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1. INIRODUCTION
1.1 he V. m

There is powerful evidence for the existence of quarks and gluons from scattering
experiments involving nucleons, pions and other hadrons. It is widely accepted that the failure to
observe free quarks is due to the very large energy which would be necessary o place such a
particle in the physical vacuum, the ordinary vacuum found in the laboratory [1]. An attempt to
draw a free quark into the vacuum then creates particle-antiparticle pairs so that the net colour
quantum number remains zero, and only the ordinary hadrons remain. This picture is supported
by attempts to evaluate the states of quantum chromodynamics (QCD) numerically, but reliable
results are so far difficult to obtain. The origin of this effect is the highly complicated but ordered
states of virtual excitations of the physical vacuum in QCD, analogous to vacuum polarization in
quantum electrodynamics, but so strong in this theory as to produce a qualitative change in the
physical vacuum from the simple empty state of a world with very weak interactions.

Furthermore, the theory indicales that this ordered state of the physical vacuum can be
destroyed by the presence of a sufficient density of quarks or gluons, reverting to a state better
described as a simple vacuum, usually referred to as the 'perturbative vacuum', with quarks and
gluons moving freely, except for their mutual interactions. This high density of particles, or
equivalently a high energy density, must be present for a sufficiently long time for this change in
the vacuum to develop.

Since the energy density in our universe was high at short times after its formation, the
universe should have retained the perturbative vacuum up to times of about 10-6 seconds, then
completing a transition to the physical vacuum containing a gas of hadrons at around 10-5 seconds.
The hadrons condensed to nuclei at a much later time. This phase transition can have important
consequences for the limit on the allowed baryon density in the Universe, and thereby on the
question of "dark matter* [2]: it can be that the density fluctuation associated with a first order
QCD phase transition changes the nucleosynthesis in the universe in such a way as to require no
dark matter!

The Physics described above has little direct experimental support. The direct tests of QCD
are at high energies, where the confinement effects play no direct role, being handled
phenomenologically as "hadronization”. It is almost universally accepted that the structure of QCD
is so well defined that there is little doubt that the above picture is correct, and that experimental

101

verification is desirable but not of the very highest priority. Perhaps a different viewpoint is
more interesting: to note that the physics described in a kind of condensed matter physics, but
dealing with quarks and gluons rather than molecules. It is characteristic of the condensed matter
physics of a strongly interacting, non-perturbative system to reveal phenomena which were
completely unanticipated. Often these phenomena are interesting and even important to science,
though they may tell us nothing we did not already know about the underlying basic interactions. It
may even be that we have already found such an example in the discoveries presented in Chapter 5.

The experiments relevant to the physical vacuum fall into two distinct categories: those
relating to deconfinement at high energy densities and those seeking evidence of the specific
response of the physical vacuum to colour excitations, and these are dealt with separately in the
following sections.

1.2 High Energy Density Phenom

1.2.1 ivi f the V. m

Here we will describe in a little more detail the successives states through
which our universe is claimed to have passed, and which we hope we can produce in a
laboratory. We must deal with volumes which are sufficiently extended and long-lived to
be described as fluids with well defined properties. We then expect to find at least three
different fluids in successive stages of expansion of a high energy density state. This is
shown in Fig. 1 as snap shots of a small region at different times. At the highest density
we see the gas of deconfined quarks and gluons known to be predicted by QCD in very high
energy density conditions. Since these particles carry colour charge, we may describe it
as a ptasma, the quark-gluon plasma (QGP). Although there are none of the usual hadrons
present, there could still be excitations corresponding to clusters of quarks and gluons
carrying the quantum numbers of hadrons. At the other extreme, at low energy density,
we see a gas of hadrons, of mesons and baryons. This gas is a sysiem whose properties can
presumably be predicted reliably at low density, since we know the low energy scattering
amplitudes experimentaliy.

In terms of QCD, this gas of hadrons consists of quarks grouped in colourless
combinations, maintained by the confinement mechanism of the physical vacuum
described earlier. A phenomenological picture of this confinement which allows one to
draw an easily understandable picture, is the bag model. In this model the quarks are
confined to small cavities in the physical vacuum which contain the perturbative vacuum,
the bags. In this picture the hadron gas consists of the physical vacuum with a small
fraction of its volume occupied by the bags containing quarks. When this phenomenology
is used 1o explain the observed distributions of hadron masses, one concludes that there is
a large energy associated with the creation of a bag. In the states of thermal-equilibrium
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shown in Fig. 1, this bag energy is equivalent 1o a large latent heat needed to go from the
state with a physical vacuum to that with the perturbative vacuum. A mixed phase will
necessarily arise in the cooling of the quark gluon plasma in this case, which will contain
both deconfined quarks and hadrons. To draw a picture of this state requires much more
knowledge than we possess at the present time, but the ingredients it must contain are
shown in Fig. 2. Here we see different regions of physical vacuum imbedded in the
original perturbative vacuum. Inside these regions we see bags, corresponding to
hadrons. In the regions of perturbative vacuum which are simultaneously present, we see
quarks and gluons which are not confined but still have strong mutual interactions. If the
phase transition has indeed a large heat, it is a first order transition and the phases must
be spatially separated as shown. We can only speculate about the char: istic size of
these regions and the nature of their boundaries. We note that the temperature of this
state is held constant by the latent heat of the confinement transition while it expands.

