shape of
the transverse energy distribution is satisfactory, its overall magnitude is
about 20% higher than predicted.

There is an amusing consequence to the geometric dependence of the
transverse energy distribution. Nuclei are not all spherical; the intercepted
mass of a deformed nucleus will depend on its orientation. The maximum
mass is presented when the projectile goes along the major axis of a de-
formed target. Conversely, when the target is oriented with the major axis
transverse to the beam, the overlap will be smaller. Thus the shoulder on
the distribution of the transverse energy should be less sharp in the case
of deformed nuclei. This can be seen in Fig. 3.3, taken from data by the
Helios collaboration {7]. The two targets compared are tungsten (W) and
platinum (Pt). These differ in mass by only about 10 units out of nearly
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FIGURE 8.3

Transverse energy distribution comparing tungsten and platinum targets.
The softer shoulder of the tungsten data is explained by nuclear
deformation effects.

200, but W is deformed while Pt is spherical. It may be seen that the
shoulder is broader in the case of W, as expected.

Having established how the energy is distributed spatially in the direc-
tion transverse to the beam, we next ask about the longitudinal distribution
of energy. There are two extreme models which have been explored. One
of these, proposed by Bjorken [8], is quite simple from an analytic point
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FIGURE 3.4
Time development of the hot matter in Bjorken’s boost invariant

expansion.

of view. The longitudinal distribution of energy is assumed to be boost-
invariant. That is, the hot zone in Fig. 3.1 should look the same in other
frames besides the one we chose. For nearby frames, we see the target and
projectile discs receding from the collision point at a velocity close to c.
The hot matter is locally at rest at the collision point, i.e. it has no net
longitudinal motion at the collision point. Thus, the average rapidity of
the matter does not change in a comoving frame. This is illustrated in
Fig. 3.4. Consider a small slice of the cylinder, bounded by planes moving
with rapidities y and y + Ay. From the Lorentz kinematics, z = rsinh y
and t = 7 cosh y, we find that the volume in the slice varies with time as
AV = AzA = crAyA, where A is the cross sectional area of the cylinder.
In the Bjorken model, the flux of entropy across any transverse surface is
zero and there is no transport of entropy from one region of rapidity to an-
other. Thus, in the absence of entropy-producing processes, a measurement
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of entropy in the final state can be extrapolated back to the collision time.
Specifically, if dS/dy is the entropy per unit rapidity in the final state, and
o is the entropy density, then the relation is

dS/dy = o Act . (3.3)

In Bjorken’s model the final state observables should be independent of
rapidity. This is very nearly the case for the average transverse momentum
of the final state particles. However, the number of particles per unit rapid-
ity is not constant over a broad range. The rapidity distribution is better
described empirically by a Gaussian,

(y—w)*

dn/dy =~ exp(— o S (3.4)
The variance of the Gaussian is about y* = 1.5 for the CERN experiments.
This kind of behavior is predicted by Landau’s hydrodynamic model [9].
In the Landau model one assumes that the collision brings the matter to
rest in some intermediate rapidity frame, and the spatial distribution of
matter is a disc, due to the Lorentz contraction. The highest gradient of
the density is along the beam axis, so the matter is accelerated most along
that direction. The resulting rapidity distribution resembles a Gaussian.

Of these two extreme models, the Bjorken model is probably more
realistic. According to the more microscopic pictures such as contained in
the Fritiof model, the energy deposition is via string fragmentation. If the
strings were of infinite extent, they would break in a boost-invariant way.
The lack of boost invariance in the final state reflects the finite size effects
of the ends of the strings and the initial distribution of strings in rapidity.

In the calculations that I will describe below, my collaborators and
I used the Bjorken assumption. I don’t believe that the results would be
much different if a more realistic longitudinal distribution of energy were
assumed. The main effect would be that the system would evolve from
a higher entropy density, since matter would be accelerated out of the

midrapidity region.

