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a large energy associated with the creation of a bag. In the states of therma|—equiIibriumis so well defined that there is little doubt that the above picture is correct, and that experimental

is used to explain the observed distributions of hadron masses, one concludes that there isphenomenologically as "hadronization". lt is almost universally accepted that the structure of OCD

fraction of its volume occupied by the bags containing quarks. When this phenomenologyare at high energies, where the confinement effects play no direct role, being handled

the bags. In this picture the hadron gas consists of the physical vacuum with a smallThe Physics described above has little direct experimental support. The direct tests of OCD

confined to small cavities in the physical vacuum which contain the perturbative vacuum,

draw an easily understandable picture, is the bag model. In this model the quarks aredark matter!

described earlier. A phenomenological picture of this confinement which allows one toOCD phase transition changes the nucleosynthesis in the universe in such a way as to require no
combinations, maintained by the confinement mechanism of the physical vacuumquestion of 'dark_matter' “[2]: it can be that the density fluctuation associated with a first order

In terms of QCD, this gas of hadrons consists of quarks grouped in colourlessconsequences for the limit on the allowed baryon density in the Universe, and thereby on the

The hadrons condensed to nuclei at a much later time. This phase transition can have important
amplitudes experimentally.completing a transition to the physical vacuum containing a gas of hadrons at around 1O‘5 seconds.

presumably be predicted reliably at low density, since we know the low energy scatteringuniverse should have retained the perturbative vacuum up to times of about 10*6 seconds, then
we see a gas of hadrons, of mesons and baryons. This gas is a system whose properties canSince the energy density in our universe was high at short times after its formation, the
carrying the quantum numbers of hadrons. At the other extreme, at low energy density,

present, there could still be excitations corresponding to clusters of quarks and gluonsthe vacuum to develop.

as a plasma, the quark-gluon plasma (QGP). Although there are none of the usual hadronsequivalently a high energy density, must be present for a sufficiently long time for this change in
energy density conditions. Since these particles carry colour charge, we may describe itgluons moving freely, except for their mutual interactions. This high density of particles, or
we see the gas of deconfined quarks and gluons known to be predicted by OCD in very highdescribed as a simple vacuum, usually referred to as the 'perturbative vacuum', with quarks and
shown in Fig. 1 as snap shots of a small region at different times. At the highest densitydestroyed by the presence of a sufficient density of quarks or gluons, reverting to a state better
different fluids in successive stages of expansion of a high energy density state. This isFurthermore, the theory indicates that this ordered state of the physical vacuum can be
be described as fluids with well dehned properties. We then expect to find at least three

laboratory. We must deal with volumes which are sufficiently extended and long-lived tophysical vacuum from the simple empty state of a world with very weak interactions.
which our universe is claimed to have passed, and which we hope we can produce in aquantum electrodynamics, but so strong in this theory as to produce a qualitative change in the

Here we will describe in a little more detail the successives states throughstates of virtual excitations of the physical vacuum in QCD, analogous to vacuum polarization in

1 .2.l ive States of the Vacuumresults are so far difficult to obtain. The origin of this effect is the highly complicated but ordered

by attempts to evaluate the states of quantum chromodynamics (OCD) numerically, but reliable

1 .2 Hiqh Enercv Density Phehcrnenquantum number remains zero, and only the ordinary hadrons remain. This picture is supported

draw a free quark into the vacuum then creates particle·antiparticle pairs so that the net colour
following sections.particle in the physical vacuum, the ordinary vacuum found in the laboratory [1]. An attempt to
response of the physical vacuum to colour excitations, and these are dealt with separately in theobserve free quarks is due to the very large energy which would be necessary to place such a
relating to deconfinement at high energy densities and those seeking evidence of the specificexperiments involving nucleons, pions and other hadrons. It is widely accepted that the failure to

The experiments relevant to the physical vacuum fall into two distinct categories: thoseThere is powerful evidence for the existence of quarks and gluons from scattering

1,1 §La1es0i1he Vacuum may even be that we have already found such an example in the discoveries presented in Chapter 5.

though they may tell us nothing we did not already know about the underlying basic interactions. It
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completely unanticipated. Often these phenomena are interesting and even important to science,

physics of a strongly interacting, non—perturbative system to reveal phenomena which were
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dealing with quarks and gluons rather than molecules. It is characteristic of the condensed matter
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more interesting: to note that the physics described in a kind of condensed matter physics, but

verification is desirable but not of the very highest priority. Perhaps a different viewpoint isHEAVY·|ON COLLISIONS



carry opposite signs of colour. The quarks evolve into a cascade of quarks and gluons in the process of OCR Outputenergy increased the absorption of the energy in the nuclear target became less complete.

production of quark-antiquark pairs by the annihilation of e+e-, Fig. 3(a), the quark and antiquarknot too far from thermal equilibrium. This concern reflected a knowledge that as hadron

ordinary hadron interactions. The prototype of a reaction where their colour is certainly present is thethe initial collisions between two nuclei would adequately transfer energy into a system

in the interaction, and then look for probes which are somehow distinguishable from the complexities ofAn element of pessimism was present in the early consideration of whether

These considerations show us that we must search for experiments where free colour is exposed

tens of nucleons, might be sufficient to attain our goal.