1.2.2 ffision i I( in th

There may be signs of the transition between the two vacuum states in the
early period of universe, still existing today {2], but we are interested in investigations
in the laboratory. The only way to achieve the energy densities required, that is
comparable to the energy density of a hadron, of order 1 GeV/fermi3, is in the collisions
of high energy particles or nuclei. Our strategy is to find suitable high energy collisions
which provide a high energy density over a sufficiently large volume in order to obtain
the needed thermal equilibrium and long lifetime. For a given accelerator, it seems clear
that we will gain in this respect by colliding nuclei rather than hadrons. These
considerations have led to programmes of physics with nuclear beams at the CERN SPS and
the Brookhaven AGS [3].

The techniques of equilibrium thermodynamics demand systems large
compared to the scattering length of the constituents. Because of our inability to calculate
in non-perturbative QCD, we do not know the interaction length of the soft constituents
and consequently we cannot say how large a system is required. This must be determined
from experiment, using arguments described in the next section, where we will find that
high energy collisions of hadrons certainly show some signs of thermal equilibrium, but
equally certainly are not fully in thermal equilibrium. This can lead us to hope that a
relatively small increase in the size of the projectiles, for example moving from one o
tens of nucleons, might be sufficient to attain our goal.

An element of pessimism was present in the early consideration of whether
the initial collisions between two nuclei would adequately transfer energy into a system
not too far from thermal equilibrium. This concern reflected a knowledge that as hadron
energy increased the absorption of the energy in the nuclear target became less complete.
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An object of initial experiments is to show how efficient high energy projectiles are in
creating the desired states. The measurements refated to energy deposition are relatively
straightforward and have allowed results to be obtained in a short space of time.

1.2.3 r itive he Evoluti f High Energy Densi

The observables which are sensitive to the nature of the state produced are
difficult to measure and the results of the recent experiments are not yet complete in this
respect. In these lectures | shall emphasize the simpler observables such as the
transverse momentum and angular distribution of different particle types and the
information on the space time structure which can be obtained by studying the intensity
interferometry by correlations of two identical particles. In principle these
measurements are sensitive to the collective expansion of the system, and can measure the
spatial distribution of the matter at the time the pions are formed, and the length of time
over which they are emitted. This can, in turn, give us information on earlier stages in
the evolution of the matter. | shall not discuss the important questions of the thermai
radiation of photons, or virtual photons appearing as pairs of leptons, or of the effect of
the environment on the production of bound states of quarks, such as the heavy vector

resonances.
1.3 R nse of the V. itali

The previous section describes attempts to destroy the order of the physical vacuum and cause the
transition to the perturbative vacuum by increasing the temperature or quark density of the
environment. On the other hand many of the most characteristic and interesting condensed matter
phenomena occur at low temperature. In this section, we turn our attention to the possibilities for
investigating the response of the physical vacuum in its normal, coid, environment.

We might think of doing that by the precision spectrometry of quark-antiquark states, such as
the Jiy. Unfortunately, it has been found that the energy levels of the observable spectrum are not very
sensitive to these questions [4]; in essence, as the energy of two quarks is increased, the continuum
arrives before the states are sensitive to the details of the vacuum outside the bag. Use of hadron
scattering for this purpose seems even less likely to succeed. We know that the hadrons and hadron
resonances can be described 1o a good approximation as elementary, colourless objects, so that their
excitations of colour modes in the vacuum must be very weak.

These considerations show us that we must search for experiments where free colour is exposed
in the interaction, and then look for probes which are somehow distinguishable from the complexities of
ordinary hadron interactions. The prototype of a reaction where their colour is certainly present is the
production of quark-antiquark pairs by the annihilation of e+e-, Fig. 3(a), the quark and antiquark
carry opposite signs of colour. The quarks evolve into a cascade of quarks and gluons in the process of



hadronization, for which there is no real theory, and the colour is gradually neutralized as hadrons are
formed. For some time, until this neutralization has taken place, the physical vacuum is exposed to
colour excitation multipoles around the creation point of the quark-antiquark pair. We could imagine
selecting events where there were no hadrons along a specific segment of the quark path thereby
selecting events with a certain degree of coherent colour excitation. Somewhat less clean, but
equivalent, colour excitation must be present in any high energy interaction which generates the quark
gluon cascade and hadronization, in distinction from ditfractive reactions that merely excite hadron
resonances.

Given the availability of colour excitation, where can we find distinctive probes? The first thing
to notice is that the effects we seek must necessarily be those with wavelengths larger than the size of
the bag, of order one fermi, because there is no physical vacuum inside that volume. This argument can
be reversed, there are no conventional hadronic effects with wavelengths larger than the size of hadrons,
except for the decay of long-lived resonances, a process which can be taken into account. |t seems clear
then that we must seek effects which have wavelengths which would be considered anomalously long for
ordinary hadronic interactions. The most obvious and probably the cleanest probe is the radiation of
direct photons with wavelengths greater than one fermi or so. In this case we have the advantage that the
background from hadronic interactions indicated in Figs. 3(b) and 3(c), can be calculated with some
precision.

