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Preface

The book is based on lectures for students specializing in high energy
physics delivered by the author in Cracow over several years. It aims to
present the physics of relativistic heavy ions, also called the relativistic nu-
clear physics. This field, only some thirty years old, is a highly interesting
one, as collisions of relativistic heavy ions are believed to lead to the for-
mation of a new state of matter the quark-gluon plasma (QGP), thus
bridging frontiers between nuclear and hadronic physics.

Only well established experimental results are presented in this book.
The plots shown are not necessarily the most recent ones, they have been
selected for their clarity, and for presenting well the main features of exper-
imental data. Some recent results bearing large errors which do not show
the trend of the data in an unambiguous way have not been included. For
the same reason, in some cases plots carrying the label “preliminary” have
been used if the “final” version could not be found, or if the new presenta-
tion of the same data was not so clear, e.g. data points were obscured by
some curves resulting from theoretical calculations which we do not pre-
tend to discuss in details. It is commonly known that in most cases the
“final” corrections and refinements do not change trends of the data in an
appreciable way.

On the theory side, apart from a chapter devoted to Quantum Chro-
modynamics (QCD), only simple theoretical ideas and phenomenological
models which are well supported by experimental data are briefly discussed,
without going too deep into the underlying mathematical formalism. Much
care has been taken in the clarity of the presentation, to make the ex-
perimental results understandable using simple conjectures, and to show
connection between various aspects of the data. Some recent ideas con-
cerning the quark-gluon plasma, and a selection of predictions for nuclear
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collisions expected soon in the Large Hadron Collider at CERN complete
the book.

We hope that the book will be appreciated by students and young re-
searchers becoming involved in physics of relativistic nuclei, as well as by
those looking for a comprehensive and up-to-date review of the field.

Jerzy Bartke

Professor of Physics

Institute of Nuclear Physics PAN
Cracow, Poland

August 2008



Acknowledgments

Special thanks are due to the author’s wife Jadwiga for her constant en-
couragement and patience.

The book would not have taken shape without the invaluable technical
help of Mrs Danuta Filipiak.

ix



M =l = eem = = o o o



Contents

Preface

Acknowledgments

2.

6.

Introduction

Quantum Chromodynamics and the Phase Transition in

Strongly Interacting Matter

Basic Properties of Atomic Nuclei

3.1 Staticproperties. . . .. ... .. ... ... ...
3.2  The nuclear Fermi momentum . . . . . . . . . . ..

Sources of Relativistic and Ultrarelativistic Nuclei

A COSHICTIETS o v o wo s oo md 2 = 06 o oo s
4.2 Accelerators . . .. ... ... .. 0oL

Detection Techniques

5.1  Fixed-target experiments . . . . . .. .. ... ...
5.2  Experiments at colliders . . ... ... .......

Cross Sections and Collision Geometry

6.1  Interaction cross sections . . . . . . . .. .. ...
6.2  Geometrical picture of the collision . . . .. . ...

Fragmentation Processes

7.1  Electromagnetic dissociation . . . . . . ... . ...
7.2 Nuclear fragmentation . . .. .. ... ... ....
7.3  Fragmentation in its extended meaning . . . . . . .

vii



9.
10.
11.
12:

13.

14.

15.
16.
17
18.
19.
20.
21,

22,

Introduction to Relatvorstee Heavy lon Physics

Multiplicities and Relative Abundances of Secondary Particles

8.1 Mean multiplicities + : « s ¢ « 5 v s 5 s prm e Fw s E s
8.2  Multiplicity distributions . . . . . ... ... ...
8.3  Particle abundances . . . . . .. ..o

Longitudinal Distributions of Secondary Particles
Transverse Spectra of Secondary Particles
Electromagnetic Effects on Charged Meson Spectra
Production of Strangeness and Heavy Flavours

121 StFafpeligss « » csszms i s 3 vas40waaensy
12.2 Heavy flavours . . . . . .. .. ..o

Emission of Light Nuclei, Antinuclei, and Hypernuclei

13.1 Light nuclei and antinuelei . . . . . ... ... ... ..
13.2 Hypernuclei . . . . ... .. ... ... ...,

Hadronic Femtoscopy

14.1 Correlations of identical bosons . . . . . . . . . . .. ..
14.2 Correlations of identical fermions . . . . . . . . . . . ..
14.3 Correlations of non-identical particles . . . . . . . . . ..

Collective Flow

Charmonium Suppression

Puzzle in Di-Lepton Mass Spectrum
Direct Photons

High Transverse Momenta
Production and Absorption of Jets
More About Quark-Gluon Plasma

21.1 Polarization of the quark-gluon plasma in the spin space
21.2 Disoriented chiral condensate . . . . . . ... ... ...
21.3 Color glass condensate . . . . .. ... . ... ......

Predictions for the Large Hadron Collider

22.1 Extrapolations of present-day experimental data . . . . .
22.2  Predictions from theoretical models . . . . . . . ... ..

-~
(3 {

-1
(&1



Clontents X1

Appendix A Relativistic Kinematics 211
A.l  Basic definitions and formulae .. o 00000000 211
A2 Rapidity and pseudorapidity . . . . ... ... 212
A.3 Scaled variables . . . .. .. ... .. ... ... ..... 213
A4 Invariant mass and centre-of-mass energy . . . . . . . .. 213
A5 Decay processes . . . . . . v v i v e e e e e e e e e 214
A.6  Invariant cross sections . . . . . . .. ... ... L. 215
A.7  Motion of a particle in external fields . . . . . ... ... 215
Appendix B The Relevant International Conferences 217

Index 221






Chapter 1

Introduction

Relativistic heavy ion physics is a fascinating field. In a collision of two
nuclei occuring at very high energy, whether in a fixed-target or in a col-
lider mode, thousands of new particles are produced. Their identity and
kinematical characteristics go beyond that what could be expected from
a simple superposition of elementary nucleon-nucleon collisions, indicating
the presence of some new phenomena.

Single events of high energy nuclear collisions were studied already in
the 1950s in nuclear emulsions irradiated by cosmic rays in stratospheric
balloon flights. It was found that the produced particles are strongly for-
ward/backward collimated, with transverse momentum components lim-
ited to the values of the order of only a few hundred MeV /c. These early
observations led to the notions of “multiple particle production”, and of
“fireballs”, and stimulated new theoretical ideas. We shall limit ourselves
to quote here just three papers of basic importance to this field.

Enrico Fermi [1] proposed a description of high energy hadronic (and
nuclear) collisions in terms of the statistical thermal model, assuming a
formation of a highly excited intermediate state, a little fireball, in which
a thermal equilibration is reached, and the decay into final state particles
follows the statistical rules.

Lev D. Landau [2] proposed a model in which the energy deposition
in a small volume, of the size of the Lorentz-contracted nuclei, leads to
the formation of a transient state which then undergoes a hydrodynamical
expansion. While expanding, the system cools down until it reaches the
freeze-out temperature 7', being of the order of the pion mass, at which
the formed hadrons become free particles.

Later, Rolf Hagedorn [3], while studying the mass spectrum of the then
recently discovered numerous hadronic resonant states, made a conjecture
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that a multi-hadron state should be deseribed by thermodynamics with
a limiting temperature. This temperature, now quoted as the Hagedorn
temperature, turned out to be about 160 MeV, or again of the order of the
pion mass.

Systematic experimental studies of collisions of relativistic nuclei in lab-
oratory conditions began in the early 1970-ies, when at the Lawrence Lab-
oratory in Berkeley, USA, and at the Joint Institute of Nuclear Research in
Dubna, Russia, light nuclei were accelerated to energies of a few GeV per
nucleon, using the old proton synchrotrons.

At the beginning, these experiments seemed not to promise anything
exciting, but soon a hypothesis was formulated that at high temperatures
and densities the hadronic matter should undergo a phase transition to a
state of free quarks and gluons, called the quark-gluon plasma (QGP) [4-6].
In the following years the Quantum Chromodynamics (QCD) was devel-
oped as the theory of strong interactions, and calculations on the lattice
(LQCD) led to more precise predictions. A phase diagram for the strongly
interacting matter with the phase boundary between hadronic matter and
quark-gluon plasma was drawn, and critical values of the temperature and
density were determined to be T, = (150-170) MeV, surprisingly close to
the Hagedorn temperature, and p. = (1-2) GeV/fm?, about ten times the
matter density in nuclei. Conservative estimates show that such values
could be reached in collisions of relativistic nuclei.

As quark-gluon plasma is believed to be the state of matter which ex-
isted for some microseconds after the Big Bang, collisions of relativistic
heavy ions should recreate the conditions of the Early Universe. With this
exciting hypothesis in mind, experiments with relativistic heavy ions be-
came extremely interesting, and the program of accelerating heavy ions
to much higher energies was launched at Brookhaven National Labora-
tory, USA, and at CERN, Geneva, Switzerland. At BNL ions were accel-
erated in the Alternating Gradient Synchrotron (AGS) to energies ~ 10
GeV /nucleon, rather too low for the QGP search, but detectors and analy-
sis methods suitable for studying multi-particle events were developed, and
useful experience gained. At CERN ions were accelerated in the Super Pro-
ton Synchrotron (SPS) to energies ranging from 200 GeV /nucleon for light
ions to 158 GeV /nucleon for those of lead. In the year 2000 the Relativistic
Heavy Ion Collider RHIC was put into operation at BNL, increasing the
effective collision energy (i.e. the energy in the centre-of-mass system) by
another factor of ten.

Figure 1.1 shows a simplified picture of a central collision of two highly
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Fig. 1.1 Simplified picture of a central collision of two high energy nuclei in the centre-
of-mass frame. Colliding nuclei appear as thin discs due to Lorentz contraction.

relativistic nuclei in the centre-of-mass reference frame. The colliding nuclei
are Lorentz-contracted, and thus appear as thin discs. In the central region,
where the energy density is the highest, a new state of matter — the quark-
gluon plasma — is supposedly created. The plasma expands and cools
down,® quarks combine into hadrons and their mutual interactions cease
when the system reaches the freeze-out temperature. A multi-hadron final
state is formed, and free hadrons move towards the detectors.

Figure 1.2 shows the space-time evolution of a collision process, plotted
in the light-cone variables (z, ¢). The two highly relativistic nuclei, identi-
fied in the Figure as “projectile” and “target”, move essentially along the
light cone, until they collide in the centre of the diagram. Nuclear fragments
emerge from the collision again along the (forward) light cone, while the
matter between the fragmentation zones populates the central region. This
hot and dense matter is believed to be in the state of QGP. Interactions
within it bring the system into local statistical equilibrium, and its further
evolution can be described by relativistic hydrodynamics.? The surfaces of
constant proper time, delineating various stages of this evolution, are ap-
proximately hyperbolae in this representation, as shown in the figure. The
hydrodynamic description of high energy nuclear collisions was developed in
many subsequent papers [8 11], see also reviews [12, 13]. Dynamical parti-
cle producing reactions, described with dissipative and diffusion terms, have

#According to recent theoretical ideas, the system may pass through some intermediate
states with different properties.

PThe problem is that in order to reproduce correctly the experimental results, the hy-
drodynamic evolution should start at the time below 1 fm/c after the collision, what
means a very short equilibration time [14, 15]. The hypothesis of an instantaneous ther-
malization was, however, discussed already more than 20 years ago — see e.g. Ref. [11].
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Fig. 1.2 Space-time evolution of a collision process of ultrarelativistic nuclei plotted in
light-cone variables (from Ref. [7]).

been incorporated into relativistic hydrodynamics in Ref. [16], and the case
of strangeness and/or heavy quarks has been discussed in Ref. [17].