3.3 Equation of State

I have mentioned entropy without explaining how it is measured. In fact
we cannot measure it in the thermodynamic sense, because there is no
adiabatic energy transfer. If the system is in local thermal equilibrium,
the entropy density can be calculated from the temperature. For a gas of
massless particles, the relation from statistical mechanics is [10]

o= -49—’;:(':3 + gnp)ﬂ , (3.5)
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where ng and np are the number of species of bosons and fermions, re-
spectively. We pretend that the final state is a gas of massless pions, with
ny = 3, 5o the formula for the entropy density in the hadronic phase is

22
= —T%. 3.6
e (3:5)
The formula for the number density of particles has the same T-dependence,
#p 1 3¢(3). s
= — = 3.7
=N / 873 exp(p/T) -1 2 o (50

The entropy per particle is then given by the ratio of Eq. (3.6) to Eq. (3.7),
Sx = 0x/pr & 3.6. So the way we estimate the entropy of the final state is
to count the number of pions and multiply by 3.6.

We now need some dynamics to evolve the initial state that was con-
structed. Qur goal is to measure the equation of state, but the best we can
do is to try out various models and compare with experiment. The motiva-
tion for modelling in general was explained by Weisskopf in the following
anecdote;

“A model is like an Austrian railroad timetable. Austrian trains
are always late. A foreign visitor asked the conductor on an Aus-
trian train, why they even bother printing the timetables. The
conductor’s reply: How else would we know how late the trains
are?”

In our model of the equation of state the low density phase is assumed
to be an ideal gas of massless pions. Then the entropy function is given
above in Eq. (3.6), and the pressure is

Py =o.T/. (3.8)

The quark-gluon phase is also treated as a gas of massless particles. The
entropy density is determined from Eq. (3.5). To count the number of
species of particle, note that each kind of quark is described by a Dirac
equation, having 4 degrees of freedom. We consider two flavors of quark,
“u” and “d”, and three colors. Thus np = 4.2-3 = 24. The gluons have two
helicities and 8 colors, making ng = 16. The coeflicient in parentheses in
the entropy formula is thus 16 424 .7/8 = 37, which is more than an order
of magnitude higher than in the lower density phase. Thus at the transition
temperature the two phases will have very different entropy densities. This
is also the case for the energy densities in the two phases.

The only difference from the massless particle thermodynamics in the
model of the quark-gluon phase is in the pressure and energy formulas. The
pressure consists of two terms, the first of which is the pressure due to the
particle motion. This has the same form as Eq. (3.5). The second term is
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FIGURE 3.5

The equation of state in the simple pion gas/quark-gluon bag model, as a
function of energy density. The short-dashed line shows the hadronic
equation of state when all light-quark mesons are included.

a constant, the so-called “bag” pressure. The total is

g0
Py=~=3~~4, (3.9)

At the transition temperature the two pressures are equal, which gives a
condition relating it to B. We consider the transition temperature (or B) as
a parameter of the model, to be determined if possible by the data. A graph
of the equation of state is shown in Fig. 3.5, plotting pressure as a function
of energy density [11]. On the left is the pure pion gas phase, on the right
the pure plasma phase, and the flat region in the middle is the mixed phase.
Note that the mixed phase extends over an order of magnitude in density,
for the reason given above. In the figure is also shown the equation of state
of a hadronic gas consisting of the light-quark mesons: 7, p,w, and 5. The
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Equation of state in the simple model, as a function of temperature. The
dashed line shows a possible metastable region of the quark-gluon phase.

more particles that are included, the lower will be the pressure for a given
energy density. In fact, it was suggested a long time ago that there might be
so many particles that any amount of energy could be put into the system
at a certain limiting temperature. The pressure would then also approach
a limiting value. The only way to distinguish these models qualitatively is
to go the quark-gluon phase, where QCD predicts a renewed increase in
pressure.

In Fig. 3.6 the equation of state is shown with temperature as the
independent variable. Note that the pressure changes much more rapidly
with temperature in the plasma phase than in the pion phase. We can
imagine cooling the system from the plasma phase, creating a metastable
plasma state of lower pressure. If the phase transition is first order, some
metastability is expected.