Investigations on these lines will be reported in a later chapter and indeed some interesting
effects have appeared.

2. ENERGY DEPOSITION
2.1 r ion

The experimental study of energy deposition is the first task in the study of high energy density.
1t is also a subject of interest in that it allows us to learn something about the space time evolution of
high energy particle systems which have interacted one or more times. This can be studied already with
hadron-nucleus collisions, whereas in the nucleus-nucleus collisions we can study the space-time
evolution of more complex configurations which have already been disturbed by the previous collisions.
Since there are phenomenological models for these subjects but no real theory, the information we
obtain is of basic interest.

2.2 Kinemali nd Geomet
Already from the experiments on proton-proton interactions, we see most of the physical

features which wili be important in the more complex reactions. The first of these is that despite a very

wide fluctuation from event to event, there is a strong tendency for a major fraction of the incident
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energy to be retained by a single baryon in the final state. This indicates a tendency for the incident
nucleon to retain its identity and a good fraction of its energy, as the "leading baryon”. The rest of the
energy is carried by a relatively large number of particles, usually pions. The situation is then
qualitatively the same as that for an electron losing energy by bremsstrahlung, which forms a useful
simple picture. Consider an electron which enters an absorber with a unique energy. As it traverses the
absorber, its average energy falls and it develops a spread in energy due to the fluctuations in energy
loss. After about 0.7 radiation length, its energy distribution is approximately uniform from the initial
energy down to zero. Deeper in the absorber, the energy distribution peaks at zero with an asymmetric
tail toward higher energies. After a proton-proton collision, the energy spectrum of the leading baryon
resembles that of an electron which has traversed about half a radiation length. This analogy remains
useful when the target is a nucleus rather than a proton, corresponding to a thicker absorber. The
baryon distributions then peak well below half of the initial value, for a heavy target nucleus.

2.3 Kinematics

If the incident energy is very high, the average energy of the leading baryon can still be quite
relativistic even if it has lost a major fraction of the incident energy. For this reason it is more
convenient to use a different variable to describe its energy distribution. The variable most suited for
this situation is the rapidity variable defined by

It is seen that y is a logarithmic energy variable, and has the property that the shape of
distributions in this variable are invariant under Lorentz transformations along the beam axis, z.

To illustrate its use we show in Fig. 4(b) the y distribution of an electron afier 0.5, 1. and 1.5
radiation lengths compared with the energy distributions in Fig. 4(a). It is seen that the shape of the y
distributions is not changing as drastically as in the energy variable, as the absorber thickness is
changed. The energy foss of the electron can be described by a shift Ay between the rapidity of the

incident electron and the peak of the degraded electron distribution.

The energy which is lost by the incident baryon reappears mainly in the form of many "soft"
mesons (i.e. with energies small compared to the beam), mostly pions. it is convenient to describe the
many particles produced by a global variable which is directly measurable and closely related to the
energy density produced, the "transverse energy” defined by

Er= Y Eising;
7

where i is summed over all particles. This quantity can be measured directly by a "calorimeter” or total
absorption counter, which absorbs all the energy of each particle and provides a signal proportion to its
“available energy”. The calorimeter must be segmented into many small elements, each characterized by
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polar angle 8; (and usually the azimuthal angle ¢). The elements may then be summed with weights
singj, and if its output is linear, the sum over particles is achieved automatically. This technique works
no matter how large the number of particles in the interaction may be. The measurement yields the
"energy flow" in two dimensions. More convenient than 9 and ¢ are n and ¢, where m is the
"pseudorapidity”, a logarithmic angle variable.

1+ 0088 _

1
n=_log
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Note that for pT >> m, n = y, explaining why it is a most convenient variable, though since the peak of the
pT distribution of the produced particles is near m, care must be exercised in its use.

2.4  Formation Zone

It is natural to ask why the emphasis is put on the energy loss of the leading particle: should not
the produced particles also lose energy as they traverse a large nucleus? After all, we are familiar with
the development of a cascade shower when an electron traverses an absorber, but is precisely in the case
of the electromagnetic cascades that it was pointed out that the energy loss of the produced particles is
suppressed at sufficiently high energies: the formation zone effect of Landau, Migdal and Pomeranchuk.
From uncertainty principle arguments it is clear that for sufficiently large Lorentz time dilations, the
time At between the successive collisions between target particles is less than the time AE/& required
for the produced particles, characterized by some appropriate energy AE in the rest frame of the
incident particle, to manifest themselves as distinct entities.

This leads to a suppression of cascading at large incident energies. In the case of hadronic
collisions, it is major effect throughout the energy region of interest, since AE must be of the order of
My, and mg/hec is comparable to the spacing between target nuclei. It becomes important for
electromagnetic cascades above present accelerator energies, however.

The effect is illustrated in Fig. 5 [5], which compares the distribution of charged particle
muttiplicity for hydrogen and lead targets. For the high energy half of the rapidity range, the collisions
with lead show no higher muttiplicity than those with protons, while a cascading of secondaries would

have increased the multiplicity.