Let us now try to estimate the energy density reached in relativis-
tic heavy ion collisions. An estimate of the initial energy density is not
straightforward: taking that of a Lorentz-contracted nuclei leads to unrea-
sonably high values, and the so-called Bjorken formula is being used for
this purpose. Bjorken [8] developed a rapidity-independent version of the
Landau’s hydrodynamical model in which the created transverse energy
density, dE7/dy, is related to the initial energy density, ¢, by the formula

il dET 3 <’IIZ,T> dNCh

== 1.1
TS dy 2 7S dy (1)

where 7y is the formation time, conventionally taken to be 7y =1 fim/c,© S
is the transverse overlap area of the colliding nuclei (for a central collision
of two identical nuclei of radius R this is simply S = 7wR?), (my) is the

“It should be pointed out that this choice of the formation time is arbitrary. Intuitively,
the formation time should be at least as long as the “crossing time” of the colliding nuclei,
what means 7y > 2R/ where 7 is the Lorentz factor of the colliding nuclei. For 7 =1
fm/c this condition becomes to be valid at SPS energies.
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mean value of the transverse mass ol sccondary particles, and dNgy, /dy is
Lhe measured density of charged secondary particles per unit of rapidity.
T'he approximate relation N =2 %N,,l, is assumed. The values of the energy
density obtained from this formula vary between the following limits

(2-3) GeV/fm?® < € < (5-6) GeV/fm? |

the lower values corresponding to energies reached in the CERN SPS, and
the higher ones to those of RHIC. Let us note that already the lower values
exceed the critical density for the phase transition obtained from LQCD.
This, together with the temperature 7'~ 140 MeV obtained from the sec-
ondary particle spectra, and with the observation of some other phenomena
predicted by theorists as signatures of the phase transition, led CERN to
announce in February 2000 the discovery of the quark-gluon plasma.

Investigations of collisions of relativistic heavy ions have been further
carried out at RHIC. Some new features have been observed, in particular
a substantial collective flow was found in the emission pattern of secondary
hadrons, what means that the created hot and dense system is rather a
liquid than a gas. This “liquid” has a small viscosity, its properties are
close to those of the “perfect” liquid. The quark number scaling, observed
when comparing the flow of different particle species, points towards a
partonic intermediate state, and can be considered as a strong evidence for
the quark-gluon plasma.

The Large Hadron Collider (LHC) which should come into operation
at CERN in the nearest time, will offer possibilities for investigations of
collisions of heavy ions (Pb+Pb) at much higher energies. One can expect
a substantial increase of the created energy densities, perhaps up to 10
GeV/fm?, or even higher, and a longer lifetime of the created system.
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Chapter 2

Quantum Chromodynamics and the
Phase Transition in Strongly
Interacting Matter

Quantum chromodynamics (QCD) is the present-day theory of strong inter-
actions. It was formulated in the years 1972-73 by Murray Gell-Mann and
Steven Weinberg, both Nobel Prize winners. Its name, analogous to that
of quantum electrodynamics (QED), the theory of electromagnetic interac-
tions in which the electric charge plays a key role, refers to colour charge
characterising the fundamental particles of strong interactions: quarks ¢
and gluons ¢g. With six quark flavours (u, d, s, ¢, b, t) and three colours, one
can build all known “elementary” hadrons according to the simple rule:
mesons are composed of quark and antiquark, M = ¢;¢;, and baryons are
composed of three quarks, B = ¢;q;qr, with indices 7,5,k =1,2,...6. The
corresponding antiparticles will then be M = Giq; and B= Giqjqr- QCD is
based on the SU(3) symmetry group which gives the correct decomposition
of the products of the basic triplet representations, with only ¢ and gqq
configurations.

With the success in hadron classification it is, however, difficult to per-
form dynamical calculations in QCD using methods developed for QED,
as in contrast to the small value of the electromagnetic coupling constant
a = e?/he =1/137 , the QCD coupling constant «s might be of the order of
one. In fact, o is not constant, but it depends on the momentum Q? trans-
ferred in the interaction and shows a logarithmic decrease with increasing
Q?

1
n(Q2/A%)
with A - a constant defining the scale. Thus for large values of Q2 (“hard”
collisions) we enter the perturbative region and can use calculation methods
developed for QED, while for small Q2 (“soft” collisions) one can only try
to use very complicated numerical methods which will be discussed later in

as(Q%) x (2.1)
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this chapter. Figure 2.1 shows the QCD coupling constant as a function of

A

5 % i i we D 9 N
the distance which is the variable “inverse” to Q% (large (Q? probe small dis-
tances). The vertical band represents the region intermediate between the
“perturbative QCD” at small distances and the “strong QCD” at distances

close to the nucleon radius.

1.0 v

0y perturbative QCD
0.8 J
0.6 J

nucleon radius

10 10" 107 10
distance [m]

Fig. 2.1 Coupling constant of the strong interaction as function of distance. Experi-
mental values are shown with small points (from Ref. [1]).

The QCD potential between a quark and an antiquark has, besides
the obvious Coulomb term, another term which is linear in the separation
distance, r:

@

Vir) = o +or (2.2)
This latter term resembles the potential of the rubber band, and thus an
intuitive picture is that an elastic string, or colour flux tube, forms between
the quark and the antiquark. Its “elastic” properties are determined by
the constant o. With increasing mutual distance r, the attractive force
increases, so as quarks cannot be separated. This is called confinement
and experimentally it means that one cannot observe a free quark all
quarks are bound within hadrons. Moreover, one expects that at a point
when energy of the stretched string becomes bigger than two quark masses,
the string would break and a new quark-antiquark pair be created from
the vacuum at the breaking point, forming a meson. This mechanism is
supposed to be the source of hadron production in string models of high
energy hadronic interactions.

Another chararacteristic feature of QCD, besides the quark confinement,
is the asymptotic freedom meaning that at very short distances quarks be-
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have as [ree particles. A possibility of quark liberation was noticed already
in 1975 by Colling and Perry [2], who wrote: ‘the quark model implies
that superdense matter consists of quarks rather than of hadrons’. A new
phase of matter in which quarks are no longer confined was considered a
few months later by Cabibbo and Parisi [3]. The notion of quark-gluon
plasma (QGP) was introduced in 1978 by Shuryak [4]. At high temper-
atures and/or densities a phase transition from hadronic matter to QGP
should take place. Characteristics of this new phase of strongly interacting
matter can be obtained from QCD only by numerical simulations as they
are related to low-energy, non-perturbative properties of the theory.

In order to see similarities and differences between QCD and QED, and
to visualize the much more complicated structure of QCD, we shall write
some basic formulae for both theories.

The lagrangian in QED is

Hv

1
L=—-F? 2.3

; (23)

with
Fop =0y v — 0pdly (2.4)
where A,, is the vector potential of the electromagnetic (photon) field. The
antisymmetric 4 x 4 tensor F),, contains components of the electric and
magnetic fields.
The lagrangian in QCD with gluons only is

1
Lo=—3 > Fp e (2.5)
i
with a = 1,2, ..., 8 colour indices, and
F,(:y = a/lAg = OI/A;II + s [A/l,-, Au]a (26)

where A are the eight vector potentials of the gluon field, and g is the

strong (colour) charge. The last term in square brackets represents self-

interaction of gluons, due to their non-zero charge (there is no similar term

in QED as photons carry no charge).

If quarks are also present, the lagrangian acquires additional terms which

describe interactions of quarks and gluons, and the self-interaction of quarks
L=L,+1 Z Y ¥ (Du)is vl — Z MgPa¥qi (2.7)

q q

with
L7 . gs =
(D,“r)"j . éif()ll +1 5 § :Ai.jA/L (28)
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where ¢ are the four-component Dirac spinors describing quark fields of
colour i and flavour ¢ and the (3x3) matrices A; ; are the representations of
the SU(3) group. The coupling constant ay is related to the colour charge

as = g3 /4m (2.9)
The full expression for ay is
s (Q?) = —L(l + higher logarithmic terms) (2.10)
S = B n(Q2/AY) o o '

with By = 11 — %nf where ny is the number of light quarks. According to
the generally adopted convention one defines the value of «g at the mass
of the Z° boson to be a(myz) = 0.118 £ 0.002. This gives for the scale
constant the value A = 217723 MeV [5].

Large number of the field components, and the presence of the self-
interaction terms, together with a large value of the QCD coupling constant
s, make the calculations of the non-perturbative QCD very complicated.
The numerical calculations employ the lattice approach, introduced in 1974
by Kenneth Wilson (Nobel Prize 1982). The computation consists in gen-
erating quark and gluon field configurations, weighted by the Boltzmann
factor exp (—95)/Z, where S is the action defined as the four-dimensional
integral of the lagrangian density

8§ = /(1',4:1:5(.1') (2.11)

and Z is the partition function for the system components, and then calcu-
lating the expectation value of the operator relevant to the problem studied,
over these configurations. Numerical integration is performed on the four-
dimensional lattice in (x,vy, z,t) space. A typical lattice size is a few fm,
and point spacing is of the order of 0.1 fi, with usually less points in the
{-direction. As in any numerical integration, the precision increases with
increasing number of points on the lattice. The maximum size of the lattice
is determined by the present-day computing possibilities. Recently, some
results have been obtained with the 323 x 16 lattice, and lattices as large as
643 x 24 are being investigated.

The procedure of the Monte-Carlo calculation is the following. One cre-
ates on the lattice a configuration of gluon and quark fields in which the
numbers of quarks and antiquarks in each node are the same (with sev-
eral types of quarks each type of them should be balanced independently).
The action S is calculated, following the Wilson’s prescription, as the sum
of contour integrals over all plaquettes (elementary squares) of the lattice
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Fig. 2.2 The 3x3 Wilson loop covered with plaquettes.

(Fig. 2.2). Then the values of the field are randomly changed, with config-
urations yielding lower values of S (or larger Boltzmann factor exp (—5))
retained. This procedure, based on the famous Metropolis algorithm, drives
the system towards the equilibrated state, allowing to reveal phase transi-
tions eventually occuring on this way. Physics results are obtained in the
continuum limit, with the lattice constant going to zero.

In order to get a feeling why for the lattice QCD (LQCD) calculations
a very high computer power is required, one should keep in mind that a
four-dimensional cubic lattice of size N has N* nodes and 6 N* plaquettes,
the gluon field has eight components, and in the SU(3) theory one is dealing
with 3 x 3 complex matrices, each having 18 real parameters. With three
quark flavours there are 4x18 = 72 real variables in each node. Lattice
QCD pioneered the use of computers with parallel architecture. Multiple
processors are arranged in a 3-dimensional array, the system also has a
distributed memory. Actually both commercial machines and purpose-built
machines employing customized processors are being used. The most widely
used commercial machine is Cray/SGI, varying in size from few hundred to
1024 processors, with a peak speed approaching 1 TFlop (102 floating point
operations per second). Special computer systems containg up to about
10,000 processors have also been built, attaining a similar performance. In
order to achieve better accuracy in the calculations, the LQCD groups are
aiming at multi-TFlops computers in the years to come.

As it has already been pointed out earlier, from such properties of QCD
as quark structure of hadrons and asymptotic freedom, the deconfined
phase, or quark-gluon plasma (QGP), should exist at high temperatures
and/or high energy densities. Figure 2.3 shows a corresponding schematic
phase diagram, as obtained in earlier calculations with massless quarks,
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and often shown in literature. The grey band reflects the uncertainties of
the calculation, especially large with respect to the critical energy density,
the estimated value for it lying between 1.5 and 2.0 GeV/fm?, or about
ten times the matter density in nuclei pg = 0.16 GeV/fm?*. The predicted
value for the critical temperature is 7, = (150-170) MeV, depending on the
assumptions about the studied system (the higher value is for two quark
flavours, the lower one for three quark flavours). In a more recent calcu-
lation with the finite baryonic chemical potential [6], the phase boundary
and critical parameters are much better defined, and a critical point ap-
pears, as shown in Fig. 2.4. In the region below this point, shown with the
dashed line, the transition is second-order, or continuous (cross-over). This

N
o
(=}

early
universe

TIMeV]

=Y
o
(=]

0 1.0 p [GeViim3] 2.0

Fig. 2.3 A “classical” phase diagram for strongly interacting matter. Numbers along

both axes are approximate.

— 2001

=

(0]

= .

T S

quark-gluon
100} plasma
hadronic phase
50
0 1 1 1
0 0.5 1.0 uglGeV]

Fig. 2.4 Realistic phase diagram with the critical point.