excitations of colour modes in the vacuum must be very weak.relatively small increase in the size of the projectiles, for example moving from one to

resonances can be described to a good approximation as elementary, colourless objects, so that theirequally certainly are not fully in thermal equilibrium. This can lead us to hope that a

scattering for this purpose seems even less likely to succeed. We know that the hadrons and hadronhigh energy collisions of hadrons certainly show some signs of thermal equilibrium, but

arrives before the states are sensitive to the details of the vacuum outside the bag. Use of hadronfrom experiment, using arguments described in the next section,where we will find that
sensitive to these questions [4]; in essence, as the energy of two quarks is increased, the continuumand consequently we cannot say how large a system is required. This must be determined

the J/ty. Unfortunately, it has been found that the energy levels of the observable spectrum are not veryin non·perturbative QCD, we do not know the interaction length of the soft constituents

We might think of doing that by the precision spectrometry of quark—antiquark states, such ascompared to the scattering length of the constituents. Because of our inability to calculate

The techniques of equilibrium thermodynamics demand systems large

investigating the response of the physical vacuum in its normal, cold, environment.

phenomena occur at low temperature. ln this section, we turn our attention to the possibilities forthe Brookhaven AGS [3].

environment. On the other hand many of the most characteristic and interesting condensed matterconsiderations have led to programmes of physics with nuclear beams at the CERN SPS and

transition to the perturbative vacuum by increasing the temperature or quark density of thethat we will gain in this respect by colliding nuclei rather than hadrons. These

The previous section describes attempts to destroy the order of the physical vacuum and cause thethe needed thermal equilibrium and long lifetime. For a given accelerator, it seems clear

which provide a high energy density over a sufficiently large volume in order to obtain

station1 .3 Response of the Vof high energy particles or nuclei. Our strategy is to find suitable high energy collisions

comparable to the energy density of a hadron, of order 1 GeV/fermia, is in the collisions

resonances.in the laboratory. The only way to achieve the energy densities required, that is

the environment on the production of bound states of quarks, such as the heavy vectorearly period of universe, still existing today [2], but we are interested in investigations
radiation of photons, or virtual photons appearing as pairs of leplons, or of the effect ofThere may be signs of the transition between the two vacuum states in the

the evolution of the matter. I shall not discuss the important questions of the thermal1.2.2 Q¤_lls.¤.2i i n f.t.e.H.¤h i tt Eneruv State in th

over which they are emitted. This can, in turn, give us information on earlier stages in

spatial distribution of the matter at the time the pions are formed, and the length of timestate is held constant by the latent heat of the confinement transition while it expands.
measurements are sensitive to the collective expansion of the system, and can measure thethese regions and the nature of their boundaries. We note that the temperature of this
interferometry by correlations of two identical particles. ln principle thesebe spatially separated as shown. We can only speculate about the characteristic size of
information on the space time structure which can be obtained by studying the intensityphase transition has indeed a large heat, it is a first order transition and the phases must
transverse momentum and angular distribution of different particle types and thequarks and gluons which are not confined but still have strong mutual interactions. lf the
respect. ln these lectures l shall emphasize the simpler observables such as thehadrons. In the regions of perturbative vacuum which are simultaneously present, we see
difficult to measure and the results of the recent experiments are not yet complete in thisoriginal perturbative vacuum. Inside these regions we see bags. corresponding to

The obsenrables which are sensitive to the nature of the state produced areshown in Fig. 2. Here we see different regions of physical vacuum imbedded in the

1.2.3 rements Sensiuve to the Evoluuon of l-lion Enerov Densiknowledge than we possess at the present time, but the ingredients it must contain are

both deconfined quarks and hadrons. To draw a picture of this state requires much more

straightforward and have allowed results to be obtained in a short space of time.necessarily arise in the cooling of the quark gluon plasma in this case, which will contain

creating the desired states. The measurements related to energy deposition are relativelystate with a physical vacuum to that with the perturbative vacuum. A mixed phase will
An object of initial experiments is to show how efficient high energy projectiles are inshown in Fig. 1, this bag energy is equivalent to a large latent heat needed to go from the
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wide fluctuation from event to event, there is a strong tendency for a major fraction of the incident "available energy". The calorimeter must be segmented into many small elements, each characterized by
features which will be important in the more complex reactions. The first of these is that despite a very absorption counter, which absorbs all the energy of each particle and provides a signal proportion to its

Already from the experiments on proton-proton interactions, we see most of the physical where i is summed over all particles. This quantity can be measured directly by a "ca|orirneter" or total

Er= ZErSln9,2.2 Kinematics and (Boone;

energy density produced, the "transverse energy" defined by

obtain is of basic interest. many particles produced by a global variable which is directly measurable and closely related to the
Since there are phenomenological models for these subjects but no real theory, the information we mesons (i.e. with energies small compared to the beam), mostly pions. lt is convenient to describe the
evolution of more complex configurations which have already been disturbed by the previous collisions. The energy which is lost by the incident baryon reappears mainly in the form of many "soft"
hadron-nucleus collisions, whereas in the nucleus-nucleus collisions we can study the space-time

high energy particle systems which have interacted one or more times. This can be studied already with incident electron and the peak of the degraded electron distribution.

lt is also a subject of interest in that it allows us to learn something about the space time evolution of changed. The energy loss of the electron can be described by a shift Ay between the rapidity of the
The experimental study of energy deposition is the first task in the study of high energy density. distributions is not changing as drastically as in the energy variable, as the absorber thickness is

radiation lengths compared with the energy distributions in Fig. 4(a). lt is seen that the shape of the y
2.1 introduction To illustrate its use we show in Fig. 4(bl the y distribution of an electron after 0.5, 1. and 1.5

2. ENERGY distributions in this variable are invariant under Lorentz transformations along the beam axis, z.

lt is seen that y is a logarithmic energy variable, and has the property that the shape of
effects have appeared.