25 E t D ited Ener

2.5.1. Several very simple pictures have long been used to provide a basis for
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calculations which include phase changes between different states, accurate description of
the meson gas, and so on. They are useful for a qualitative interpretation of data described
by global variables.

2.5.2. T rmi
Here some fraction of the initial centre-of-mass energy is transferred to a
system which can be described as a fluid which dissipates isotropically, in some
combination of radial expansion and thermal motion [6]. In the pseudorapidity
approximation, the distribution of transverse energy flow is then
E- . 3
dEr_ (hyperbolic cos(n))
It was long ago discovered that this mode! does not describe the particle
production in hadron-hadron collisions at any energy.

2.5.3. The "Shuryak-Bjorken Model"

A free expansion at velocity ¢ along the beam direction, appropriate for very
high energy where the produced paricles are distributed over many units of rapidity,
white the average transverse momentum, pT, is small and independent of rapidity [7].
Both dN/dy and dET/dn are constant in this model, while dN/dn has a dip of kinematic
origin. The distribution of particles produced in pp collisions at centre-of-mass energies
of 540 GeV fits these distributions, as is predicted by the mulliperipheral model of
hadron interactions at very high energies.

2.54. The "Lan Model"

The deposited energy is left in a disc, with dimension along the beam small
compared to the transverse dimensions [8]. This disc then expands longitudinally, at a
rate large compared 1o the transverse.expansion, in such a way that the pT of the particles
observed in different rapidity regions is the same. The dN/dy or dET/dn is a Gaussian. It
describes well the nucleon-nucleon data at centre of mass energies up 1o 63 GeV. The
previous two models represent approximate limiting cases of this one, at low and high

energies.

Ener: ition roton:

understanding the gross feature of the produced particles, especially their energy and
number flow. Although this is properly a dynamical question, these simple models
emphasize a kinematic picture, appropriate for different cases. They can be described as
kinematic hydrodynamic models, to distinguish them from real hydrodynamical

We examine first data on "stopping”, the rapidity shift between the incident proton and the
leading proton exiting from the collision, AY. The comparison between proton-proton and proton-lead
collisions is shown in Fig. 6 in terms of AY [9]. There is indeed much more energy lost in traversing the
lead nucleus. In interpreting this figure, it must be remembered that geometry plays an important role
in the hadron collisions with a heavy target, as we learn immediately by the fact that the total cross-



sections vary as (Arag)?? If we treat the target as a sphere containing A nucleons, and ask the mean
number of collisions a proton will make with the nucleons in the target, ¥, assuming it travels always
along the incident direction, a geometrical calculation leads to ¥ = Aapp/opA, and for lead Vv =2.7. ltis
clear that many of the p-A interactions correspond to collisions with the outer part of the nucleus,
where v is closer to one, so that the central collisions, where v > 3, must have larger energy losses than
in the average represented in Fig. 6, leading to the two bands shown. The conclusion is that a centrai
collision with a lead nucleus takes away on the average considerably more than half the energy of a
proton. This energy appears in the form of produced particles, as shown in Fig. 7 [10], showing ET
integrated over rapidity, for proton-fead collisions. A feature of this curve is that it extends far beyond
the kinematic limit for ET produced in p-p collisions, showing the importance of colfisions with many
target nucleons. Superposition of independent nucleon-nucleon collisions can reproduce many features
of the data, but not all, for example the dEtr/dn distributions as shown in Fig. 8 [10]. Important
cascading of the produced particles in the target must be present, showing that it is not much suppressed
by the “formation zone" effect.

2.7 leus-Nucl llision

Here the gross features of the collisions are even more fixed by the geometry. Consider the
interactions of nuclei with matter density given by the charge density measured in electron scattering.
Now compute the distribution of the number of nucleon-nucleon collisions by convoluting the two
nuclear density distributions for random geometries, and using the free nucleon-nucleon cross-section,
to yield Fig. 9 [11]. The coliisions with few interactions correspond 10 a grazing geometry of the two
nuceli collisions, and the abrupt drop for high numbers of collisions corresponds to the case with the
central axes of the nuclei aligned so that the maximum number of nucleon-nucleon collisions
geometrically possible has been achieved. The unusual flat portion of the curve is just a property of the
geometry.

The data on Et, Fig. 10 [12], show an obvious resemblance to the geometrical convolution
indicating that a geometrical superposition of nucleon-nucleon collisions will explain the general
features of the data. The dEt/dn distribution seen in Fig. 11 [12] shows that at 200 GeV/nucleon, we
are far from the ultra-high energies which would give a flat plateau. In fact, the data fit the Gaussian of
the Landau model, with a width only about twice as wide as that of the extreme limit of the Fermi model.
This will have important consequences in the next section.

2.8  Energy Density
The purpose of the nucleus-nucleus collisions was to reach high energy densities, e.
Measurement of the true energy densities achieved will require subtle measurements, but rough

estimates may be altempted from the global variable dE/dn. Bjorken [7] pointed out that in the
conditions of the model of 2.5.3, one can compute a scaling of the energy density
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with 1o an unknown constant, usually taken on dimensional grounds to be one fermic. If we follow this
praclise, we may insert the largest values of dET/dn obtained in the data corresponding to suiphur-
uranium in Figs. 10 and 11, dEt/dn = 140 GeV and obtain e = 3 GeV/termi3.