The lattice gauge calculations of QCD are not yet settled enough to
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FIGURE 3.7
Geometry for the argument relating pressure to transverse momentum in
Eqgs. (3.10) and (3.11).

replace simple models of high density such as I described above. The mag-
nitude of the entropy jump from one phase to the other is consistent with
the simple model, at least in some calculations [12]. In calculations with
only gluon fields, the transition appears to be first order, although the full
entropy density of the plasma phase may not be present immediately above
the transition temperature. Technical difficulties associated with quarks on
the lattice prevent any definite statements about the phase transition when
both quark and gluon degrees of freedom are included.

3.4 Observables

Assuming now that we have an equation of state and can calculate the
dynamics of the expanding hot matter, what should we measure? I believe
two observables are particularly relevant to the study of the equation of
state. One quantity is the average transverse momentum of the particles in
the final state. As emphasized by Van Hove [13], the transverse momentum
directly reflects the pressure history of the expansion. We can see this in
a semiquantitative way by examining a slice through the cylinder of hot
expanding matter. We cut the slice in half, as in Fig. 3.7, and ask how
much force is exerted on the cut. This force transfers momentum between
the two halves, and thus produces transverse momentum in the final state
particles. Suppose the two halves have momentum pyjice and —pyiice and
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that the average motion respects the axial symmetry of the cylinder.. Then
the average transverse momentum of the particles contained in the slice is

given by

2Ppstice

N (3.10)
where N is the number of particles in the slice, counting both sides. The
transverse momentum of the slice is calculated by integrating the pressure
P over area and time. The area increases linearly with time due to the
longitudinal expansion of the cylinder. The entropy density decreases as
t=1, and the pressure decreases as t~%/3 in the massless pion model of the
hadronic phase. Then the average transverse momentum is given by

< pt >=

2 r
<pi>= m/PdAdt i b (3.11)

The dependence on the equation of state is obvious in this relation. A stiff
equation of state has more pressure at a given entropy density and produces
a higher average transverse momentum. Conversely, if a phase transition
makes the equation of state very soft, there would not be more transverse
momentum produced, despite a higher energy density.

However, note that the integral in Eq. (3.11) is not very well behaved.
It diverges at the upper limit. The integral must be cut off at the freezeout
time 7y, when interactions cease. The dependence on the initial time is
less important, but still could be significant. For these reasons, much more
detailed calculations are required to interpret the experiments.

The time duration and spatial extent of the strongly interacting stage
of the collision are also important characteristics which might indicate a
possible phase transition. The space-time distribution of the interacting
zone can be measured by pion correlations, as will be explained later. The
time measurement is particularly interesting. In the bag model of the phase
transition, the matter must be rarified by more than an order of magni-
tude to convert it completely to the other phase. If there is an interface
separating the two phases, this severely limits the rate at which the phase
transition can take place. The interface travels into the plasma, converting
dense plasma into pion gas. However, the flux of entropy in the pion gas
is bounded by c¢ times its entropy density. Thus the interface cannot move
faster than c times the ratio of entropy densities. This slow phase conver-
sion produces a long-lived plasma droplet. In Table 3.1, I quote some of
the estimates of this phase conversion that may be found in the literature.
Assuming that the phase conversion rate is ¢/10, a droplet of initial radius
2 fm would last 20 fm/c. This is a very long time compared to duration
times based on collision rates in an expanding pion gas.
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TABLE 3.1
Estimates of phase interface velocity

c Ref. [14)

v=2=Le Rt [15)

€
i i-?Lc Ref. [16)