Investigations on these lines will be reported in a later chapter and indeed some interesting
Y = mgi(E2

precision. this situation is the rapidity variable defined by

background from hadronic interactions indicated in Figs. 3(b) and 3(c), can be calculated with some convenient to use a different variable to describe its energy distribution. The variable most suited for

direct photons with wavelengths greater than one fermi or so. In this case we have the advantage that the relativistic even it it has lost a major fraction of the incident energy. For this reason it is more

ordinary hadronic interactions. The most obvious and probably the cleanest probe is the radiation ot lf the incident energy is very high, the average energy of the leading baryon can still be quite
then that we must seek effects which have wavelengths which would be considered anomalously long for

except for the decay of long—lived resonances, a process which can be taken into account. lt seems clear 2.3 Kinemati

be reversed, there are no conventional hadronic effects with wavelengths larger than the size of hadrons,

the bag, of order one fermi, because there is no physical vacuum inside that volume. This argument can baryon distributions then peak well below half of the initial value, for a heavy target nucleus.
to notice is that the effects we seek must necessarily be those with wavelengths larger than the size of useful when the target is a nucleus rather than a proton, corresponding to a thicker absorber. The

Given the availability of colour excitation, where can we find distinctive probes? The first thing resembles that of an electron which has traversed about half a radiation length. This analogy remains

tail toward higher energies. After a proton-proton collision, the energy spectrum of the leading baryon

resonances. energy down to zero. Deeper in the absorber, the energy distribution peaks at zero with an asymmetric
gluon cascade and hadronization, in distinction from ditfractive reactions that merely excite hadron loss. After about 0.7 radiation length, its energy distribution is approximately uniform from the initial

equivalent, colour excitation must be present in any high energy interaction which generates the quark absorber, its average energy falls and it develops a spread in energy due to the fluctuations in energy
selecting events with a certain degree of coherent colour excitation. Somewhat less clean, but simple picture. Consider an electron which enters an absorber with a unique energy. As it traverses the
selecting events where there were no hadrons along a specific segment of the quark path thereby qualitatively the same as that for an electron losing energy by bremsstrahlung, which forms a useful
colour excitation multipoles around the creation point of the quark-antiquark pair. We could imagine energy is carried by a relatively large number of particles, usually pions. The situation is then
formed. For some time, until this neutralization has taken place, the physical vacuum is exposed to nucleon to retain its identity and a good fraction of its energy, as the "leading baryon". The rest of the

hadronization, for which there is no real theory, and the colour is gradually neutralized as hadrons are energy to be retained by a single baryon in the final state. This indicates a tendency for the incident



in the hadron collisions with a heavy target, as we learn immediately by the fact that the total crosse OCR Outputkinematic hydrodynamic models, to distinguish them from real hydrodynamical

lead nucleus. ln interpreting this figure, it must be remembered that geometry plays an important roleemphasize a kinematic picture, appropriate for different cases. They can be described as

collisions is shown in Fig. 6 in terms of AY [9]. There is indeed much more energy lost in traversing thenumber flow. Although this is properly a dynamical question, these simple models

eading proton exiting from the collision, AY. The comparison between proton-proton and proton-leadunderstanding the gross feature of the produced particles, especially their energy and

We examine first data on "stopping", the rapidity shift between the incident proton and the2.5.1. Several very simple pictures have long been used to provide a basis for

2.6 Energy Deposition by proton2.5 Fate of Deoosited Ener

energies.have increased the multiplicity.

previous two models represent approximate limiting cases of this one, at low and highwith lead show no higher multiplicity than those with protons, while a cascading of secondaries would

describes well the nucleon-nucleon data at centre of mass energies up to 63 GeV. Themultiplicity for hydrogen and lead targets. For the high energy half of the rapidity range, the collisions

obsenred in different rapidity regions is the same. The dN/dy or dET/dn is a Gaussian. ItThe effect is illustrated in Fig. 5 [5], which compares the distribution of charged particle

rate large compared to the transverseexpansion, in such a way that the DT of the particles

compared to the transverse dimensions [8]. This disc then expands longitudinally, at aelectromagnetic cascades above present accelerator energies, however.