Quantuwm Clvomodynamees and the Phase Transition 13

situation is, unfortunately, not favourable for experimental mvestigations
as in osuch type ol transition no sharp change in the system parameters,
indicative ol a phase transition, can be expected.

Going further into details, the results of the LQCD calculations relevant
to the QGP search concern the order of the phase transition, the value of
the critical temperature, other thermodynamic parameters such as pressure
or energy density, the screening length in the plasma phase, and thermal
cffects on hadronic masses, widths and decay constants.

In the pure gluon theory the phase transition is first order. It remains
first order if massless quarks of two flavours (u, d) or three flavours (u, d, s)
are included. However, with two massless quarks (u, d) and finite mass my
of the strange quark the transition becomes second order, tending to con-
tinuous transitions (cross-over) for high s-quark mass. (The second order
transition is obtained for mg of about half the physical mass). This is illus-
trated in Fig. 2.5 which displays regions of various order of the transition
as function of quark masses.

Figure 2.6 shows the phase diagram containing experimental points from
SIS, AGS, SPS and RHIC.

Figure 2.7 shows the variation of energy density with increasing tem-
perature, showing a step-like behaviour at T, characteristic for a phase
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Fig. 2.5 Order of transition as function of quark masses (LQCD results).
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Fig. 2.6 Phase diagram with experimental points (from Ref. [7]).
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transition.  T'his reflects a sudden inerease of the number of degrees of
[reedom when a transition from a hadron gas (HG) to the quark-gluon
plasma (QGP) occurs: for a hadron gas this number is between 3 for a
pure pion gas, and 1015 if resonances are included, while for a two-flavour
quark-gluon plasma it reaches 37. A straightforward calculation of the
number of degrees of freedom for a two-flavour QGP gives

g=2x2x2x34+8%x2=24+16 (2.12)

Here the first term describes quarks (consecutive weights of two take care
of the existence of quark and antiquark states, two flavours, and two spin
states, and the weight of three is for colours), and the second term describes
gluons which come in eight colours with two possible spin orientations. The
contribution of quarks in this formula should, however, be multiplied by
the factor £ in order to account for a difference in the normalization of

8
Boltzmann and Fermi distribution functions, what finally gives

g=21+16=237 (2.13)

An analogous calculation for a three-flavour QGP yields g = 47.5.

Let us note that the values of energy densities displayed in Fig. 2.7 do
not reach the Stefan-Boltzmann limit egp which corresponds to the ideal
gas. This can point out towards some residual interactions in the real
system. In fact, recent results from RHIC indicate that the new phase of
matter behaves rather like an (almost ideal) liquid than like a gas [8]. Some
new ideas about quark-gluon plasma will be discussed in Chap. 21.
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Chapter 3

Basic Properties of Atomic Nuclei

3.1 Static properties

We will discuss here only nuclear properties which are of importance in
relativistic nuclear physics. In experiments discussed in this book the pro-
jectile energies exceed the binding energy of nucleons in nuclei, or excited
level spacing in nuclei, by a few orders of magnitude, and thus the details
of the internal nuclear structure are of no importance for the studied re-
actions. What remains of importance is only the nucleon composition of
nuclei, and their spatial density distribution, or, in simpler terms, their
size and shape. Our discussion, and examples, will be limited to stable or
very-long-lived nuclei which can be used as nuclear projectiles or nuclear
targets.

A nucleus QX N characterized by the atomic number Z and the mass
number A is composed of Z protons and N = A — Z neutrons. For many
light nuclei N = Z, or Z/A = 0.5 (the heaviest such stable nucleus is
40Ca), for heavier nuclei N > Z, or Z/A <0.5 (e.g. for 238Pb N = 1.54Z
and Z/A = 0.39). The Z/A ratio determines the energy to which a given
nucleus can be accelerated in a given machine, as the accelerating electrical
field acts only on the charge. For example, the Super Proton Synchrotron
(SPS) at CERN accelerates protons to F = 400 GeV, nuclei with Z/A = 0.5
to 200 GeV /nucleon, and 233 Pb nuclei only to 158 GeV /nucleon.

The spatial density distribution of nuclei can be obtained from scatter-
ing experiments. Electrons are the best probes as they are point-like ob-
jects, and a systematic study of high energy electron scattering off various
nuclei was conducted in the late 1950-ies in Stanford, USA, by the Hofs-
tadter group (Nobel Prize 1961). As electrons probe the electric charge,
this method allows to obtain the spatial distribution of protons. It was

17



Introduction to Nelatvowstee Heavy lon Physees

found that this distribution has the shape shown in Fig. 3.1 and can be
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Fig. 3.1 The Saxon-Woods density distribution.

well approximated [1] by the Saxon-Woods (or Fermi) formula
p(r) = po/(1 + "= R)/z) (3.1)

Here pg is the density in the central plateau region, R is the mean electro-
magnetic radius of the nucleus (radius at p = 0.5 pp), and z characterizes
the thickness of the surface layer. The latter is usually replaced by the
quantity d, defined as the distance between the points at 0.1pg and 0.9p.
In terms of the parameter z it is equal to d = 421n3. The experimental
results indicate that the mean electromagnetic radius of nuclei increases
with their mass number as

R = (1.07+0.02)AY3 fm (3.2)

where 1 fm = 107'® m , and the thickness of the surface layer, sometimes
called diffuseness, is approximately the same for all nuclei

d=(24+0.3) fm (3.3)

In light nuclei, up to about carbon, the central plateau of density disap-
pears, and the density distribution resembles a Gaussian. Scattering ex-
periments using hadrons (protons, neutrons) instead of electrons lead to
somewhat higher values of nuclear radii

R=~1.21A"3 fin (3.4)
The nuclear matter density distribution is usually obtained from that for
protons by multiplying it by the ratio A/Z. Figure 3.2 shows density dis-
tributions p(r) for various nuclei. One can see that, except for the lightest
nuclei, the density of nucleons in the central region of nuclei is constant
and equal to

po = 0.17 nucleons /fm? (3.5)
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Fig. 3.2 Density distribution functions for various nuclei.

This value is often referred to as density of nuclear matter. The above proce-
dure assumes, however, that spatial distributions of protons and neutrons
are the same, which is only approximately true. There is evidence from
studies of X-ray spectra of antiprotonic atoms, and also from radiochem-
ical experiments, that for heavy nuclei the neutron distribution extends
further outwards. These results seem to be compatible with the density
profile of the “halo” type, where half-radii for neutron and proton distribu-
tions are equal, and distributions differ only by their diffuseness [2]. Larger
diffuseness of the neutron distribution leads to an excess of neutrons over
protons on the periphery of the nucleus and causes a small difference in
the r.m.s. radii for neutrons nad protons: r;™ > ri™ . The difference in
r.m.s. radii, Ar,,, was recently found to increase linearly with the relative
neutron excess (N — Z)/A, reaching 0.2 fm for the heaviest nuclei studied
— Fig. 3.3. There are indications that for light nuclei, such as carbon, the
opposite situation might occur, i.e. the spatial distribution of neutrons is
narrower than that of protons, this due to repelling Coulomb forces acting
between the latter.

The Saxon-Woods formula Eq. (3.1) assumes a spherical density dis-
tribution. Not all nuclei are spherical, however. A non-spherical charge
distribution generates a non-zero electric quadrupole moment* ) which

2Higher order moments have also been detected in some nuclei, the related deviations
from a spherical shape are, however, very small, and will not be discussed here.
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Fig. 3.3 Difference of mean radii of neutron and proton distributions in various nuclei
as function of the neutron excess (from Ref. [3]).

can be measured in electron scattering experiments. Assuming the simplest
shape of an ellipsoid of rotation with half-axes I, , and R, the quadrupole
moment can be expressed as [1]

Q= %eZ(Rﬁ =R )= geZR‘Z(AR/R) (3.6)
! J

where R = (R, + 2R, ,)/3 is the average nuclear radius, and AR =
R, — Ryy. A negative value of () means an oblate, or flattened, shape,
a positive value of () means a prolate, or elongated, shape — Fig. 3.4. The

Fig. 3.4 Nuclear shapes and the corresponding electric quadrupole moments.

relative deviation from the spherical shape, AR/R , is usually of the order
of a few percent only, but for some nuclei it reaches (25 — 30)%. For most
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nuclei the quadrupole moments have positive values, indicative of an ellip-
soid elongated along the z-axis. Figure 3.5 shows the nuclear quadrupole
moment systematics: the minima close to the “magic” numbers of nucleons
(Z or N = 2,8, 20, 28, 50, 82, 126) can be clearly seen. Speaking more
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Fig. 3.5 Nuclear electric quadrupole moments systematics (from Ref. [4]).

precisely: just below a magic number () <0 and small, at the magic number
@@ = 0, and above it @@ > 0 and rises. Highly elongated nuclei can be found
among the lantanides (A = 150-190), and actinides (A > 220 ).

In an unpolarized target nuclei are randomly oriented in space, and thus
a projectile impinging upon a target made of non-spherical nuclei encoun-
ters variable nuclear matter thickness, what would result in fluctuations
in various reaction characteristics, e.g. in the number of produced parti-
cles. Uranium-238 (%5U) is an example of a strongly deformed nucleus.
Its shape can be described as R = R,(0.91 + 0.27 cos? ), what means that
R./R., = 1.29. Such a large deviation from spherical shape should con-
siderably influence the reaction processes. A relatively large broadening of
the distribution of the transverse energy flux, do/dEp, of secondary par-
ticles from collisions of 200A GeV sulphur projectiles with uranium target
as compared to lead target® was indeed observed in a measurement per-
formed at CERN by the NA34/HELIOS Collaboration [5]. For 325+23%U
collisions, events in the extreme tail of the Ep distribution are those in
which the target nucleus is aligned with the beam. An estimate shows that
a longitudinally aligned uranium-238 nucleus produces an Ep correspond-

bLead-208 is a spherical nucleus as a “doubly-magic” one.
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ing to a spherical nucleus with atomic number A ~ 400. In collisions of
two 23%U nuclei still larger fluctuations should be expected as in a tip-to-tip
collision with impact parameter b = 0 the effective thickness of interacting
nuclear matter will be almost 50% higher than for a random orientation.
This would be an attractive choice for future collider experiments [6].

As it has been stated at the beginning of this chapter, the details of
the internal structure of nuclei do not reveal themselves in reactions in the
multi-GeV energy range. Perhaps the only deviation from this rule is the
internal cluster structure of some light nuclei which can manifest itself in
fragmentation processes. As an example one can quote here an enhanced
probability for fragmentation of 12C nucleus into a-particles (or He nuclei)
[7], indicative for the a-cluster structure of 12C.

3.2 The nuclear Fermi momentum

Nucleons in nuclei are not still but find themselves in a chaotic motion
called the Fermi motion. The relevant description is the Fermi-gas model.
It assumes that nucleons fill subsequent energy levels in a potential well.
Because of the exclusion principle, each level can be occupied by at most
two nucleons of the same kind (protons or neutrons), the energy levels being
filled independently for the two nucleon species. The highest energy level is
called the Fermi level, and corresponds to the nucleon kinetic energy of the
order of 20-40 MeV (the lower value is for light nuclei, the higher one is for
heavy nuclei). The existence of the Fermi momentum in nuclei has been
experimentally verified in quasi-elastic electron scattering experiments [8].
The energy distribution of electrons scattered off nuclei show a broad peak
which is a consequence of the internal motion of nucleons in nuclei. From
the width of the peak the value of the nucleon Fermi momentum, pp, can
be obtained. Fermi momenta for various nuclei are listed in Table 3.1. The
uncertainty of the quoted pp values is =5 MeV. The Fermi momentum is
roughly constant for nuclei heavier than Ni, and close to the corresponding
value in infinite nuclear matter with density p = 0.17 fm=3:

pr = (37%p/2)}/? = 270 MeV /c or 1.37 fm™! (3.7)
The distribution of the nucleon internal momenta in nuclei is usually as-

sumed to be a step function f(p) = ¢ 0(pr — p), however for light nuclei
use of a modified Gaussian has been also proposed [9].
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Table 3.1 Values of
Fermi momentum for
various nuclei (from

Ref. [8]).