Aside from the lack of knowledge of the value of 14, this estimate suffers from the obvious
disagreement of the model with the shape of dEt/dn, a narrow Gaussian instead of a wide plateau.
Anticipating the result of 3.1, that the pt of the produced particles is independent of y, at least for 200
GeV/nucieon beams, we see that it is appropriate 10 use at least the kinematics of the Landau model (the
dynamical aspect is irrelevant here). In this way, it has been found that the observed highest values of
dEy/dn correspond to essentially all the energy of the incident beam being deposited in a Landau
“fireball. Since the energy is then known, one can try to compute £ by an estimate of the fireball
volume on geometrical grounds. Its transverse size is just the area of the smaller nucleus. The
longitudinal extent requires a dynamical assumption. If indeed full stopping has been achieved in the
most extreme collisions, it seems correct 1o assume it has been Lorenz contracted as in the Landau model
proper. The ¢ obtained could be as high as10 GeV/(fermi)3 [13]. Either of these estimates is large
compared with the energy density of a hadron, justifying the hopes that the high energy nuclear
collisions would reach a new regime of energy densities. To investigate whether the equilibrium implied
by such a large energy has indeed been achieved, we must proceed to study more detailed observables.

3. Pl F O M|
3.1 Transver; n

In the previous chapter, we considered the most global description of high energy
collisions, the energy flow, and showed that interesting physics can be gleaned from it. The next step is
to study the ensemble of particles which carry away the energy deposited. At high energies, these are
mostly mesons, pions and kaons. We often characterize them by their "Lorentz invariant inclusive
cross-sections”

3 3

gdo_ do

4P aya’py
In high energy proton-proton collisions, as well as in low energy nucleus-nucleus collisions, the
data show a greater regularity when plotted against my = (p$ + m2)12 rather than pt. We show this in
Figs. 12 [14] and 13 [15}. We see that the curves are good fits to exponentials when using my, and
even with the same slope in the case of the p-p collisions, whereas there is a distortion for pt < m,
essentially due to a phase space factor, where pt is the variable. This good fit to an exponential has a
natural expianation, in that a thermal distribution has just this form in these variables. We see at

110



m

higher mt, the cross-section for high energy p-p collisions become flatter, approaching a power law
behaviour expected for the hard scattering of individual quarks, a regime we shall not discuss.

it is not at all certain to which degree the ensemble of particles is really thermal, and further, in
most of the cases discussed below, there is not a simple exponential even in the low mT region. We shait
not speak of temperatures, but of the slope of the distribution, between defined limits. This would be
proportional to 1/T in the truly thermal case.

3.2 flective flow

It will be noticed that the slopes for pions and protons are different in Fig. 13 but the same in Fig.
12. The difference in the case of nuclear collisions is known 1o be due to a collective outward flow of the
hot matter produced in the collision. This is inevitable in the expansion of a hot system into vacuum.
The change in the distribution due to giving a thermal distribution a fixed radial Lorentz boost, with a
velocity of vc, has been caiculated by Siemens and Rasmussen [15]. For a massless particle, the effect is
just to increase the inverse slope, Teff, by a factor yo (1-v¢) cos h (yc). For a massive particle, for an
initial Tj << m, the effect is to produce a peak at the energy corresponding to the radial velocity v¢. A fit
to pions and protons to Fig. 13 gives v¢ = 0.3c, and the Teff for pions from the inverse slope, 100 MeV,
corresponds to a thermal Tj= 30 MeV. This is an instructive cautionary lesson on interpreting inverse
slopes as temperature, but also is most illuminating in regard to the dynamics of the collision.

The fact that no difference in slope is seen between pions and protons produced in high energy p-p
collisions is susceptible to two explanations. Often it is assumed that there is just not a system of
sufficient size to produce the degree of equilibration necessary to give radial flow. Another possibility is
that in this system the energy is carried by quarks and gluons which are not free to expand, due to the
confining effect of the physical vacuum surrounding the collision. If this is the case, making the system
larger will not lead to the appearance of radial motion. Since we do see radial motion at low energies,
there would have to be some energy region where the radial motion disappeared, more or less sharply.

3.3 Results with nuclear targets and beams

Measurements of the negative particle (mostly pion) spectra from proton and nuclear beams on a
W target are shown in Fig. 14 [16]. The proton-proton results are shown as curves with arbitrary
normalization. The difference between the nuclear target data and the p-p spectrum is similar for the
different beams. We may say that the slope is the same as in p-p for the region around pt = 300 MeVrc,
where the majority of the pions are found, with a region of steeper slope for pT = 100 MeV/c, and a
flatter slope at high pr. The latter, “Cronin effect” [17] is usually assumed to be a hard parton
scattering phenomenon related to multiple quark interactions and the modified nuclear structure
function inside the nucleus. In Fig. 15, the ratio of the spectra for the different beam particles is shown
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to display better the small differences in the spectra. We see that the changes from p-p to p-w are
enhanced for heavier projectiles, but the main conclusion is a substantial constancy in the mid-pt range
for a great variation of beam and target.