3.5 Detailed Models

I now turn to the specific analytic and numerical models for dealing with
the expansion dynamics. The simplest model is Bjorken’s, which assumes
pure longitudinal expansion. As mentioned before, the boost invariance and
the assumption of entropy conservation imply that the entropy per unit ra-
pidity is constant and the entropy density decreases as ¢~!. Since all other
quantities can be expressed in terms of the entropy density as the indepen-
dent variable, the entire evolution of the system is fixed. The model exhibits
a long-lived mixed state because of the limited expansion rate from purely
longitudinal motion. Clearly the neglect of transverse expansion is a drastic
approximation, requiring better modeling. We saw in Eq. (3.11) that the
freezeout time is an important parameter of the evolution; in the Bjorken
model the system never freezes out [17]. To remedy this deficiency it is nec-
essary to calculate the transverse expansion explicitly. The evolution can
then no longer be determined analytically; the price one pays for the more
accurate modelling is that the results are strictly numerical. Hydrodynamic
calculations have been reported in Refs. [18,19]. In these calculations, one
still must assume something about the freezeout, typically that it occurs
at a certain density or a certain temperature. Also, the phase transition
dynamics in hydrodynamics is rather complicated, with the possibility of
rarifaction shocks and entropy production. The hydrodynamic conserva-
tion laws are insufficient to specify the details of the transition under these
conditions.

For these reasons a more detailed model was made by McLerran to-
gether with myself and others [16]. To avoid the uncertainties of freezeout,
we decided to simulate the evolution of the pionic final state. By track-
ing coordinates of the individual pions, we could see how they collide and
determine the spatial and temporal size of the collision region as well as
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the transverse momentum distribution. This model needs pi-pi scattering
cross sections as input. Even though nobody has measured the scattering
process, we were able to extract adequate information about the scattering
from the literature.

We simulated the dense phase of matter by a collection of droplets of
appropriate density. The droplets are assumed to have the same initial size,
and this is taken as a parameter of the model. However, the range of this
parameter is somewhat limited. A droplet radius smaller than about 1 fm
would make the concept of a separate phase doubtful, since the QCD size
scale is of the order of 1 fm. Very large droplets, say 2 fm radius or larger,
would produce obvious fluctuations in the rapidity distribution of the final
state particles. :

The conversion of matter from one phase to the other is treated by a
model very similar to the compound nucleus model of neutron evaporation
from a nucleus [20]. The hadronic state is produced by emission of pions
from the droplet surface. The rate of emission is determined by detailed
balance, assuming that the droplet absorbs all incident pions. The resulting
formula for the emission rate W is

W= %R’,»,(T) . (3.12)

where p,(T) is the density of pions at temperature T, given by Eq. (3.7).
Our model neglects the interaction between the droplets; because the drop-
lets are quite heavy their thermal motion s small.

With these ingredients we can simulate the evolution of the system
from the start of the phase transition to the final state. The time at which
the phase conversion begins of course varies for different longitudinal ra-
pidities due to time dilation. We fill the cylinder with randomly placed
droplets, which begin emitting pions at the proper time corresponding to
the beginning of the phase transition. The evolution of the system proceeds
by time steps; in each step pions may be emitted or absorbed from droplets,
they may scatter from each other, and they of course change position due
to their velocity. After a long enough time, all interactions cease and the
properties of the final state pions are saved in a file. The information about
the pions that we need to save is their momenta and the coordinates of
their last interaction point. That could be be where they last collided with
another pion, or where they were emitted from a droplet.

In general, our results from the cascade modelling confirm the previ-
ous hydrodynamic calculations. In hydrodynamics, the dense phase stays
within the original zone of creation. The droplets in our model also tend to
remain close to their point of origin, because they are so massive. Very little
entropy production was found in the hydrodynamic phase transition, and
the droplets also do not produce much entropy when they evaporate pions.



3.5. Detailed Models 95

{) 1000 - — HYDRODYNAMICS _
S O CASCADE
(&
=
/}_
a 500f O ol 00 |
il 'y
[ i 1 1
] 10 100
| dny
A dy
FIGURE 3.8

Final state transverse momentum as a function of the rapidity density of
the produced pions. The solid line is the hydrodynamic prediction of Ref.
[19], and the squares are the results of the cascade calculation of Ref. [16].
The experimentally measured point from O + Au collisions at CERN is
shown by the triangle.