Nucleus pp,MeV/c

SLi 169
12¢3 221
24Mg 235
400 251
natNj 260
89y 254
natSy 260
181y, 265
208py, 265

The Fermi momentum influences nuclear reactions, also those occuring
at high energies. In a collision of an elementary projectile with a nucleon
at rest, the c.m.s. energy is uniquely defined (see Sec. 4 of Appendix A),
and so is the energy available for the production of new particles. In a
collision with a nucleon in a nucleus, however, the Fermi motion smears
the effective energy, what, in particular, lowers the threshold energy for the
production processes. As an example we can recall the famous experiment at
the Bevatron in which antiprotons were discovered [10] (Nobel Prize 1959).
The minimum beam energy for the production of a proton-antiproton pair
in a proton-proton collision is 5.6 GeV. However, with a copper target used
in this experiment, one can estimate that due to the Fermi momentum
the effective threshold energy could be lowered to about 4.3 GeV. Indeed,
antiprotons were detected already at beam energies below 5 GeV.

Figure 3.6 shows the distribution of the true nucleon-nucleon centre-of-
mass energies for nucleons bound in 2C nuclei colliding with the nominal
c.m.s. energy of 204 GeV for two different assumptions about the shape
of the intranuclear momentum distribution: the Fermi gas model and the
Gaussian parameterization.
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One can see that widening of the energy distribution is substantial —

up to about 20%. A similarly large effect should persist at higher energies,
also at LHC energies, what is often being forgotten.
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Chapter 4

Sources of Relativistic and
Ultrarelativistic Nuclei

4.1 Cosmic rays

Before the advent of high encrgy heavy ion accelerators, cosmic rays consti-
tuted the only source of very energetic nuclei. Near to the Earth, but above
the atmosphere, cosmic rays consist of 86% protons, 13% helium nuclei, and
about 1% heavier nuclei. The latter are mainly light nuclei (up to Si), and
Fe nuclei. The energy spectrum of some of these components is shown in
Fig. 4.1. As it can be seen from this Figure, above a few GeV /nucleon the
cosmic ray energy spectrum falls down steeply. It approximately follows
the power law dI/dE o« E~%7. This steep fall means that at very high
energies the intensity is so low that only single events can be recorded. For
example, at 10'°eV the cosmic ray flux is only 1 particle/m? year. Above
this energy the exponent is even larger. Nevertheless, particles with en-
ergies up to about 10%2°eV have been detected by recording the so-called
extensive air showers (EAS) in devoted large-area experiments.

Due to interactions in the atmosphere, the elemental composition of cos-
mic rays changes with the penetration depth, the relative amount of heavier
species decreases (see Fig. 4.2), and at the sea level they almost completely
disappear. The energy of cosmic ray particles is also being degraded, this
being the reason to perform cosmic ray experiments in the stratosphere
(balloons, artificial satellites), or at high mountain tops. Apart from a low
flux of high energy cosmic ray nuclei, also their energy cannot be precisely
determined, what affects the reliability of event analysis. Nevertheless,
some basic features of nuclear interactions at very high energies (interac-
tion cross sections, limited transverse momentum of produced particles)
have been already established in cosmic ray experiments in the 1950s.

25
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Fig. 4.1 Differential energy spectrum of some of the major components of cosmic rays
(from Ref. [1]).

4.2 Accelerators

Experiments with relativistic heavy ions under fully controlled conditions
can be made at accelerators. In the late 1960s it was realized that ac-
celeration of heavy ions in the old few-GeV proton synchrotrons would
prolong their active life and open a new field of research and applications.
In 1970 deuterons and alphas were successfully accelerated in the Dubna
synchrophasotron to the energy of about 5 GeV/nucleon, or, using the
present-day notation, to 5A GeV. Within the next year various light nuclei
have been accelerated in the Bevatron in Berkeley and in Saturne in Saclay
to energies between 1A and 2A GeV. Heavier ions with the same ratio
ZJA = 0.5 (i.e. nuclei up to 3)Ca) could be accelerated in the same regime
as deuterons and alphas — in fact "7N7* ions were very soon accelerated
in Berkeley to 2.14 GeV.
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Fig. 4.2 Fluxes of various cosmic ray nuclei in the atmosphere as a function of pene-
tration depth. From top to bottom: protons (p), helium (a), Z = 6-9 (M), Z = 10-14
(LH), Z = 20-28 (VH), Z = 3-5 (L), and Z = 15-19 (MH). The last two groups of
nuclei, shown with dashed lines, are not present in the primary cosmic radiation, and
result from secondary processes in the atmosphere (from Ref. [2]).

Technical problems arising when heavy ions are being fed to a proton
synchrotron are threefold:

(i) ion beams require a lower accelerating radiofrequency which may fall
outside the tuning range of the r.f. generator — this problem can be
circumvented by accelerating initially on a higher harmonic;

(ii) the beam intensity must be high enough as to match the beam control
and monitoring system of the accelerator;

(iii) the vacuum in the accelerator ring must be good enough not to cause
excessive losses in the beam intensity as multicharged ions, especially
if not fully stripped of electrons, show very high recombination cross
sections. The problem of obtaining high vacuum is most difficult in
weak-focusing machines with large-volume vacuum chambers.

Obviously, a good ion source is the essential element. Electrons from
inner atomic shells are strongly bound and an ion source should possess a
high ionization power in order to remove them. In the widely used Elec-
tron Cyclotron Resonance (ECR) sources it is an intense electron beam
circulating in a strong solenoidal magnetic field which constitutes the ion-
izing medium. Nevertheless, for really heavy ions, such as Au or Pb, only
partial ionization can be achieved in such a source. Thus partly stripped
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ions should be accelerated to a certain energy, and the remaining electrons
are removed later, using a stripping foil. The entire procedure of obtaining
fully stripped lead ions, or lead nuclei, at CERN will be described below as
an example.

In a further development in Berkeley, the 8.5A4 MeV heavy ion linear
accelerator Superhilac was coupled to the Bevatron as its injector, thus
forming the Bevalac complex. Cryogenic linings were installed inside the
Bevatron vacuum chamber in order to improve the vacuum. With these,
ions up to uranium became available to experimenters. The intensity of
BBUST beam was about 108 ions per pulse at energy of 1.1A GeV, with
the repetition rate of about 10 pulses per minute.

In Dubna, cryogenic panels were installed inside the vacuum chamber
of the Synchrophasotron in order to improve the vacuum. Acceleration of
ions up to krypton (Z = 28) was achieved.

In Saclay the entire synchrotron ring magnet was replaced with a new
small-aperture strong-focusing one, called Saturne-1T, what allowed accel-
eration of heavier ions.

All three old synchrotrons: the Bevalac, Synchrophasotron and Saturne
are no longer in operation. In the energy range of a few GeV /nucleon there
are now two machines: Nuclotron at JINR in Dubna and SIS at GSI in
Darmstadt.

Nuclotron is a strong-focusing cryogenic synchrotron, of 251 m circum-
ference, built in a tunnel below the old synchrophasotron magnet, and
commissioned in 1993. It accelerates various ions up to krypton to energies
up to about 4.2A4 GeV. Initially it operated with internal target, the beam
extraction was realized in the year 2002. The goal is to achieve the energy
of 64 GeV, and to handle heavier ions (up to uranium). This should be
realized by an upgrade comprising the installation of a more efficient ion
source and addition of an intermediate booster synchrotron.

SIS is also a strong-focusing synchrotron, of 216 m circumference, com-
missioned in 1990, and using the GSI heavy ion linear accelerator UNILAC
as injector. SIS provides beams of almost any ions, with energies up to
2A GeV for light ions and 14 GeV for uranium, and with relatively high
intensities of 10! for light ions, 10'° for krypton, and 10? for uranium.
Fast or slow beam extraction are possible.®

ASIS is considered as the basic element of a new project developed at GSI: the Facility
for Antiproton and Ion Research (FAIR). This will be a collider with the double ring of
1100 m perimeter. It should provide beams of all ions up to uranium with unprecedented
intensity (10'2 per cycle) and quality. With colliding beams of up to 204 GeV each,
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In autimn 1986 relativistic heavy ion programmes started at BNL and
CIORN. In Brookhaven, the existing tandem Van-de-Graafl accelerator was
connected by a 600 m long transfer line to the Alternating Gradient Syn-
chrotron (AGS). On October 20, 1986, 190 ions were accelerated to 14.6 A
GeV, with the intensity of 4 x 10% ions per pulse, and ?8Si ions were ac-
celerated to the same per-nucleon energy in 1987. A booster synchrotron,
built in the next years, allowed to obtain heavier beams, up to Au.

At CERN, the ECR ion source commissioned in Grenoble was coupled
to the old Linac-1 via a special radiofrequency quadrupole unit (RFQ)
built at LBL, and a beam of oxygen ions was fed into the Super Proton
Synchrotron (SPS). On September 7, 1986, an 1°0 beam reached the energy
of 2004 GeV, and on September 25, 1987, 323 ions were accelerated to the
same per-nucleon energy. The acceleration process lasts about 10 seconds
and involves five consecutive accelerators: RFQ Linac, Linac-1, Booster
Synchrotron, PS and SPS. The CERN accelerator complex is shown in
Fig. 4.3. The new ion source allowed to obtain a beam of 2°®Pb ions with
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Fig. 4.3 Scheme of the CERN accelerator complex, including the LHC. The drawing is
not exactly to scale, the circumference of SPS being 6.2 km, and that of LHC is 27 km.

the CERN SPS energy range will be covered and surpassed, at the same time allowing
for high precision measurements and studies of very rare processes. It would take eight
years to build the FAIR facility.
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energy of 1584 GeV in 1994. Recently, indium (Z = 49) ions have been
accelerated in order to study interactions of medium-size nuclei. It might
be of interest to describe in more detail the procedure of obtaining fully
stripped Pb ions. This is shown in the diagram below. Let us note that
after the first stripping Pb?+ — Pb%3+ at 4.24 MeV, the second (and final)
one Pb%3* — Pb®2* is performed at the energy as high as 4.254 GeV.

U Pb28+ 2.7A keV

U Pb28+ 2504 keV

Linac

(! Pb28+ 4.24 MeV
1st stripper
U Pb%3+ 4.24 MeV

I

j=o]
5!
!

Pbo3t 944 MeV

U Pb53t 4.254 GeV
2nd stripper
[ Pb82+ 4.25A GeV
SPS
[} Pb¥2+ 1584 GeV

Further developments in investigating collisions of heavy ions at still
higher energies are connected with ion colliders. It should be recalled
that light ions: deuterons and alphas, were accelerated to 15.74 GeV in
the CERN Intersecting Storage Rings (ISR). With luminosity in excess of
1028 cm~2s~!, several experiments were performed in the years 1980-1983.
Running the ISR with heavier ions would certainly have been feasible, but
this excellent machine was closed in 1984 for economic reasons.

In the year 2000 the Relativistic Heavy Ion Collider (RHIC) was com-
missioned in Brookhaven. It uses the AGS as the injector. RHIC collides
Au beams of 100A GeV each, what means the centre-of-mass energy of
200 GeV per nucleon pair, or ten times higher than that reached with a
stationary target at the CERN SPS. The luminosity for Au+Au collisions
is 102" cm™2s~!. RHIC can also accelerate protons and lighter ions (e.g.
Cu), and is able to work at lower energies, thus covering the entire energy
interval above that of the CERN SPS. Two separately powered rings make
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Fig. 4.4 Scheme of the BNL accelerator complex. The circumference of RHIC is 3.8
km. The two rings of the machine cross in six points.

possible the operation with either equal or unequal ion species in the collid-
ing beams, e.g. d+Au. The BNL accelerator complex is shown in Fig. 4.4.
An upgrade of RHIC is being considered, aimed at the luminosity increase
by a factor of ten by adding the electron beam cooling, and at colliding
uranium nuclei. This project has been named RHIC-II.