The deposited energy is left in a disc, with dimension along the beam smallmn, and mn/hc is comparable to the spacing between target nuclei. It becomes important for

2.54. The "Lanola]; MoQe|"collisions, it is major effect throughout the energy region of interest, since AE must be of the order of

This leads to a suppression of cascading at large incident energies. ln the case of hadronic

hadron interactions at very high energies.

of 540 GeV fits these distributions, as is predicted by the multiperipheral model ofincident particle, to manifest themselves as distinct entities.

origin. The distribution of particles produced in pi collisions at centre·of-mass energiesfor the produced particles, characterized by some appropriate energy AE in the rest frame of the

Both dN/dy and dET/dn are constant in this model, while dN/dn has a dip of kinematictime At between the successive collisions between target particles is less than the time AE/h required

while the average transverse momentum, pT, is small and independent of rapidity [7].From uncertainty principle arguments it is clear that for sufficiently large Lorentz time dilations, the

high energy where the produced particles are distributed over many units of rapidity,suppressed at sufficiently high energies: the formation zone effect of Landau, Migdal and Pomeranchuk.

A free expansion at velocity c along the beam direction, appropriate for veryof the electromagnetic cascades that it was pointed out that the energy loss of the produced particles is

2.5.3. The "§h]gryak—@`orthe development of a cascade shower when an electron traverses an absorber, but is precisely in the case

the produced particles also lose energy as they traverse a large nucleus? After all, we are familiar with

production in hadron—hadron collisions at any energy.It is natural lo ask why the emphasis is put on the energy loss of the leading particle: should not

It was long ago discovered that this model does not describe the particle

2.4 Formation Zon
: (hyperbolic cos(n))

" ET

pr distribution of the produced particles is near m, care must be exercised in its use.
approximation, the distribution of transverse energy flow is then

Note that for pT >> m, rt = y, explaining why it is a most convenient variable, though since the peak of the
combination of radial expansion and thermal motion [6]. ln the pseudorapidity

2 1 » cose
system which can be described as a fluid which dissipates isotropically, in somen=Iog--q: - logtano/2L1Y20i

Here some fraction of the initial centre-of-mass energy is transferred to a

2.5.2. The Eermi"pseudorapidity". a logarithmic angle variable.

"energy flow" in two dimensions. More convenient than 9 and ¢ are rt and ¢, where iq is the

by global variables.no matter how large the number of particles in the interaction may be. The measurement yields the

the meson gas, and so on. They are useful for a qualitative interpretation of data describedsin6;_ and if its output is linear, the sum over particles is achieved automatically. This technique works

calculations which include phase changes between different states, accurate description ofpolar angle Gi (and usually the azimuthal angle qa). The elements may then be summed with weights

107 108



109 110 OCR Output

conditions of the model of 2.5.3, one can compute a scaling of the energy density
natural explanation, in that a thermal distribution has just this form in these variables. We see atestimates may be attempted from the global variable dE/dn. Bjorken [7] pointed out that in the
essentially clue to a phase space factor, where pr is the variable. This good fit to an exponential has aMeasurement of the true energy densities achieved will require subtle measurements, but rough
even with the same slope in the case of the p—p collisions, whereas there is a distortion for py < m,The purpose of the nucleus—nucleus collisions was to reach high energy densities, e.
Figs. 12 [14] and 13 [15]. We see that the curves are good fits to exponentials when using mr, and

data show a greater regularity when plotted against mr = (pi + m2)"2 rather than pr. We show this in2.8 Enerov Densi

In high energy proton-proton collisions, as well as in low energy nucleus-nucleus collisions, the

dydprThis will have important consequences in the next section. dep z
E:

the Landau model, with a width only about twice as wide as that of the extreme limit of the Fermi model. ggd3o
cross—sections"are far from the ultra-high energies which would give a flat plateau. In fact, the data fit the Gaussian oi

mostly mesons, pions and kaons. We often characterize them by their "Lorentz invariant inclusivefeatures of the data. The dE·|·/dn distribution seen in Fig. 11 [12] shows that at 200 GeV/nucleon, we

indicating that a geometrical superposition of nucleon—nucleon collisions will explain the general to study the ensemble of particles which carry away the energy deposited. At high energies, these are

The data on ET, Fig. 10 [12}, show an obvious resemblance to the geometrical convolution collisions, the energy flow, and showed that interesting physics can be gleaned from it. The next step is

ln the previous chapter, we considered the most global description of high energy

geometry.

3.1 Transverse Meme;geometrically possible has been achieved. The unusual flat portion of the curve is just a property of the

central axes of the nuclei aligned so that the maximum number of nucleon—nucleon collisions

3 . SPEOTMOF GHAFLQQ/IJnuceli collisions, and the abrupt drop for high numbers of collisions corresponds to the case with the

to yield Fig. 9 [11]. The collisions with few interactions correspond to a grazing geometry of the two

nuclear density distributions for random geometries, and using the free nucleon-nucleon cross-section, by such a large energy has indeed been achieved, we must proceed to study more detailed observables.