It can be shown that an isolated droplet radiating pions would produce 30%
more pions than one converting to the pion phase under adiabatic condi-
tions. This difference is not very much, when we compare with the order
of magnitude difference in entropy densities expected for the two phases.
One more qualitative conclusion is worth mentioning. We found rel-
atively little interaction between the pions in the hadronic state. On the
average, each pion makes about one collision on the way out. These col-
lisions do not affect the momentum distribution of the pions very much,
so the final state pions almost provide a direct view of the plasma droplet

surface.
Turning to the quantitative results, the model predicts the average
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transverse momentum, which can be displayed as a function of the rapidity
density of particles in the final state. The graph, shown in Fig. 3.8, is
the closest we can come with experimentally measurable quantities to the
equation of state graph in Fig. 3.5. The cascade model, shown with squares,
is compared with the hydrodynamic model, shown as the solid line. In the
hydrodynamic model, a trace of the phase transition physics is seen in the
slope of the curve. At low particle densities, the system is always in the
pion gas phase. The flattening of the curve at intermediate densities is due
to the mixed phase. Finally, at the highest densities the system starts in a
plasma phase and the transverse momentum rises more rapidly.

The cascade model was applied assuming the same phase transition
temperature (200 MeV) as in the hydrodynamic model, and the two models
agree very well for the pion phase and the mixed phase regimes. We did not
put the internal pressure of the plasma droplets into the cascade model, so
the increased momentum in the superheated phase is not reproduced. In
any case, the agreement of these two different numerical approaches is en-
couraging that the numerics of relating the equation of state to observable
quantities is under control,

3.6 Experiment

Let us now take a closer look at the experimental data. I divide the exper-
iments into two categories. In one class are the experiments that measure
qualitative effects, such as the suppression or enhancement of flavored me-
son production. This kind of experiment is valuable to show the degree of
interaction and equilibration in the hot zone. However, measurement of the
equation of state requires experiments that determine dimensional quanti-
ties such as momentum. The relevant data here can be summarized in a few
sentences. I take as a typical collision 10 on a heavy target, with a projec-
tile momentum of 200 MeV /n. The density of pions in the final state goes
to about 120 per unit of rapidity. The data used to obtain this number is
shown in Fig. 3.9. Only 7~ were measured, so the number from this graph
is multiplied by 3 to get the total pion yield. As mentioned earlier, to get
so many pions in the final state requires that both primary and secondary
collisions deposit energy into the central region. We see on the graph that
the central region extends from about 1.5 to 3.5 units of rapidity, where
the pion density has a broad peak.

The average transverse momentum of these pions is 400 MeV /c, which
is only 10% higher than in NN collisions. Experimentalists were probably
disappointed when they found such a small difference between heavy ion
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FIGURE 3.9
Experimental pion rapidity distribution for central O 4 Au collisions at
200 GeV/n, from Ref.[1], p. 92.

and NN collisions. But this is exactly what to expect if the system goes
into a mixed phase. I have put the data point from these measurements
on Fig. 3.8, the experimentalist’s equation-of-state graph. The transverse
momentum is in fact slightly lower than predicted for a phase transition at
T=200 MeV.

At this point I should mention a feature of the pion momentum spec-
trum that is not explained so far and is very puzzling. The transverse
momentum distribution of the pions, shown in Fig. 3.10, has an excess
of low momentum pions that are not present in NN collisions. Compar-
ing NN and heavy ion distributions, one finds that about 1/4 of the final
state pions are in this low momentum group. A suggestion has been made
that the effect may be due to a cooling of the pions by radial expansion
[21], but this idea is not supported by the cascade or hydrodynamic calcu-
lations. Another possibility is that the pions are somehow associated with
slow-moving baryons; again no detailed estimates supporting this idea have
been published. Obviously, it is necessary to understand this data before
any firm conclusions can be made that are based on the assumption of local
equilibrium.



98 Chapter 3. Detecting the Quark-Gluon Plasma

03h — '°0+Au 200GeV/n
_ K\ ---p+p 200 GeV/n
b NA3S
3 102
(&) 10¢}) sy
g
©
5 10k .
©
—
a
~
e 1k il
o.l : 1 L
0.5 1.0 .5
Py (GeV/c)

FIGURE 8.10
Momentum spectrum of the pions from central O + Au collisions at 200

GeV/n, from Ref. [1], p. 96.