A new collider, the Large Hadron Collider (LHC) is now being commis-
sioned at CERN, in the 27 km long undergound tunnel which earlier housed
the LEP machine (see Fig. 4.3). It will use the CERN SPS as the injector.
LHC is primarily a proton collider attaining /s = 14 TeV, but acceleration
of heavy ions (up to Pb) is also foreseen. For ions the centre-of-mass energy
per nucleon pair, /sy, will be 7 TeV for light ions, and 5.5 TeV for Pb
ions, or almost 30 times higher than that in RHIC. The first proton beams
in the LHC are expected in 2008, and the first ion beams in 2009. The
luminosity for lead beams should reach 10?”cm~2s~!. As this machine uses
“two-in-one” magnets, only “symmetric” ion-ion collisions will be feasible.

Both colliders: RHIC and LHC use cryogenic magnets. The dipole
magnets for the LHC are designed for the field of 8.4 Tesla. With 1232
14-meter long dipoles and some 300 quadrupoles and correction magnets,
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Fig. 4.5 Energies and ranges of rapidity in the laboratory frame and in the centre-of-
mass frame for various high energy heavy ion accelerators (from Ref. [3]).

the LHC is not only the biggest accelerator, but also the biggest cryogenic
installation ever built.

Figure 4.5 shows a comparison of energies and rapidity ranges for various
relativistic heavy ion accelerators, including the LHC. The rapidity of the
centre-of-mass frame, yepy, is 3.0 for the SPS, 5.4 for RHIC, and will be
8.7 for LHC. One can see that for energies above a few GeV the rapidity
range increases as In E. The total rapidity range in the c.m. frame is 2y,
or 6.0, 10.8, and 17.4 units of rapidity correspondingly for the SPS, RHIC,
and LHC.
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Chapter 5

Detection Techniques

5.1 Fixed-target experiments

In this class of experiments a beam of accelerated nuclei impinges upon
a gaseous, liquid, or solid stationary target. Due to Lorentz boost, the
secondary particles are collimated in the forward direction, and thus an
“almost 47”7 acceptance is achieved with installations covering only a rel-
atively small space angle. The typical detector geometry is a conical one,
diverging from the target along the incident beam direction.

In early days visual detectors: bubble chambers, nuclear emulsions, or
streamer chambers, were in use. Examples of interactions of relativistic
heavy ions recorded in such detectors are shown in Figs. 5.1 5.3. These
detectors provide a 47 coverage, but the evaluation of the obtained data
is very laborious and time-consuming, what results in small statistics of
analyzed events — typically hundreds or few thousands.

A main break-through came with the advent of the time projection
chamber (TPC) — a large-volume gaseous detector with electronic read-
out. With this detector, statistics of millions of recorded events became
accessible, what meant a real progress. The NA49 experiment at CERN
was among the first to employ TPC’s as main detectors, supplemented
with some other ones. Figure 5.4 shows the scheme of NA49, and Fig. 5.5
displays a visualization of tracks in the NA49 TPC’s. The NA49 set-up
was a “multipurpose” detector. It produced a wealth of data on identified
particles abundances, longitudinal and transverse spectra and correlations,
mainly for Pb+Pb collisions at incident energies between 204 and 158 A
GeV, but also for lighter nuclear projectiles, including protons. Another
“multipurpose” detector was WA98 (developed from WA80/WA93) which

33
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Fig. 5.1 Interaction of a 50 GeV/c (4.2A GeV/c) 12C projectile from the Dubna syn-
chrophasotron in a tantalum target plate mounted inside the propane bubble chamber.
The chamber was 2m long, and operated in a magnetic field. This photo covers one-half
of the chamber length.

apart of charged particles detected photons and measured their energy us-
ing segmented lead glass spectrometer. Its scheme is shown in Fig. 5.6.

Other detectors at the CERN SPS were designed to study more specific
aspects of heavy ion reactions. A radial time projection chamber was used
in the CERES/NA45 experiment which is dedicated to the measurement
of low energy et e pairs close to midrapidity, providing full azimuthal
acceptance within the pseudorapidity interval 2.1 < n < 2.6.

The WAS57/NAST experiment studied the production of hyperons and
antihyperons. It based mainly on silicon detectors (pixel and strip types),
operated in the magnetic field of a big dipole magnet.

Special small aperture spectrometers measured single-particle spectra
and close momentum correlations of pions, kaons and protons with high
resolution (NA44), and studied the mass spectrum of secondary particles
(NEWMASS/NA52).

Production of muons was the main objective of the NA50/NA60 experi-
ment. Its main part was the toroidal magnetic spectrometer with a number
of multiwire tracking chambers.

In Figs. 5.7-5.11 we show schemes of these detectors, together with their
short description. The schemes give evidence for a large variety of technical
solutions.
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F———— 100 microns ———

Fig. 5.2 Interaction of a 6.4 TeV (2004 GeV) 328 projectile from the CERN SPS with
a heavy nucleus (Ag or Br) of nuclear emulsion. The scale is shown near te bottom of
the picture, giving evidence for the very high resolution of this type of detector.
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NA35 64 TeV sy

Fig. 5.3 Interaction of a 6.4 TeV (2004 GeV) 328 projectile from the CERN SPS in the
gold target positioned in front of the entrance window of the 2m long streamer chamber
of the NA35 collaboration. The streamer chamber operated in a magnetic field.
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Fig. 5.4 Scheme of the NA49 experiment at the CERN SPS. Two TPC’s:
VTCP-1 VTPC-2 are placed in magnetic field, and serve as tracking detectors, two bigger
TPC’s: MTPC-L and MTPC-R, serve mainly for energy loss measurements. Time-of-
flight detectors TOF, and the azimuthally and radially segmented calorimeter RCAL
complete the set-up. Various configurations of detectors in the vicinity of the target T
are shown expanded at the bottom of the Figure. These are specific for (a) A+A, (b)
p+p, and (¢) p+A collisions.
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NA49 Pbh-Pb 158 GeV/nucleon

Fig. 5.5 Visualisation of tracks emerging from a 1584 GeV Pb+Pb central collision in
four time projection chambers of the NA49 experiment at the CERN SPS.
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Fig. 5.6 Schematic picture of the WA98 set-up at the CERN SPS. The main compo-
nents of this set-up are the large acceptance photon and charged hadron spectrometers.
Photons are detected, and their energy measured, in the 10,000 modules lead glass array.
Negatively charged hadrons are analyzed in the magnetic spectrometer equipped with
six multistep avalanche chambers for tracking. Total charged multiplicity is measured
with high resolution sislicon detectors, and slow charged particles and nuclear fragments
in the target region are identified in the Plastic Ball detector. The latter consists of 655
AFE — E modules arranged in a sphere around the target.
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Fig. 5.7 Scheme of the CERES/NA45 experiment at the CERN SPS. The apparatus
has a cylindrical symmetry, T'wo silicon drift detectors SDD provide tracking and vertex
reconstruction, two ring imaging Cherenkov detectors RICH give electron identification,
and the radial drift time projection chamber TPC, operated inside a magnetic field,
measures the momentum and energy loss.
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Fig. 5.8  Schematic picture of the NA57 set-up at the CERN SPS. This set-up consists
of a telescope made of high granularity silicon pixel detectors and double-sided silicon
strip detectors downstream. The entire telescope is placed above the beam line, at a
certain angle a, and accepts particles produced near midrapidity, with medium transverse

momenta.
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Fig. 5.9 Scheme of the NA44 set-up at the CERN SPS. This is a focusing spectrom-
eter for the measurement of a few particles around midrapidity. The magnet part of
the spectrometer uses two dipoles and three quadrupoles. Then particles are tracked
and identified with several detectors: multiwire proportional chambers, scintillator ho-

doscopes, and threshold gas Cherenkov counters.
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Fig. 5.10 Scheme of the NA52 set-up at the CERN SPS. This experiment uses one of the
SPS secondary beam lines as a focusing spectrometer of charged particles close to zero
degree production angle. Seven sets of multiwire proportional chambers (W) are used
for particle tracking. Five segmented time-of-flight scintillator hodoscopes (TOF), three
threshold Cherenkov counters (C), and one differential Cherenkov detector (CEDAR)
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are used for particle identification.
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Fig. 5.11 Scheme of the NA50 set-up at the CERN SPS. This detector is composed
of the thick hadron absorber and the muon spectrometer with a toroidal magnet and
a number of multiwire chambers placed before and after the magnet, serving for muon

tracking.
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5.2  Experiments at colliders

In colliders two beams accelerated in opposite directions collide in vac-
uum. The main advantage of colliders is the gain in effective energy of
the collision (see Sec. 4 of Appendix A). On the other hand, achieving
a high luminosity is difficult (needs a very precise beam collimation and
steering), and in order to provide a 47 acceptance, the detector should
cover full space angle. The typical detector geometry is a cylindrical
one, with the axis of the cylinder aligned with the beam pipe of the ac-
celerator, and the beam collision point lying in the geometrical centre
of the cylinder. As the full angular coverage is technically difficult, and
also very costly, in many detectors only a fraction of the total space an-
gle is fully instrumented. This is usually an angular interval near 90°
corresponding to the kinematical region close to midrapidity. Small an-
gle regions, corresponding to large rapidities, are also instrumented, of-
ten mainly for triggering purposes. The variety of employed detectors
is very wide. In some installations (STAR, ALICE) a cylindrical TPC
constitutes the main tracking detector. High resolution silicon detectors
are often installed close to the beam pipe of the collider, while transi-
tion radiation detectors, ring-imaging Cherenkov detectors (RICH), time-
of-flight counters, and various types of calorimeters are installed at larger
distances.

In Figs. 5.12-5.15 schemes of the four detectors which operate at RHIC:
BRAHMS, PHOBOS, PHENIX, and STAR are shown, together with their
short description. Figure 5.16 displays a visualisation of tracks emitted
into a transverse slice near midrapidity from an Au+Au collision recorded
in the STAR detector.

Finally, in Fig. 5.17 we show the schematic picture of the ALICE detec-
tor dedicated to study heavy ion collisions at the LHC, and in Fig. 5.18 the
computer simulation of particle tracks emerging from a nuclear collision in
ALICE. The ALICE Collaboration gathers about 1,000 physicists and engi-
neers from 100 institutes and laboratories in 30 countries. The total cost of
the detector is about 100 million Euros. At the time of writing the ALICE
detector is almost completely assembled, and its various components are
being tested with cosmic rays. It should be ready to take some reference
p+p data at the LHC start-up in automn of 2008, beams of lead ions are
expected a year later.
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Two other LHC experiments: CMS (Compact. Muon Solenoid) and
ATLAS (A Toroidal LHC ApparatuS), originally dedicated to study p+p
collisions, also envisage taking data during the lead ions run. Their main
objectives are high pr spectra and jets, but also heavy flavours, quarkonia
(including upsilon), and direct photons.