Now compute the distribution of the number of nucleon-nucleon collisions by convoluting the two collisions would reach a new regime of energy densities. To investigate whether the equilibrium implied

interactions of nuclei with matter density given by the charge density measured in electron scattering. compared with the energy density of a hadron, justifying the hopes that the high energy nuclear

Here the gross features of the collisions are even more fixed by the geometry. Consider the proper. The i; obtained could be as high as1O GeV/(fermi)3 [13]. Either of these estimates is large

most extreme collisions, it seems correct to assume it has been Lorenz contracted as in the Landau mode

2.7 Nucleus—Nucleus collision longitudinal extent requires a dynamical assumption. lf indeed full stopping has been achieved in the

volume on geometrical grounds. Its transverse size is just the area of the smaller nucleus. The

by the 'formation zone" effect. "firebalI'. Since the energy is then known, one can try to compute c by an estimate of the fireball

cascading of the produced particles in the target must be present, showing that it is not much suppressed dET/dn correspond to essentially all the energy of the incident beam being deposited in a Landau

of the data, but not all, for example the dET/dn distributions as shown in Fig. 8 [10]. Important dynamical aspect is irrelevant here). In this way, it has been found that the observed highest values of

target nucleons. Superposition of independent nucleon—nucleon collisions can reproduce many teatures Ge\//nucleon beams, we see that it is appropriate to use at least the kinematics of the Landau model (the

the kinematic limit for ET produced in p-p collisions, showing the importance of collisions with many Anticipating the result of 3.1, that the pj- of the produced particles is independent of y, at least for 200

integrated over rapidity, for proton—lead collisions. A feature of this curve is that it extends far beyond disagreement of the model with the shape of dET/dn, a narrow Gaussian instead of a wide plateau.

proton. This energy appears in the lorm of produced particles, as shown in Fig. 7 [10], showing ET Aside from the lack of knowledge of the value of ro, this estimate suffers from the obvious

collision with a lead nucleus takes away on the average considerably more than halt the energy of a

in the average represented in Fig. 6, leading to the two bands shown. The conclusion is that a central uranium in Figs. 10 and 11, dE1·/dn = 140 GeV and obtain s = 3 GeV/fermi~*.

where v is closer to one, so that the central collisions, where v > 3, must have larger energy losses than practise, we may insen the largest values of dET/dn obtained in the data corresponding to sulphur·

clear that many ot the p·A img.-actions correspond to oollisions with the outer part of the nucleus, with 10 an unknown constant, usually taken on dimensional grounds to be one termi/c. lf we follow this
along the incident direction, a geometrical calculation leads to F = Aopp/cpA, and for lead V = 2.7. lt is

AKRBENJ:0number of collisions a proton will make with the nucleons in the target, 17, assuming it travels always

sections vary as (ATAR)2’° If we treat the target as a sphere containing A nucleons, and ask the mean E = ;_ E



function inside the nucleus. ln Fig. 15, the ratio of the spectra for the different beam particles is shown

distribution in nucleon-nucleon collisions must be close to thermal, OCR Outputscattering phenomenon related to multiple quark interactions and the modified nuclear structure

target and ET is such that such a coincidence seems unlikely, and thus we are tempted to conclude that theflatter slope at high pr. The latter, "Cronin effect" [17] is usually assumed to be a hard parton

distribution were the same by coincidence. The precision of the constancy of the pr slope with beam,where the majority of the pions are found, with a region of steeper slope for pr = 100 MeV/c, and a

change in the pr mid-region unless the non-equilibrium hadron distribution and the thermaldifferent beams. We may say that the slope is the same as in p-p for the region around py : 300 MeV/c,

be considerably larger than in p-p oollisions, on the hypothesis, we should then see a considerablenormalization. The difference between the nuclear target data and the p-p spectrum is similar for the

W target are shown in Fig. 14 [16}. The proton—proton results are shown as curves with arbitrary equilibrium. Since estimates show that the number of final state collisions in l¤o—w collisions should

collisions between particles in the final state, inevitably moving the particles toward thermalMeasurements of the negative particle (mostly pion) spectra from proton and nuclear beams on a

size of the collision volume and the number of particles in it are increased, that there will be more

3.3 .tar¤ets and beam produced in hadron-hadron collisions are far from thermal equilibrium. One would then expect as the

the arguments of E. Shuryak [19], who proceeds from examining the hypothesis that the particles

In considering what conclusions to draw from these measurements, we draw attention tothere would have to be some energy region where the radial motion disappeared, more or less sharply.

larger will not lead to the appearance of radial motion. Since we do see radial motion at low energies,

3.4 Thermal and Flavour Equilibriconfining effect of the physical vacuum surrounding the collision. lf this is the case, making the system

that in this system the energy is carried by quarks and gluons which are not free to expand, due to the

nucleus spectra is accidental, or the curvature is not really a radial flow effect.sufficient size to produce the degree of equilibration necessary to give radial flow. Another possibility is

also really a radial expansion effect, or the close resemblance between the p—nucleus and oxygencollisions is susceptible to two explanations. Often it is assumed that there is just not a system of

interpreted as a hard scattering effect. There seem to be three possibilities. Either the Cronin effect isThe fact that no difference in slope is seen between pions and protons produced in high energy p-p

form of radial expansion is very similar to the Cronin effect in p—nuc|eus spectra which is usually

The alert reader will have noticed that the curvature in the spectrum which is here fitted by theslopes as temperature, but also is most illuminating in regard to the dynamics of the collision.

corresponds to a thermal T; = 30 MeV. This is an instructive cautionary lesson on interpreting inverse