In Fig. 16, the dependence of the average pr in the mid-region on the ET measured in the
associated event is shown [16]. Again the main impression is of a remarkable stability of the mid-pt
slope. The small increase noted is compatible with the change in the influence of the Cronin effect as the
geometry of the collisions is changed by varying ET: the more peripheral events should resemble p-p

collisions.

A fit has been made to the pion py spectrum from oxygen collisions in the streamer chamber,
with a model incorporating a more complex pattern of radial flow than a simple boost, superimposed on a
thermal distribution [18]. The radial velocity is not a constant but depends on the square of the distance
from the central point in the fireball, reaching vc at the outer edge. The result is no longer an
exponential but a curve which can fit the data, if v¢ attains the rather large value of 0.78 as shown in
Fig. 17. The streamer chamber has measured neutral strange particles as well, and in Fig. 18, their p1
spectrum is shown as well, with a fit to the radial expansion with the same velocity and temperature.
The agreement is satisfactory.

The alert reader will have noticed that the curvalure in the spectrum which is here fitted by the
form of radial expansion is very similar to the Cronin effect in p-nucleus spectra which is usually
interpreted as a hard scattering effect. There seem to be three possibilities. Either the Cronin effect is
also really a radial expansion effect, or the close resemblance between the p-nucleus and oxygen-
nucleus spectra is accidental, or the curvature is not really a radial flow effect.

3.4  Thermagl vour itibri

In considering what conclusions to draw from these measurements, we draw attention to
the arguments of E. Shuryak [19], who proceeds from examining the hypothesis that the particles
produced in hadron-hadron collisions are far from thermal equilibrium. One would then expect as the
size of the collision volume and the number of particles in it are increased, that there will be more
coliisions between particles in the final state, inevitably moving the particles loward thermal
equilibrium. Since estimates show that the number of final state collisions in '60-W collisions should
be considerably farger than in p-p collisions, on the hypothesis, we shouid then see a considerable
change in the prt mid-region unless the non-equilibrium hadron distribution and the thermal
distribution were the same by coincidence. The precision of the constancy of the pT slope with beam,
target and ET is such that such a coincidence seems unlikely, and thus we are tempted to conclude that the
distribution in nucleon-nucleon collisions must be close to thermal.



This conclusion can be strengthened by independent evidence for the multiple interactions
characteristic of a large system. Such evidence is available in the evolution of flavour with interaction
volume [20]. The rate for production of strangeness and charm are relatively slow, so it is much more
likely that thermal equilibrium will be achieved in nucleon-nucleon collisions than that the strangeness
or charm will reach equilibrium values, since each collision alters momentum, but only a small fraction
change strangeness. We may consequently expect to see strangeness enhancements even if no change in
P slopes is seen. This is indeed the case: at AGS energies, where the K*/r* increases from = 5% proton
collisions 1o 20% in 28Si-Au collisions {21]. In the streamer chamber experiment on S-S collisions, a
strong increase in the fraction of strange particles with accompanying multiplicity is seen, as shown in
Fig. 18 {17]. Whether such an increase can be foreseen in a hadron gas, or requires the higher rates
predicted in a deconfined state, involves models which need to be further constrained by other
measurements, but the strong effect of rescattering, and the equilibration is unequivocal [20,22].

Similar remarks apply to the striking suppression of J/¢ production. Whether or not this
requires the properties of the deconfined state, it does imply the existence of a dense and sufficiently
extended system {22].

The following chapter present further arguments to show that there are sufficient collisions to
produce equilibrium and thereby collective flow phenomena, and that therefore constancy of Pt slope is a

sign of a tundamental physics result and not a simple superposition of many nucleon-nucleon collisions.

4. PION INTERFEROMETRY

The use of second-order interferometry using intensities rather than amplitudes was suggested
by Hanbury-Brown and Twiss [23]. The idea can be explained for two sources of monochromatic light,
Fig. 20. The Bose-symmetry of the amplitude tfor two spin zero mesens of momentum khc requires the
amplitude of the form

Ayy= exp [ik (R11 + R22)] + exp [k (R12 + Rz1)]
which, for small 8, gives

{Av12 = 1 + cos (Lkq).

Evidently, the symmetry of the amplitude leads to an interference term in the intensity even though the
phase is lost. Observation of the oscillatory term in the two photon correlation function aflows one to
measure 6. This is of course a mainstay of radio astronomy and has also been applied in the optical

region.

The idea can be applied to measurements with identical hadrons, but the details become much
more complicated {24]. The fact that the source is strongly time-dependent must be taken into account
[25]. Coulomb and strong interactions corrections must be evaluated [26]. It turns out that, roughly

speaking, the behaviour of the correlation of the spatial component of the difference of two meson four-
momenta gives the spatial dimensions of the source, while the energy difference gives the lifetime.
Further consideration is required of coherent motions and the effect of long-lived resonances [27].