3.7 Pion Interferometry

I now want to discuss a completely different kind of measurement, called
pion interferometry or HBT interferometry [22]. Identically charged pions
have correlations due to their Bose statistics, and these correlations reflect
the distribution in space and time of the source of the pions. The theory
of this effect may be shown in a few steps starting from the wave function

for a pair of pions,

Ver = _1_2.(65Pl'r1 +ip3-r3 a0 e"Pl"’:-f-"P:"‘x)
. ﬁelz-iK-(rx-Ha)cos(%q (ry = 12)), (3.13)

where ¢ = p; — pa is the difference in momentum between the pions and
K = p; + pa is their sum. The amplitude to create the pions is given by
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the overlap with some source function s(r),

A /drxdrgsl(rl)sz(rg)q{)" « (314)

The modulus squared of this overlap is the probability to produce the
pions with the given momenta. It simplifies under the assumption of an
incoherent source, by which is meant

< 8,‘(7‘1)8,‘(!’2) > G(T; )6(1‘1 - 1'2) 2 (315)
Then the probability integral becomes
P(g)~1 +/dr1drzG(r1)G(r2)cos(q (r1—=r2)). (3.16)

Thus the measurement of P(q) gives direct information about the Fourier
transform of the source function G(r). In making this argument, we as-
sumed that the pions are created at the same time. Eq. (3.16) is applicable
to the more general case of different creation times if ¢ - r is interpreted as
the 4-vector dot product. It is useful to use the equal time wave function,
however, because interactions such as the Coulomb interaction can be in-
cluded by replacing the free wave function by the appropriate scattering
wave function in a potential.

In this analysis, the assumption of an incoherent source restricts one
to large spatial sources. The quality of the data tends also to be limited,
so that one can only extract one or two parameters describing the source
size. In any case, the results of this analysis are very different for hadronic
sources and for the heavy ion collisions. For a hadronic source the correla-
tion tends to be independent of the direction of the correlation; the source
size is small, about 1 fm [23]. The correlations between pions in the CERN
heavy ion collisions show a much larger source size, of the order of 6 fm
[24].

The expectations for the source parameters are very different, depend-
ing on whether or not there are long-lived heavy particles produced as
intermediates. The source for the two extreme scenarios, hot pton gas or
plasma droplet initial state, are depicted in Fig. 3.11. We imagine observ-
ing a slice of the cylinder in a frame in which the pions come out with zero
longitudinal motion. The two transverse directions to the axis of the cylin-
der we denote as outward and sideward. The outward direction is along the
direction of motion of the pions, and the sideward is perpendicular to the
pion direction and the cylinder axis. If the pions are formed immediately
in a hot gas, their density is very hot and they make many collisions before
the freezeout. These collisions take place as the gas expands, and the source
is much larger radially than the initial cylinder. However, as pointed out by
Pratt [25], these pions will be moving radially outward so that the pions on
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FIGURE 3.11

Pion source distribution in transverse direction, for two scenarios of the
evolution. The upper diagram depicts the source points for a hot pion gas,
showing only pions that are moving in the direction of the detector. The
lower diagram depicts the corresponding pions from a decaying plasma
phase. The horizontal elongation is due to the time delay converting high
density matter to the low density phase.

the opposite side of the cylinder will not go into the detector. Effectively,
the source seen by the detector just covers a region in front of the forma-
tion zone. This is depicted in the figure. In the plasma droplet scenario,
the pions evaporate rather slowly so the spatial source size in the outward
direction becomes long, as depicted in the figure. So the characteristic of
heavy droplet formation is a long outward source and a moderately small
sidewards source.