The agreement is satisfactory.to pions and protons to Fig. 13 gives vc = 0,3c, and the Tar; for pions from the inverse slope, 100 MeV,

spectrum is shown as well, with a fit to the radial expansion with the same velocity and temperature.initial T; << m, the effect is to produce a peak at the energy corresponding to the radial velocity vc. A fit

Fig. 17. The streamer chamber has measured neutral strange particles as well, and in Fig. 18, their prjust to increase the inverse slope, TS", by a factor yo (1-vc) cos h (yc). For a massive particle, for an
exponential but a curve which can fit the data, if Vc attains the rather large value of 0.78 as shown invelocity of vc, has been calculated by Siemens and Rasmussen [15]. For a massless particle, the effect is

from the central point in the fireball, reaching VC at the outer edge. The result is no longer anThe change in the distribution due to giving a thermal distribution a fixed radial Lorentz boost, with a

thermal distribution [18]. The radial velocity is not a constant but depends on the square of the distancehot matter produced in the collision. This is inevitable in the expansion of a hot system into vacuum.

with a model incorporating a more complex pattern of radial flow than a simple boost, superimposed on a12. The difference in the case of nuclear oollisions is known to be due to a collective outward flow of the

A fil has been made to the pion pr spectrum from oxygen collisions in the streamer chamber,It will be noticed that the slopes for pions and protons are different in Fig. 13 but the same in Fig.

collisions.3.2 Collective flow

geometry of the collisions is changed by varying ET: the more peripheral events should resemble p-p

slope. The small increase noted is compatible with the change in the influence of the Cronin effect as theproportional to 1/T in the truly thermal case.

associated event is shown [16]. Again the main impression is of a remarkable stability of the mid-prnot speak of temperatures, but of the slope of the distribution, between defined limits, This would be

In Fig. 16, the dependence of the average pr in the mid-region on the ET measured in themost of the cases discussed below, there is not a simple exponential even in the low mr region. We shall

lt is not at all certain to which degree the ensemble of particles is really thermal, and further, in

for a great variation of beam and target.

enhanced for heavier projectiles, but the main conclusion is a substantial constancy in the mid—pr rangebehaviour expected for the hard scattering of individual quarks, a regime we shall not discuss.

to display better the small differences in the spectra. We see that the changes from p—p to p—w arehigher mr, the crosssectioh for high energy p-p collisions become flatter, approaching a power law
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[25]. Coulomb and strong interactions corrections must be evaluated [26]. It turns out that, roughly

more complicated [24]. The fact that the source is strongly time—dependent must be taken into account of the correlation: A :1 corresponds to a Gaussian with C(0) : 2.
The idea can be applied to measurements with identical hadrons, but the details become much fireball, and 1 < y < 2, which may be considered a control region. The quantity A measures the strength

The results are given in Table 4,1, for two different rapidity intervals, 2 < y < 3, the region of the
region.

correlations in the high multiplicity environment of 160-Au interactions, as shown in Fig. 23 [30].
measure B. This is of course a mainstay of radio astronomy and has also been applied in the optical The streamer chamber experiment has succeeded in the difficult task of measuring these
phase is lost. Observation of the oscillatory term in the two photon correlation function allows one to

Evidently, the symmetry of the amplitude leads to an interference term in the intensity even though the last interaction of the pions.

can then be much larger than F'tS,DE, which measures the transverse size of the system at "freeze-out" the
lAyy|2 :1 + cos (Lkq).

the mixed phase while the deconfined quarks assemble into hadrons. The Rom, which measures this time,
which, for small 6, gives

phase transition with a large latent heat. In that case, the system remains for a relatively long time in
Aw= exp [ik (R11 + 922)] + EXP [lk (R12 + Flztll

the ratio of the two transverse dimensions is sensitive to the passage of the system through a first order
amplitude of the form

pion, "out“, or the other direction in the transverse plane, "side". Hydrodynamic calculation shows that
Fig. 20. The Bose-symmetry of the amplitude for two spin zero mesons of momentum khc requires the

beam axis. The second pion may then be along the beam, "longitudinal", along the direction of the first
by Hanbury-Brown and Twiss [23]. The idea can be explained for two sources of monochromatic light,

shown in Fig. 22. The picture is drawn in a particular frame where, one pion is perpendicular to the
The use of second—order interferometry using intensities rather than amplitudes was suggested

nuclear collisions, and one may hope to measure three variables [29]. One choice of variables is that

analyses which was not already implied in the C(O) distribution. Geometry is more important for

4. PION INTERFQHOMETBY ln the case of hadron interactions, no information has been extracted from multi-variable

Note the large errors for the small O bins, even with a sample of 10b pairs.
sign of a fundamental physics result and not a simple superposition of many nucleon—nucIeon collisions.

perhaps contributions from long-lived resonances, perhaps from some new element in "soft" physics.
produce equilibrium and thereby collective flow phenomena, and that therefore constancy of PT slope is a

would predict a Gaussian shape, the observed shape indicates some more complex physics is involved,
The following chapter present further arguments to show that there are sufficient collisions to

1 fermi, with a maximum excess somewhat less than one unit. While the simple theory of the effect

features of all hadron results, a correlation for Q s 300 MeV, corresponding to a distance scale of order
extended system [22].