The difficulty with applying this method is that only a small fraction <1%, of all pion pairs fall
close together in phase space, in the region where the correlation is important. Few experiments have
had enough data to give accurate results, or to allow an investigation of the dependence of the correlation
on other event parameters. In Fig. 21 we show the result with the largest statistics, a p-p expetiment
[28], in terms of the two pion correlation function

2
doy,
c(q) = PPz
o1 G
oy b2

where Q2 = |p1 - p2i? is the best single parameter to exhibit the correlation. We see the general
features of all hadron results, a correlation for Q < 300 MeV, corresponding to a distance scale of order
1 fermi, with a maximum excess somewhat less than one unit. While the simple theory of the effect
would predict a Gaussian shape, the observed shape indicates some more complex physics is involved,
perhaps contributions from long-tived resorances, perhaps from some new element in "soft" physics.
Note the large errors for the small Q bins, even with a sample of 108 pairs.

In the case of hadron interactions, no information has been extracted from multi-variable
analyses which was not already implied in the C(Q) distribution. Geometry is more important for
nuclear collisions, and one may hope to measure three variables [29]. One choice of variables is that
shown in Fig. 22. The picture is drawn in a particular frame where, one pion is perpendicular 1o the
beam axis. The second pion may then be along the beam, "longitudinal®, along the direction of the first
pion, "out*, or the other direction in the transverse plane, "side”. Hydrodynamic calculation shows that
the ratio of the two transverse dimensions is sensitive to the passage of the system through a first order
phase transition with a large latent heat. In that case, the system remains for a relatively long time in
the mixed phase while the deconfined quarks assemble into hadrons. The Royt, which measures this time,
can then be much larger than Rgipg, which measures the transverse size of the system at “freeze-out” the

last interaction of the pions.

The streamer chamber experiment has succeeded in the difficult task of measuring these
correlations in the high multiplicity environment of 180-Au interactions, as shown in Fig. 23 [30].
The results are given in Table 4.1, for two different rapidity intervals, 2 < y < 3, the region of the
fireball, and 1 < y < 2, which may be considered a control region. The quantity A measures the strength
of the correlation: A = 1 corresponds 1o @ Gaussian with C(0) = 2.
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Table 4.1

Pion source parameters extracted from the streamer chamber analysis of the 200 GeV/n 0 + Au — nin
correlation data with separation of RT into R® and ROT“‘. Rapidity intervals at midrapidity (2 < y < 3)
and backward of midrapidity (1 < z < 2) were analysed.

Rapidity Gaussian
Interval Ry(fm) Rp(fm) A
T<y<2 43 + 0.6 26 £ 06 0.3440-92
R = 40£1.0fm - .
ROt = 4.4 +1.0 fm " "
2<Y<3 81+ 16 5.6%2 0.77 £ 0.19
R - 6.6+ 1.8 fm . .
RPN = 11.2 £ 2.3 fm - .

The results are very suggestive. The dimensions in the control region are comparable to the
geometrical size of 160, R = 3 fermi, but in the fireball region, large values are seen. The Rggt is
particularly large, which might optimistically be taken as a sign of the long-lived state predicted with a
phase transition. Before reaching a firm conclusion, more information is needed particularly since it
has been shown that somewhat similar results could be simulated by long-lived resonances. It will
probably be essential to examine the correlations as a function of the pr of the pions, as well as
providing more information on the level of resonance production, particularly of the p and ©®, which
could partially simulate this effect [31].

5. MMARY OF IONS ON NI N ISI

Much of the information gained up to now is displayed pictorially in Fig. 24, which shows a
central oxygen-lead collision just after the last interaction of the produced pions, in the centre of mass
of the “fireball". The labels in Fig. 24 refer to the following points:

1. The dotted outline shows that the empty volume which would be occupied by the
projectile: emuision experiments which can measure down to very small angles find
no projectile fragments when high E1 events are selecled [32].
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2. The region between the projectile and the fireball is observed to contain a pion
flux consistent with leading quark hadronization or with a Landau expansion. Future
particle composition studies may determine which description is more appropriate.

3.  The black region shows the initial volume occupied by the deposilted energy in
the Landau model, determined by geometry in the full stopping case. This leads to
energy density of order 10 GeV/fermi3 if the equilibrium is indeed established, as we
believe is probably indicated by the large increase in sirange particle production.
This will be ascertained by observation of thermal radiation of lepton pairs when
experiments in the appropriate kinématic region are done.

4. The shaded region shows the spatial dimensions of the fireball at pion freezeout,
as described in the previous section, Table 4.1.

5.  The great stability of the pion mid-range pr slope could indicate a latent heat is
involved in the evolution of the deposited energy. Measurements of low pr
antiprotons to determine the radial flow are needed.

6. In the direction of the heavy target, additional protons are observed, removed
from the outer regions of the collision volume in the target, shown to be missing,
label (8).

7. The target fragments are observed in the 'plastic-ball’ detector [33], which
finds the target to be completely disrupted, indicating some mechanism of
transferring the necessary energy, which is still a small fraction of the total Et.