RICH

s‘;" A

Multiplicity

" Beam Beam counters

Dx
Beam magnets

Fig. 5.12 Schematic picture of the BRAHMS detector (BRAHMS = Broad RAnge
Hadron Magnetic Spectrometer) at RHIC. This set-up is composed of two small aperture
spectrometers: one at forward angles, and another one at midrapidity. The forward
spectrometer consists of four dipole magnets D1-D4, two time projection chambers T1
and T2, three drift chamber modules T3-T5, time of flight hodoscopes H1 and H2, a
threshold Cherenkov counter C1, and a ring imaging Cherenkov RICH. The midrapidity
spectrometer has two time projection chambers TPC1 and TPC2, a dipole magnet D5,
and a segmented scintillator time of flight wall TOFW. Multiplicity arrays close to the
interaction point, and two zero degree calorimeters at +18m complete the set-up.
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Spectrometer

Fig. 5.13 General layout of the PHOBOS detector at RHIC, and, below, the enlarged
view of the region around the beam collision point. The central part of PHOBOS con-
sists of two-arm magnetic spectrometer with 2 Tesla field, and |n| < 1 acceptance, with
multi-layer silicon detectors for charged particles tracking and momentum and dF/dz
measurements. Two time-of-flight walls (TOF) improve particle identification, and ad-
ditional detectors measure the total charged multiplicity and provide the trigger.
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Fig. 5.14 Schematic picture of the PHENIX detector at RHIC (PHENIX = Pioneering
High Energy Nuclear Interactions EXperiment). The PHENIX setup consists of four
spectrometer arms: two around midrapidity (the central arms), and two at forward
rapidity (the muon arms), and a set of global detectors. In each of the central arms
charged particles are tracked by a drift chamber, and two or three layers of pixel pad
chambers. Particle identification is provided by ring imaging Cherenkov counters, a time
of flight scintillator wall, and two types of electromagnetic calorimeters (lead/scintillator
and lead glass).
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Fig. 5.15 Schematic picture of the STAR detector at RHIC (STAR = Solenoidal
Tracker At RHIC). The setup consists of cylindrical detectors built around the interac-
tion point, and placed in a magnetic field of 0.5 T, and of some forward detectors. The
central detectors are: silicon vertex tracker, a big time projection chamber, ring imag-
ing Cherenkov, time-of-flight counters, and electromagnetic calorimeter (the last three
with only partial angular coverage). The forward detectors are: smaller time projection
chambers, electromagnetic calorimeters, and zero degree calorimeters at large distance,
all placed symmetrically on either side.
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TRIGGER CHAMBERS
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Fig. 5.17 Schematic picture of the ALICE detector for the LHC (ALICE = A Large
Ion Collider Experiment). This is the largest detector built for investigating interactions
of ultrarelativistic heavy ions. The main part of it is placed inside the big solenoidal
magnet with an octogonal yoke and external dimensions 14m X 14m x 14m. This
part consists of an inner tracking system ITS composed of six layers of high resolution
silicon detectors, a cylindrical time projection chamber TPC serving as the main tracking
detector, transition radiation detectors TRD, time of flight counters TOF, ring imaging
Cherenkov detectors HMPID, and photon calorimeter PHOS. The forward muon arm,
about 10 meters long, consists of a conical absorber, a large dipole magnet, and fourteen
stations of multiwire tracking chambers, interlaid with a muon filter. Photon multiplicity
array PMD at the back side, several small detectors for the trigger, and two zero-degree
calorimeters located on either side at the distance of 160 meters from the interaction
point, complete the set-up. The total weight of the ALICE detector is about 10,000
tons, of which 8,000 tons is the weight of the magnet.
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Fig. 5.18 Computer simulation of charged particle tracks emerging from a nuclear in-
teraction in the ALICE detector at the LHC. Only a small fraction of the total number
of tracks which for a central Pb+Pb collision is expected to be of the order of 10,000

could be shown in this picture.



Chapter 6

Cross Sections and Collision
Geometry

6.1 Interaction cross sections

Let us consider a beam of N particles, or other objects, impinging upon
a thin target. Due to interactions in the target, the intensity of the beam
will be reduced by the amount

—dN(z) = N(z)nodz (6.1)

Here n is the number of scattering centres per unit volume of the target, and
ndx is the number of scattering centres per unit area. The proportionality
coefficient o is called the cross section for interaction of incident particles
with a given target. It has the meaning of the effective area of an elementary
scattering centre.

Integration of Eq. (6.1) leads to the exponential absorption law, valid
for a target of any thickness x

N(x) = Nyexp(—nox) (6.2)

Another quantity, A = (no)~!, called the mean interaction length, is also
being used to characterize the absorption properties of the material. In
terms of this parameter Eq. (6.2) can be rewritten as

N(x) = Noexp(—z/\) (6.3)

Cross section can be measured in a transmission experiment, by count-
ing either unscattered particles, or, equivalently, the scattered ones, to-
gether with a measurement of the intensity of the incoming beam

o = —In[N(z)/No]/nx (6.4)
In a collision of two nuclei, due to the short range of nuclear forces,

one can assume that nuclei begin to interact when their edges touch — see

51
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Fig. 6.1 Definition of the geometrical cross section.

Fig. 6.1. The interaction cross section which corresponds to this situation
is called the geometrical cross section, and equals

Tgeom = T(R1 + R2)? = mr2(A)3 + A)?)? (6.5)

where the relation R = rgA'/3 between nuclear radius R and the mass
number A has been used. This very simple estimate turns out not to be far
from reality. The formula found in early investigations of interactions of
cosmic ray nuclei in emulsions, called Bradt and Peters formula [1], differs
only slightly from Eq. (6.5), and reads

g = 71'7"(2,(141/3 + A;/g —b)? (6.6)

where b is the so-called overlap parameter. A least-squares two-parameter
fit to a large number of cross sections measured at the Bevalac showed
that while ro is insensitive to masses of colliding nuclei,* b turns out to
be a monotonically decreasing function of Ay, the lighter of the colliding
nuclei. The present-day experimental data can be well described by the
improved formula

o = mr3[A7% + A — bo(ATV? + AP (6.7)

This parameterization is due to J. P. Vary, and the expressions A;l/ % in the
overlap term are related to effects of curvature of nuclear surfaces. Figure
6.2 shows the square root of the cross section as function of the ratio which
characterizes the relative importance of the overlap term. Although this
term includes contributions from both colliding nuclei, its value is domi-
nated by the smaller nuclear mass, and becomes insensitive to changes in
Ay and A, when they are large. For heavy nuclei, the overlap term becomes

2This should have been expected as it reflects a constant density of matter in nuclei —
see Chap. 3.
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Fig. 6.2 Nuclear cross section data from the Bevalac and the Synchrophasotron plotted
in a way showing the validity of Eq. (6.7) (from Ref. [2]).

small relative to (Ai/ # 4 A;/ 3), and the cross section approaches its geo-
metrical limit, ogeom. The data at energies of a few GeV /nucleon, shown in
Fig. 6.2, have been fitted with Eq. (6.7) with ro = 1.3 fm and by = 0.93. Tt
turns out that the same parameterization describes well also cross section
data at AGS and SPS energies [3, 4] what means that interaction cross
sections of relativistic nuclei do not change appreciably between 24 GeV
and 2004 GeV.

In collider experiments total cross section measurements would be ex-
tremely difficult, if at all possible, and cross section values calculated from
the geometry of the colliding nuclei, using the Glauber model and the ele-
mentary nucleon-nucleon cross sections, are being used. They are believed
to be accurate to a few percent.

For reference purposes, we show in Fig. 6.3 the total and elastic cross
sections for proton-proton collisions plotted as functions of the energy of
the collision. In the energy range of present-day accelerators af)‘;)t‘ ~ 40-50
mb, and rises slowly with increasing energy, while O'g]p ~ 7-8 mb, and is
almost constant. Similar plots for other elementary cross sections can be

found in Ref. [5].
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Fig. 6.3 Total and elastic proton—proton cross sections as functions of the incident
momentum and of the c.m. energy of the collision (from Ref. [5]).

A few general remarks concerning hadronic cross sections will be of

importance.

(i)

(i)
(iii)

6.

On the basis of very general arguments involving unitarity, analyticity
and crossing, Froissart showed that the total cross section for the strong
interaction grows at most as fast as In? E as F — oo. This is called the
Froissart bound [6, 7].

Cross sections for particles and antiparticles converge as E — oc.
There is a simple relation between pion-nucleon and nucleon-nucleon
cross sections: o,y ~ %O’NN. This is usually quoted as a convincing
evidence for the validity of the additive quark model, with the quark

structure of baryons being (ggq) and that of mesons being (¢q).

2 Geometrical picture of the collision

The simple dependence of the total cross section of relativistic heavy ion
reactions on the sizes of colliding nuclei suggests an important role of the
collision geometry. This constitutes the basis of the participant-spectator
picture. The colliding nuclei are assumed to move along straight-line trajec-
tories, and only the geometrically overlapping parts of them interact, and



Clross Sectiona and Colliston Gleometry 1515

what remaing are the “spectators”. This is schematically shown in Fig. 6.4
for a general case of a collision of two different nuclei, which was the case in
many earlier experiments in which a relatively light projectile collided with
a heavier target nucleus. As indicated in the lower panel of this Figure, in
a central collision of such nuclei there is no projectile spectators. For equal
mass nuclei, in a central collision there is no spectator matter whatsoever.

al PERIPHERAL COLLISIONS

- projectile spectators

projectile participants
target
participants

target
spectators

bl CENTRAL COLLISIONS (b=0)
no projectile spectators

7
i Lo -

Fig. 6.4 Schematic diagram of the participant-spectator model.

An estimate of the collision time seems to justify this simple model. At
relativistic energies the duration of the collision is very short as compared to
the typical time scale for nuclear rearrangement or movement of nucleons
within a nucleus. Thus nucleons finding themselves outside the overlap
region should not experience any appreciable interaction. The “participant
matter” is hot, while the “spectator matter” remains cold.

The centrality of a collision is determined by the impact parameter b (see
Fig. 6.4), a quantity which, unfortunately, is not directly measurable. There
are two complementary approaches to obtain an estimate of the centrality of
a collision: one is based on a count of non-interacting (spectator) nucleons,
the other uses some characteristics of produced particles (total multiplicity,
transverse energy, etc.).
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The participant-spectator picture allows for a simple calculation of the
number of nucleons involved in a collision occuring with a given value of the
impact parameter b. This is done using the Glauber model [8], assuming
that nucleons in each nucleus are hard spheres distributed according to
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Fig. 6.5 Results of the Glauber model calculation for Au+Au collisions. The Saxon-
Woods density distribution was assumed for the Au nucleus, with the mean radius R =
6.38 fm, and the thickness of the surface layer d = 2.35 fm (see Chapter 3 for exact
definitions of these parameters). Upper panel: number of binary collisions and number
of nucleons-participants vs. the impact parameter b at \/syny = 200 GeV. Lower panel:
number of collisions per participant pair obtained as the ratio of the number of collisions
to the number of nucleons-participants at several energies. Results for different energies
differ due to the variation of the nucleon-nucleon interaction cross section. Relevant
values of this cross section are indicated in the figure (from Ref. [10]).
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the nuclear density function (e.g. Saxon Woods, see Chapter 3), and they
move along parallel straight lines, interacting with nucleons from the other
nucleus with cross sections known from elementary processes. Nucleons are
treated as free particles, their internal motion and correlations in nuclei
being neglected. When counting only the first collisions one obtains the
number of nucleons-participants Npare (0r “wounded” nucleons Nygund in
the terminology of Biatas et al. [9]), counting also subsequent collisions one
obtains the total number of binary collisions N... These two quantities
correspond to two limiting cases in the Glauber model, the first one being
referred to as the “optical limit” of the model.

Results of the Glauber model calculations for Au+Au collisions are
shown in Fig. 6.5. In the upper panel the quantities Npary and Neoy are
plotted as functions of the impact parameter b for Au+Au collisions at
VSNN = 200 GeV, in the lower panel the ratio Neoi/Npar is plotted wvs.
Npart for several values of the energy of the collision. This ratio gives the
number of collisions suffered by each participant. For an unbiassed sam-
ple of collisions one obtains the mean value which should be equal to the
quantity (v), traditionally used in the analysis of p+A collisions [11], and
calculated from the relevant interaction cross sections as (V) = Aopp/opa.

It is worth noting that the Glauber calculation for A4+A collisions yields
the same value of (v) as for p+A collisions. As remarked in Ref. [12], this
is an inherent feature of the geometrical picture of the collision, and of
unbiassed samples in which each nucleon of one nucleus randomly scans
the other nucleus, just as in a p+A collision. In Table 6.1 mean numbers
of collisions per participant for unbiassed samples of collisions involving
carbon and lead nuclei at 1584 GeV are given as numerical examples.

Table 6.1 Mean number of col-
lisions per participant nucleon
in unbiassed samples of various
nuclear collisions at 1584 GeV
(from Ref. [12]).