where Q2 : |p1 - p2|2 is the best single parameter to exhibit the correlation. We see the general
requires the properties of the deconfined state, it does imply the existence of a dense and sufficiently

Similar remarks apply to the striking suppression of J/rp production. Whether or not this
@1 @2

doq dog
measurements, but the strong effect of rescattering, and the equilibration is unequivocal [20,22]. oro) = .EBlE’L?.
predicted in a deconfined state, involves models which need to be further constrained by other

d 012
Fig. 19 [17]. Whether such an increase can be foreseen in a hadron gas, or requires the higher rates

strong increase in the traction of strange particles with accompanying multiplicity is seen, as shown in [28], in terms of the two pion correlation function

collisions to 20% in Si—Au collisions [21]. In the streamer chamber experiment on S-S collisions, a28 on other event parameters. In Fig. 21 we show the result with the largest statistics, a p-p experiment
PT slopes is seen. This is indeed the case: at AGS energies, where the K+/rr* increases from = 5% proton had enough data to give accurate results, or to allow an investigation of the dependence of the correlation
change strangeness. We may consequently expect to see strangeness enhancements even il no change in close together in phase space, in the region where the correlation is important. Few experiments have
or charm will reach equilibrium values, since each collision alters momentum, but only a small fraction The difficulty with applying this method is that only a small fraction $1%, of all pion pairs fall
likely that thermal equilibrium will be achieved in nucIeon·nucIe0n collisions than that the strangeness

volume [20]. The rate for production of strangeness and charm are relatively slow, so it is much more Further consideration is required of coherent motions and the effect of long-lived resonances [27].
characteristic ol a large system. Such evidence is available in the evolution ol flavour with interaction momenta gives the spatial dimensions of the source, while the energy difference gives the lifetime.

This conclusion can be strengthened by independent evidence for the multiple interactions speaking, the behaviour of the correlation of the spatial component of the difference of two meson four
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described in the introduction. U. Heinz, TPR-88-33.

K.S. Lee and U. Heinz, Regenslung preprint TPR-88»16, submitted to Z. Phys. C., andand may then represent a point of contact with the attempts to observe the colour vacuum polarization
[181 J.W. Harris, in "Ouark Matter '88";

very low energy particles, it is characteristic of an attempt to describe microscopic fields by particles,
[171 J.W. Cronin et al., Phys. Review D. 11, 3105 (1975).emission, but such a state of matter is a surprising phenomenon. Since it involves a large number of

accounts for the radiation we are discussing as well as some related effects in high multiplicity pion [161 J. Schukraft, CERN-EP/88-176 (1988) (to appear in "Ouark Matter 'B8).
invokes the existence of a cold gas of very low energy quarks and gluons filling a large volume. This

[151 P.J. Siemens and J,O. Rasmussen, Phys. Rev. lett. 42, 880 (1979).
The most straight-fonuard, but unexpected, explanation is that given by Van Hove [39], who

K. Gtittler et al., Phys. Lett. 64B, 111 (1976).
[141 B. Alpher et al., Nucl. Phys B100, 237 (1975);

ofthe box is very large, on a hadronic scale.
[131 P. Braun-Munzinger and J. Stachel, Phys. Lett. 216, 1 (1989).believed to be such a case. but then the long wavelength of the observed radiation implies that the volume

also in the virtual photons) is characteristic of radiation from charge confined in a volume, and this is [121 T. Akesson et al., as quoted in [16] and submitted to Phys. lett. B.

corresponds to a quadratic dependence of photon radiation on particle number. Such a dependence (seen
[111 T. Akesson et al., Z. Phys. C38, 383 (1988)

charged particles [38], present a very different picture, with an approximately linear variation which
[101 T. Akesson, Z. Phys. C38, 397 (1988).The data, presented in Fig. 26 for real photon to pion ratios as a function of multiplicity of

[91 W. Busza and A.S. Goldhaber, Phys. Lett. B139, 235 (1983).

approximately the same for different reactions and incident (high) energies.
1965); P. Carruthers and Minh Duong/van, Phys. Rev. D8, 859 (1973).

effects due to measured particle correlations can be included, and it is found that the result is [81 L.D. Landau, in Collected papers of L.D. Landau, ed. D. Ter Haar (Gordon and Breach, New York,
of charged particles in the same solid angle is a number which can be calculated rather precisely, smal

[7] E.V. Shuryak, Phys. Lett. B78, 150 (1978); J.D.Bjorken, Phys. Rev. D27, 140 (1983).
number of charged particles. The ratio of the number of photons in a given energy range to the number

[61 E. Fermi, Prog. Theor. Phys, 5, 570 (1950); Phys. Rev. 81, 583 (1951).number of charged particles; and thus it is found that the number of photons varies linearly with the

square of the net charge in the relevant solid angle; the mean net charge varies as the square root of the K. Braune et al. Z. Phys. C17 (1983) 105-112.
[5] .1.E. Elias et al., Phys. Rev. D22, 139 (1980);due to fluctuations in the number of charged particles in a given solid angle. The radiation varies as the

tracks. Note that the net charge of the particles created in the collision is zero, so that the radiation is l4l F. Karsch, in Ref. 3, p. 147,