To test this idea quantitatively, I generated a pion source function
G(r) from the cascade simulation. But first an important technical point:
the pions’ momenta as well as their positions is determined by the source
function, so we must explicitly include a dependence on p as well as r in
G. We took the source function to be [26]
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G(r,p) = Z & (r - r.-)exp(-%) , (3.17)

where the sum runs over the final state pions produced by the cascade
simulation. The pg is a smoothing parameter. The expression we evaluate
to get the correlation is then the same as Pratt’s formula [25]

[ d*d* ' G(r, K/2)G(r', K/2)cos(q - (r — +'))
J d*rd*r'G(r, p1)G(r’, p2) '
It is conventional to parameterize the source function by a Gaussian, in

which case the correlation is also Gaussian. If we write the source function
as

P(g,K)=1+ (3.18)

G(r,p) = eon(~(5) = (Foc) ~ (FPezp(~(L)) . (319)

then the correlation function is snmply

1
P=1+ e:v:p(—i((qxli’:)2 + (9side Raiae)? + (dout Rout)?) - (3.20)

The sideward and outward dimensions resulting from the cascade simula-
tion are shown in Fig. 3.12. In the lower corner on the left side are the
correlation lengths obtained for the hot pion gas model,i.e. all the pions
were assumed to be already formed at the initial time (taken as 7, = 1
fm/c). One of the points shows the correlations if the pions freely traveled
from this point without interaction. The source size then reflects only the
transverse size of the projectile nucleus, which is 2.2 fm in the case of 0.
The nearby point on the graph shows the results with pion scattering in-
cluded. The physical source size is much larger, but hardly any effect is
seen in the correlation, for the reason explained above.

A dramatically different correlation function is obtained in the plasma
droplet scenario. The outward dimension becomes much larger. For droplets
of radius 1 fm, the outward dimension is about 10 fm/c. This increases for
droplets with larger initial radii; smaller initial radii do not have much
effect. The large source radius found experimentally [24] could arise from
the droplets. To confirm this, it is necessary to separate the outward and
sideward dimensions, which unfortunately is not so easy with the present
experimental data. However, there are indications that the large dimen-
sion is associated with the outward direction [27]. One possible problem
connected with this interpretation should be mentioned [28]. More massive
mesons than the pion are formed in the collision, and their decay lifetimes
will contribute to a larger source size. In particular, the w meson with a
mean life of 20 fm/c produces decay pions that masquerade as a long-lived
source. The effect is substantial when meson production rates of the Lund
model are used in the calculation. Ilowever, the Lund model predicts a
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FIGURE 3.12
Comparison of outward and sideward source sizes from the cascade

simulation. The formation zone is a boost-invariant cylinder with a
Gaussian radius parameter 1.8 fm, producing hot matter that evolves to a
final state containing 120 pions per unit rapidity. The small point near
the origin shows the dimensions if the pions are formed immediately and
do not interact. Collisions between points in the hot pion gas hardly
change the source size, as shown by the nearby larger point. Models with
plasma droplet formation give very large outward dimensions. For initial
droplet radius 0.8 fm and 1.0 fm, the outward dimension is about 10 fm/c.
Increasing the droplet radius to 2.0 fm doubles the outward dimension.
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rather high proportion of w mesons in the final state. If the collisions allow
local thermal equilibrium, the proportion would be much lower. It is also
found that in NN collisions the proportion of p mesons, while substantial,
is less than assumed in the Lund model.

3.8 Outlook

Clearly, the data looks promising, suggesting that high density matter has
been created and that it disperses with moderate pressure on a moderately
long time scale. However, we need to know more about the equilibration.
On the experimental side, one can imagine more sophisticated experiments
that would measure proportions of higher mesons such as the p and the 7.
The strange mesons are interesting also, although we do not expect as rapid
an equilibration in strangeness as in the degrees of freedom associated with
ordinary quarks.

It is also important for theorists to estimate the time scales for equili-
bration using more fundamental descriptions of the hadronization process.
One study reported an equilibration time of 2.5 fm/c, using a parton model
of the nucleons [29]. On the other hand, hadronization times are much
shorter in the Lund model [30]. On a fundamental level, the QCD parton
structure of a nucleus may differ in important respects from a collection
of independent nucleons. Collisions between the partons with the modified
probability distribution may take place on rather short time scales, of the
order of 0.3 fm/c [31,32]. Clearly, this is an area where more work needs to
be done.
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