Colliding nuclei (v)

p+C (or C+C) 1.71 £+ 0.05
p+Pb (or Pb+Pb)  3.75 & 0.05
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Chapter 7

Fragmentation Processes

In classical nuclear physics by “fragmentation” one means splitting of a
nucleus into smaller parts, called nuclear fragments. The lightest fragments
would be single nucleons, protons or neutrons, then come deuterons, helium
nuclei, etc. A fragmentation process requires the energy transfer to the
nucleus, and can be induced by electromagnetic forces — this is called
electromagnetic dissociation, or by strong forces this is called nuclear
fragmentation. We will discuss these two processes separately, as they differ
in many aspects, in particular in the cross-section behaviour with increasing
incident energy. We will also address fragmentation in its extended meaning
which is the notion used at very high energies.

7.1 Electromagnetic dissociation

In the process of electromagnetic dissociation (ED) some nucleons are sepa-
rated from a nucleus as a result of alectromagnetic interaction with another
nucleus. As the electromagnetic interaction is proportional to the square of
the nuclear charge, Z, and falls steeply with the increasing four-momentum
transfer ¢ (interaction o< Z2/¢* ), ED contributes significantly only to the
“softest” processes, mainly to one-nucleon removal channels 4Z — 4~1Z
and 4Z — A=1(Z — 1) on high-Z targets. At moderate energies also the
two-nucleon removal has been observed, the probability of the separation
of a larger number of nucleons being much smaller. Despite the limited
number of reaction channels, the total cross-section for ED becomes very
large at sufficiently high energies.

Electromagnetic dissociation of a nucleus is believed to proceed via its
excitation by absorption of a virtual photon. The spectrum of virtual pho-
tons, N, (E,), can be obtained by the Weizsicker Williams (W-W) method

59
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[1]. Let us consider a physical system S (can be an atomic nucleus), and a
particle with charge ) and velocity v passing by at a distance b (b is called
the impact parameter) — Fig. 7.1. The moving particle generates the elec-

(a) S b B, aS

—bI E; te,

wli

<y

Q Q Vv

Fig. 7.1 Moving charged particle interacting with a system S (a) and its electric field
vector (b).

tromagnetic field, the electric component of it can transmit some energy to
the system S. The electric field vector E is along the radius vector r, and
its value and direction changes as the particle moves. It is convenient to
split E into two components: longitudinal F; and transverse Fy.They are
given by the following formulae:

Ei(t,b) = —Qyvt/(b* + v*v?t?)*/? (7.1)

Es(t,b) = Qb/ (b + v*v*t?)/ (7.2)

and their behaviour with time is shown in Fig. 7.2. The W-W method

Fig. 7.2 Time dependence of the transverse (left) and longitudinal (right) components
of the electric field generated by a moving relativistic charged particle (from Ref. [2]).

consists in replacing the field components F;, Fs with relevant radiation
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pulses, and considering the interaction of the system S with this radiation.

Its frequency spectrum dl(w, b)/dw can be obtained from [(t,b) by the
Fourier transform [2]. For each field component
dly 5(w, b c
dha@@d) _ —|E12(w,b)]?, (7.3)
dw 21
where

E(w,b) = \/% /_m E(t,b)e™dt (7.4)

This function contains the dependence on the impact parameter b, and

(dho(li’ b 4 db;:’ L > bb (7.5)

should be integrated over it

dIw) _ /m

dw b

The result contains the leading term oc Z?/E, multiplied by a rather com-
plicated expression with Bessel functions. It depends on the minimum value
of the impact parameter, byi,. This can be obtained from the uncertainty
principle: bmin = h/Qmax wWhere Qmax is the largest allowed momentum
transfer. This occurs in backward scattering and equals Qax = 2muo, and
thus bymin = h/2mu can be taken as approximate value for the lower limit
of integration. If, however, this estimate of b, turns out to be smaller
than the nuclear radius R, one should take b,,;, = R, as for b < R the
nuclear interaction would dominate. The spectrum of virtual photons con-
tains mainly soft photons and falls down with increasing photon energy,
extending to the limiting value of yhc/byin. Figure 7.3 shows the spec-
tra of virtual photons, numerically calculated for the interaction of nuclear
beams of different energies with a stationary uranium target. For each
incident energy several curves are shown, corresponding to different mod-
ifications of the theory. It can be seen that at high energies they tend to
converge.

In order to obtain the cross section for electromagnetic dissociation,
the calculated virtual photon spectrum (one assumes that virtual photons
interact like the real ones) should be folded with the relevant experimental
photodissociation cross section o~ (Ey)

s = [ Ny o (B )E, (7.6)
0

The main contribution to the photodissociation cross section, as mea-
sured with real photons, comes from the giant dipole resonance, situated in
the region of 20-25 MeV for light nuclei, and at about 14 MeV for heavy
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i )

16710 20 30 40 50 &0 70

Fig. 7.3 Spectra of virtual photons calculated for charged particles of various energies
(in MeV), interacting with uranium target (from Ref. [3]).

nuclei. Figure 7.4 shows, from top to bottom, and for two reactions: 0
+ U =170 + X at 1.7A4 GeV (left) and 13°La + 197Au —19Au + X at
1.26 A GeV (right), the virtual photon energy spectrum, N, (E, ), the exper-
imental energy dependence of the relevant photodissociation cross section,
0(FE5), and the product of the above two functions. The integral of the
bottom curve yields the ED cross section. Figure 7.5 shows the experimen-
tal cross sections for a few photodissociation reaction channels of 2S nuclei
in a much wider energy range.

Observation of electromagnetic dissociation of relativistic nuclei was
claimed in some cosmic ray studies [4], but a convincing identification of
this process, with its characteristic o« Z? dependence, was obtained at the
Bevalac, in the reactions '2C —11C, ''B and 0 —'%0,'5N at 1.054 GeV
and 2.14 GeV on various targets [5]. These studies were later extended to
80 and %%Fe nuclei [3, 6]. Further investigations, using the CR-39 plastic
detectors instead of the magnetic spectrometer, were performed with 323
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Fig. 7.4 Components necessary for calculation of the ED cross sections for the reactions
180 4+U =170 (left), and La+'97 Au —196 Au (right) — details in text (from Refs. [3, 8]).
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Fig. 7.5 Energy dependence of some photodissociation cross sections of 32S nuclei (from
Ref. [7]).

nuclei from the Bevalac, 14.54 GeV 2%Si nuclei from the Brookhaven AGS,
and 604 GeV and 2004 GeV '°0 and ??S nuclei from the CERN SPS. For
the latter case it was found that ED contributes to the removal of up to
five nucleons from the sulphur nucleus [7].

A quite different technique, the activation method, was used for studies
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of electromagnetic dissociation of nuclei used as targets. An irradiated tar-
get was subjected to a gamma-spectrometric analysis in order to detect the
produced isotopes. In this way the electromagnetic dissociation of °?Co and
197 Au nuclei was studied, using various heavy ion beams at the Bevalac,
AGS and SPS energies [9]. The obtained Z-dependence of electromagnetic
dissociation cross sections at 1.26 A GeV is shown in Fig. 7.6, and the en-
ergy dependence in Fig. 7.7. For high energies, where cross sections for
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Fig. 7.6 Dependence of ED cross sections for the reactions '°7TAu —'96Au (upper
curves) and °?Co —58Co (lower curves) at 1.264 GeV on the charge Z of the pro-
jectile. Dashed lines are fitted to the data, while dotted ones, and round points, have
been calculated (from Ref. [8]).

the competing nuclear fragmentation channels were not directly measured,
they have been assumed to be the same as at lower energies (the hypoth-
esis of “limiting fragmentation”). An overall approximate agreement with
theoretical predictions for ED was found.

From Fig. 7.7 it can be seen that for heavy nuclei, and high energies,
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Fig. 7.7 Calculated energy dependence of cross sections for ED reactions in Au target.
The upper and lower curves are for one- and two-neutron removal reactions, respectively,
and the solid and dashed curves are for Au and Pb projectiles, respectively. Data points
at 1584 GeV, labeled NA53, are for Pb projectiles, those at lower energies are for Au
projectiles (from Ref. [9]).

the cross sections for ED processes become fairly large. Extrapolation to
the energies of RHIC, also shown in Fig. 7.7, indicates that for Au +Au
collisions at (100+100)A GeV the ED cross section is about 50 b, or almost
ten times the geometrical cross section. This means that it is the ED, and
not nuclear interactions, which limits the lifetime of the gold ion beams
circulating in the RHIC collider. A similar estimate for Pb+PDb collisions
in the LHC reaches above 100 b.
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7.2 Nuclear fragmentation

Reaction channels characteristic for ED processes are olso open in nuclear
fragmentation, as shown in the comparative diagram in Fig. 7.8, but many
other final states are possible, up to a complete disintegration of the frag-
menting nucleus. Nuclear fragmentation was studied in experiments which

ELECTROMAGNETIC DISSOCIATION NUCLEAR FRAGMENTATION
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Fig. 7.8 Examples of single-nucleon separation processes by electromagnetic dissocia-
tion and by nuclear interactions.

have been mentioned above in connection to ED, but also in other ones.
Main features of the fragmentation processes were established already in
the early studies at the Bevalac [10].

It was found that the distributions of momentum components of the
fragments in the rest frame of the projectile nucleus have a Gaussian shape
with the width (std. dev.) between 50 and 200 MeV, depending only on
the masses of the fragmenting nucleus, and of the fragment, and not on
the target nucleus and the beam energy. The angular distribution of the
fragments in the projectile rest frame is close to isotropy, and their mo-
mentum spectra indicate an effective temperature of 8-10 MeV, i.e. a very
low excitation. The isotope production ratios are approximately target and
energy independent. This suggests, as noticed by Feshbach [11], that the
fragmentation process can be viewed as a decay of an excited nucleus, i.e. a
delayed process which, according to Bohr’s independence hypothesis, keeps
little or no memory of the mechanism of its excitation. A simple theory
formulated along these lines by Goldhaber [12] predicts for any momentum
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component of a fragment in the rest frame of the fragmenting nucleus a

distribution of a Gaussian form with standard deviation

3 1/2
F(A-F)
9

o= —(p; 1.7
(B2 &
where A and F' are the mass numbers of the fragmenting nucleus and the
fragment, correspondingly, and (p?) is the mean squared momentum of a
nucleon in the fragmenting nucleus. This quantity is closely related to the
Fermi momentum pg. In the Fermi gas model of the nucleus which assumes
a constant occupation density in momentum space, i.e. dN/dp o p? with
a sharp cut-off at p = pp, this relation is (p?) = %p% [12]. However,
the Gaussian shape of the momentum component distributions found in
experiment points towards a Gaussian momentum distribution of nucleons
in the nucleus: dN/dp o p*exp(—p?/20?%). Figure 7.9 shows the results on
fragmentation of 'O projectiles at 2004 GeV [13]. The distribution has
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Fig. 7.9 Distribution of transverse momentum components in fragmentation of
200A GeV 60 nuclei in emulsion (from Ref. [13]).

the width of 144 + 6 MeV /¢, similar to that found at low energies (137 + 2
MeV/c at 2A GeV [14]), and a close-to-Gaussian form.

The mean angle of emission of a fragment is given by the ratio of its
transverse momentum which is of the order of the Fermi momentum pp
to the longitudinal momentum. Fragments from a fast moving nucleus
of mass A and total momentum AP?* have velocities close to that of the
projectile, or longitudinal momenta p;, ~ F'P with F' denoting the mass of
a fragment, and thus heavier fragments are emitted into a narrower angular

2Here P denotes the momentum per nucleon.
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USPh nuclei at

cone. Figure 7.10 displays the pattern of fragmentation of *
158 A GeV, as it appears on the plane perpendicular to the beam direction af
the distance of 25 m from target, after traversing the integrated magnetic

field of 7.8 Tm of the NA49 spectrometer at CERN [15]. The magnetic
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P ‘Nucleon’ S~y
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b | | T
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Fig. 7.10 Pattern of fragmentation of 1584 GeV 2%¥Pb nuclei in the CERN NA49
spectrometer (from Ref. [15]).

field is vertical and causes deflection of charged particles in the horizontal
plane, the deflection depending on the charge-to-mass ratio, Z/A, with
some spread due to the Fermi momentum. This deflection is 11.9 c¢m for
the 298Pb nuclei of the incident beam (Z/A = 0.39), 15.1 cm for fragments
with Z/A = 0.5, and 30.3 cm for protons. Broadening of the distribution
for each species is due to the Fermi motion, which also causes oval shapes
for charged fragments.