The excess becomes much greater when one selects only events with a high number of charged
l3l See "Ouark Matter ‘87", Z. Phys. C38 (1988).

published).explains only a quarter or less of the data for Ey above 10 MeV [37].
Quark-Hadron Phase Transition, plenary talk at "Ouark Matter '88", Lenox, Mass. 1988 (to be

[2}proportional to (Ey)", somewhat similar to the data, but, as shown in Fig. 25 the bremsstrahlung C. Alcock, Ann. Rev. Nucl. Particle Phys. 38 91988) and Cosmological Consequences of the
wavelengths since the path of the outgoing particles in effectively infinite, leading to a spectrum

Singapore, 1988).
charge by the outgoing particles created in the interaction. This radiation extends to very long lll E.V. Shuryak, the OCD vacuum, Hadrons and the Superdense Matter; (World Scientific,

There is an uninteresting source of radiation, inner bremsstrahlung, due to the radiation of
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hadronic scale of about 300 MeV.

whereas it was generally supposed that such a phenomenon, ol hadronic origin, should level-off at the
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experiments as analysed by Braune et al. [5].
hemisphere in the centre~of-mass system. The data are from Elias et al. and several emulsion
hydrogen targets, showing that the multiplicity does not change for h 2 3, the forward

Pig. 5 The ratio of the pseudorapidity distributions of charged particle production for "Iead" and
parameter ranges from Busza and Goldhaber {9].
approximate estimates of the distributions of collisions with lead in particular impact
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Fig. 7 The distribution in transverse energy for 200 GeV proton-lead collisions [16] OCR Output

proton lead collisions [10].E (EBV) T Fig. 8 The distribution of transverse energy in pseudorapidity for various ET values, for 200 GeV
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nucleon sulphur collisions with different targets {12].
Fig. 10 Cross-section as a function of transverse energy in the intewal —0.1 < ri < 5 for 200 GeV/

0 100 200 300 400 500

Q is the overlap integral Ip] x pg dS, for oxygen collisions with Al, Ag, and W nuclei {11].
Fig. 9 Geometrical cross—secti0n as a function of the value of the number of collisions N = op Q, where
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normalized parametrizalions of pp data. OCR Output45 GGV/C.
(bl OrW· lc) S*W léaclions at 200 GGV/" [*6} The dashed HMS are a'b"’a'"Vthe cenlreof-mass. the charged particles are measured at 900 to the beams, and the energy is 1632
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with a fit to both spectra with a model assuming a radial motion of a thermal system (18].
difference of positively- and negalive|y—charged particles assuming they are protons, together

nucleon collisions._ _ collisions of 200 GeV/n S + S for a) negative|y»charged particles (2 < z < 3) and b) the
Lund/Fritiof model (dot-dash curve), intended to represent the shape ot the data in nucleon. 17 Results from the Streamer Chamber for transverse momentum distributions for central
radial expansion model (solid curve) fitted to the distribution of negatives in a) and the

PL (GN/C)pl (Ga//C) GeV/n O+Au for the particles indicated on the figures [18]. Also shown are predictions of a
0 00 l L5 2 20 0 00 1 ,0 2 20 Fig. 18 Streamer chamber results for transverse momentum distributions lor central collisions ol 200
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63 GeV in the centre of mass [28]. OCR Output explains and justifies the numbered features.
The twoepion correlation function for pions in the central region of proton-proton collisions atFig. 21 interpreted in terms of a spacetime snapshot at the time of pion freeze—0ut. A key in the text

Fig. 24 A pictorial summary of the results of the 200 GeV per nucleon experiments to date, as
D lGaV/cl
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(b), which must appear in a symmetrical wave fun ction. Pig. 23 An example of the correlation measured for two negative particles in oxygen-gold collisions at
Diagram defining the geometry for two—photon interference and showing the two states (a) andFig. 20
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ilitrartléri [36].
the production for the background process of inner bremsstrahlung which has not been
internal conversion has been used to display real and virtual photons together. Also shown is
different particles, displayed as a function of the mr of the photon or pair. The formula for

fig. 25 A compilation of data on soft photon and virtual photon production at different energies and by
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Fig, 26 The ratio of photons production to pion production as a function of the number of charged

Y @:3.5

Ox: l >~1O`L dfl_n_u

0 1 2 3 A 5

0.0

Urecnssrrahlun
0.1}— _{ Hadronon -3 - if

O 2 "
iii
> {

I ` I` 0.2C5 -¤Nlm
1 iiUl¤ H 1I G j

10*2
0.3ml;

{ Roche at al. {DLS)
_ D e’e` p+Be L.9 GeV/c_ G:} 3GeV

·—¥* ·· EEE 0./.
=b I; A pA[• e`e‘ pp fs: 63 GeVEh?

Adams cf al,
10-1 E pB€.1 e e n p 17GeV/c,»[s- 6GeV H 05

Blockus ef al.
¤ 2'a` n`p 16 GeV/c, fs: 6GeV

Mikamo cf ai.
0.5

· 2`sf pN 13 GeV/c, Js: 5GeV
Anderson ef al.

10-ok • p’p` n`NI2Z5GaV/c, [$:20 GeV