8.  The time scale of pion emission is especially important: the first measurement
repoerted in Table 4.1, indicates that the lifetime of the emission is order 12.
fermi/c, long compared to the ordinary spatial scale of a few fermi/c in the direction

of the effect predicted for a strong phase transition. It is important to strengthen this
conclusion.
6. PROBING THE SPA: NS

The ideal version of such an experiment was described in the introduction: colour fields are
generated in a hadronic interaction, and electromagnetic radiation is observed from the area outside the
usual interaction volume, Fig. 3. Several experiments of this type have been performed, studying either
real photons or virtual photons internally converting into a pair of leptons, starting some years ago with
the observation of ‘anomalous lepton pairs’ occurring at low mass, at a surprising large rate {33]. Only
more recently has it become clear that the spectrum of mass and pt extended to such low values as o



exclude a phenomenon which originates inside the one or two fermi radius of a hadronic interaction [34]
This aspect has been much strengthened by observation of the copious production of the corresponding
real photons with transverse momenta as low as 10 MeV or less {35].

The cross-sections for real and virtual photons may be compared by using the theory of soft
internal conversion, used to display a compilation of photon and lepton pair data in Fig. 25, as a function
of the transverse mass variable. We see a spectrum which rises steadily as mt1 approaches zero,
whereas it was generally supposed that such a phenomenon, of hadronic origin, should level-off at the
hadronic scale of about 300 MeV.

There is an uninteresting source of radiation, inner bremsstrahiung, due to the radiation of
charge by the outgoing particles created in the interaction. This radiation extends to very long
wavelengths since the path of the outgoing particles in effectively infinite, leading to a spectrum
proportional to (Ey)'!, somewhat similar to the data, but, as shown in Fig. 25 the bremsstrahlung
explains only a quarter or less of the data for Ey above 10 MeV [37].

The excess becomes much greater when one selects only events with a high number of charged
tracks. Note that the net charge of the particles created in the collision is zero, so that the radiation is
due to fluctuations in the number of charged particles in a given solid angle. The radiation varies as the
square of the net charge in the relevant solid angle; the mean net charge varies as the square root of the
number of charged particles; and thus it is found that the number of photons varies linearly with the
number of charged particles. The ratio of the number of photons in a given energy range to the number
of charged particles in the same solid angle is a number which can be calculated rather precisely, small
effects due to measured particle correlations can be included, and it is found that the result is
approximately the same for different reactions and incident (high) energies.

The data, presented in Fig. 26 for real photon to pion ratios as a function of multiplicity of
charged particles [38], present a very different picture, with an approximately linear variation which
corresponds to a quadratic dependence of photon radiation on particle number. Such a dependence (seen
also in the virtual photons) is characteristic of radiation from charge confined in a volume, and this is
believed to be such a case, but then the long wavetength of the observed radiation implies that the volume
of the box is very large, on a hadronic scale.

The most straight-forward, but unexpected, explanation is that given by Van Hove [39], who
invokes the existence of a cold gas of very low energy quarks and gluons filling a large volume. This
accounts for the radiation we are discussing as well as some related effects in high multiplicity pion
emission, but such a slate of matter is a surprising phenomenon. Since it involves a large number of
very low energy particles, it is characteristic of an attempt to describe microscopic fields by particles,
and may then represent a point of contact with the attempts to observe the colour vacuum polarization
described in the introduction.

One tries hard to find more mundane sources for the radiation. It is true that decaying
resonances, p, »° and so on, fill a large volume, similar to that required, but radiation from their
charged decay particles has already been included in the calculation of inner bremsstrahlung, ignoring
interference between the different sources of radiation. This approximation should be checked.

Clearly further experimental and theoretical investigations of this radiation are eagerly awaited.
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(a) The energy spectrum of an electron after traversing 0.5, 1.0 and 1.5 radiation lengths of

matter. (b) The same spectra but in terms of rapidity shift from the incident electron.
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A suitable coordinate system for measuring

two-pion correlations produced by

e relativistic particles, which are along the
‘7*4% LONGITUDINAL vertical direction in the picture. The rest-

o~ frame of the figure is such that the first pion

g is at 90° fo the beam, and the second pion is
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Fig. 23 An example of the correlation measured for two negative particles in oxygen-gold collisions at

200 GeV/nucleon, showing the enhancement jow values of the Q-value of the two charged
particles [30].

Fig. 24 A pictorial summary of the results of the 200 GeV per nucleon experiments to date, as

interpreted in terms of a space-time snapshot at the time of pion freeze-out. A key in the text
explains and justifies the numbered features.
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A compilation of data on soft photon and virlual photon production at different energies and by

different particles, displayed as a function of the my of the photon or pair.

The formula for

internal conversion has been used lo display real and virtual photons together. Also shown is
the production for the background process ol inner bremsstrahlung which has not been

acled [36).

0.6

T T T T
- I ® K'p
To05r ® pBe i
BE oy - A pAl |
\2 I ]
5 0.3} J
. 0.2 - -
° =
(R S .
L @ ]
DO | | ! 1
0 1 2 3 4 5
dnﬂ_u
Ay

iy =23.5

Fig. 26 The ralio of photons production to pion production as a function of the number of charged

parlicles is shown for dala for different particles and beams.
a conslant of this plot [36].
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inner bremsstrahlung would give