The isotopic spectra of fragments are also interesting. Figure 7.11 shows
the charge spectrum of fragments from '?C nuclei at 3.66A GeV, recorded
by the Cherenkov detector in an experiment at JINR, Dubna [16]. The
spectrometer allowed to obtain the full isotopic spectrum of fragments —
examples are given in Fig. 7.12. A very high yield of helium is visible
already in the charge spectrum of fragments, the isotopic analysis shows
that this is almost exclusively *He. This points out towards the alpha-
cluster substructure of the '>C nucleus. Among lithium isotopes, the °Li is
the most abundant.

Figure 7.13 shows the charge spectrum of the Z/A = 1/2 fragments ob-
tained from the 1584 GeV lead beam from the CERN SPS. The beam hitted
a 10 mm thick carbon target, and fragmentation products were analyzed on



Fragmentation Processes 64

counts per channel

40000
30000
Cc
20000 |
10000
o :
3 7

Fig. 7.11 Charge spectrum of fragments from 3.66A GeV '2C nuclei (from Ref. [16]).
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Fig. 7.12 Isotopic spectrum of helium and lithium fragments from 3.66A GeV '2C nuclei
(from Ref. [16]).
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the basis of the pulse height in a scintillation counter, combined with the
energy loss dF/dx measurement in six multiwire proportional chambers.
In this way a clear separation of nuclear fragments from boron (Z = 5) to
phosphorus (Z = 15) was achieved, and various selected nuclei could have
been used as projectiles in the NA49 experiment.
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Fig. 7.13 The 158A GeV lead beam fragmentation spectrum from a 10 mm thick carbon
target in a secondary beam line set to select Z/A = 1/2 fragments (from Ref. [17]).
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7.3  Fragmentation in its extended meaning

At very high energies, a collision of two hadrons leads to par-
ticle emission from three regions: that of the projectile, that of
the target, and a central one, as schematically shown in Fig. 7.14.
Particles emitted from outer regions are called
products of the projectile (or target) fragmen-
tation. This is based on the parton model in

\ 4

which an excited hadron can “fragment” into
partons, quarks and gluons, and quarks can
recombine in new hadrons. Similarly, in high
energy nuclear collisions all hadrons emitted
into the rapidity interval close to the rapidity
of the incident nucleus, and not only those
carrying baryonic number, are called projec-
tile fragments. This is the extended meaning
of “fragmentation”, which in lower-energy nu-
clear physics just means a decomposition of a
Pig T4 Sihemsatic disgrar nucleus into lighter nuclear species, or single
of particle production in a  nucleons. The width of the “fragmentation
high energy hadronic collision  region” in rapidity is about two units. Thus
one can expect fragmentation regions to be
well separated from the region of “central”
particle production only at very high energies, where the total kinemati-
cally available rapidity interval is much wider than four units.

Figure 7.15 shows pseudorapidity distributions of charged particles pro-
duced in Au+Au collisions at several energies, and for two values of central-
ity, as recorded by the PHOBOS experiment at RHIC [18]. The data have
been shifted to the rest frame of each of the colliding gold nuclei by plotting
them versus 7' = 7) & Ypeam. Overlapping of distributions at, correspond-
ingly, left or right edge can be seen at all energies, and for both centralities.
In the far right panels of Fig. 7.15 data for positive and negative ) have been
averaged, in order to better show this feature, which is called the “limiting
fragmentation”.”? No well separated central region has been observed up to
top RHIC energy of (100 + 100)A GeV, where ymax = 5.4.

b Also called “longitudinal scaling” as rapidity is a longitudinal variable.
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Fig. 7.15 Pseudorapidity distributions of charged particles produced in Au 4 Au colli-
sions at three energies and two centralities, plotted so as to show the “limiting fragmen-
tation” feature (from Ref. [18]). For more details see text.

Fig. 7.16

dN

Central Plateau

Fragmentation
region

Shape of secondary particles rapidity distribution expected at LHC energies.

For Pb+Pb collisions in the LHC at (2.75+2.75) A TeV ymax = 8.7 and
a central plateau should develop, as shown in Fig. 7.16.
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Chapter 8

Multiplicities and Relative
Abundances of Secondary Particles

8.1 Mean multiplicities

In collisions of relativistic nuclei, like in any hadronic interactions at high
energy, various secondary particles are being produced. Their number de-
pends on the energy of the collision, and on the “centrality”, or degree of
overlap of colliding nuclei, which determines the number of nucleons par-
ticipating in the collision (see Chapter 6). For “central” collisions of heavy
nuclei at high energies the total multiplicity of secondary particles can be
very large. Table 8.1 shows the mean numbers of charged secondaries from
central S+S* and Pb+Pb collisions at the SPS [1, 2], and Au+Au collisions
at three energies [3]. The total number of participating nucleons in cen-
tral Au+Au collisions is estimated to be about 350. A proportionality of

Table 8.1 Mean number of charged
secondaries in central collisions of var-
ious nuclei at several energies (from

Refs. [1-3]).

Reaction /syn, GeV (Nen)
S+S 19.6 228 + 6

Pb+Pb 17.3 ~ 1600

Au+Au 19.6 1744 + 131

Au+Au 130 4376 + 219

Au+Au 200 5290 + 264

the number of produced particles to the number of participating nucleons

aFor S+S collisions the mean multiplicity of charged secondaries has been calculated
from the published data on negatively charged particles, (N_). As sulphur is an isotopi-
cally symmetric nucleus with Z = N = 16, (N¢,) = 2(N_) + 2 - 16.

75
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was found already in carly experiments at the Bevalac [5, 6] and in Dubna

[7]. Figure 8.1 shows the multiplicity of negatively charged secondaries (at
these energies they all are pions) produced in La+La collisions at energies
from 0.53A4 GeV to 1.35A4 GeV as a function of the number of participating
nucleons. The above mentioned proportionality is clearly seen. A similar
situation is observed at higher energies — see below.

26 T T T T T

IS.L‘ & 130L.

("n‘)

0 50 100 160 200 250 300
number of participant nucleons

Fig. 8.1 Mean pion multiplicity as a function of the number of participating nucleons
in La+La collisions at three incident laboratory energies. The straight lines are fitted to
the data points (from Ref. [6]).

Instead of the number of participating nucleons, Ny, the number of
participating nucleon pairs, Npar/2, is used more often to show scaling
properties of various characteristics of nuclear collisions. Figure 8.2 shows
the total multiplicity of charged secondary particles per participant pair
as a function of the number of participants in Au+Au collisions at three
energies, in d+Au collisions at /s = 2004 GeV, and in p+p collisions
at /s = 200 GeV. Two interesting features of the data are visible. First,
similarly to earlier observations, for a given colliding system the multiplicity
of secondary particles is proportional to the number of participants over a
wide range of its values. Second, the multiplicity per participant pair in
p+p or d+Au collisions is significantly lower than that in Au+Au collisions
at the same energy per nucleon. This is clearly seen in Fig. 8.3 in which
multiplicities per nucleon pair are compared for various colliding systems.
For hadron-nucleus and d+Au collisions they agree with multiplicities in



Multiphicities and Relatioe Abundances of Secondary Pavticlos i

L B A i T "
30 + +, %mu GeV
& 25? HJ[IJU[TI]]{;T(I]IWW‘SO Gy
\E 201 + + + 200 GeV )
- 15_
= - -
;‘5 - O O W Au + Au vs centrality .
10 ® d + Au vs centrality ¢¢°°°°°C0 19.6 GeV —
5 A p+pinelastic UA5 ]
= A p +pNSD UAS e
0 " NI T S W1, " PYSRR W W ) 4 PRI S0 S U urY |
1 10 10° 10°
(N

Fig. 8.2 Total charged particle multiplicity per participant pair as a function of the
number of participants for Au+Au collisions at /syy = 19.6, 130 and 200 GeV, and
also for d4+Au and p+p collisions at \/syny = 200 GeV (from Ref. [8]).

p+Dp collisions at the same incident energy, while multiplicities in Au+tAu
collisions agree with those in p+p collisions taken at twice the incident
energy. It is well known that in a p+p(p) collision only about one half of the
available energy is used for particle production, the other half is retained by
the “leading nucleons” (one speaks about the inelasticity coefficient being
close to 0.5). It is most interesting that nucleons bound in nuclei seem to
be more effective in particle production.

The multiplicity density, dNe,/dy, or dNy,/dn, near midrapidity, is of-
ten taken as a convenient measure of the total multiplicity. In Fig. 8.4 this
quantity is plotted as a function of the collision energy. The straight line
fitted to data points plotted in a semi-log scale shows that this dependence
is logarithmic:

dNen/dn < In /sy (8.1)

In Fig. 8.5 the multiplicity density near midrapidity is again displayed
as a function of energy, for various high energy reactions. One can see
that, similarly to the data on total multiplicities which have been discussed
carlier, values of the multiplicity density near midrapidity for p+p(p) colli-
sions are systematically lower than those for nuclear collisions at the same
per-nucleon energy. A striking observation is that multiplicities in ete™
collisions follow the same dependence as those for collisions of relativistic
nuclei.

The total multiplicity of charged secondaries, N, approximately fol-
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Fig. 8:3 Ratios of total multiplicities of charged secondaries in various hadron-nucleus
and nucleus-nucleus collisions to the multiplicities in proton(antiproton)-proton inter-
actions, plotted against the number of participating nucleons. For interactions induced
by mesons, protons, and deuterons the proton(antiproton)-proton data are taken at the
same c.m.energy, while for Au+Au collisions the proton(antiproton)-proton data are
taken at twice the c.m.energy (from Ref. [8])

lows a logarithmic-squared dependence on the collision energy

Ng < In® \/sSNN (8.2)

This is a combined result of Eq. (8.1) and of the widening of the total mul-
tiplicity distribution in rapidity with increasing energy. This distribution,
dNen/dy, has an approximately trapezoidal shape, and its width increases
as Ypeam Which at high energies is proportional to In /sy .
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Fig. 8.4 Density of charged secondary particles near midrapidity (in the pseudorapidity
interval —1 < 1 < 1) divided by the number of participating nucleon pairs, plotted as a
function of the c.m.energy of the collision, for central Au+Au at AGS and RHIC, and
for central Pb+Pb collisions at the SPS (from Ref. [8]).
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Fig. 8.5 Densities of charged secondary particles near midrapidity (in the pseudorapid-
ity interval —1 < n < 1) divided by the number of participating nucleon pairs, plotted as
a function of the c.m.energy of the collision, for central nucleus-nucleus collisions (data
from AGS, SPS, and RHIC), proton(antiproton)-proton collisions, and ete™ collisions
(from Ref. [8]).
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8.2 Multiplicity distributions

The shape of the total multiplicity distributions has been studied in several
experiments (but not at RHIC). These distributions are wide, especially
for heavy nuclei. Figure 8.6 shows exemplary multiplicity distributions of
secondary charged particles from interactions of 2004 GeV %0 nuclei with
various nuclear targets. They have a characteristic shape: a peak at low
multiplicities, a more or less developed plateau region, and a steep fall. For
a given target they obey the KNO scaling [9], i.e. data at different energies
look the same if plotted versus the “normalized multiplicity”, N/(N) [4].
The shape of multiplicity distributions is determined by the collision ge-

186
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Fig. 8.6 Multiplicity distributions of secondary charged particles from 60 + (C, Cu,
Ag, Au) collisions at 200A GeV, measured in a wide angular interval (—1.7 < n < 4.2)
(from Ref. [10]).

ometry. Large cross sections at low multiplicities correspond to peripheral
collisions with large impact parameters, this is followed by an intermediate
region of gradually increasing overlap of the colliding nuclei, and finally by
a rapid decrease at their full overlap. Figure 8.7 shows multiplicity distri-
butions of negatively charged hadrons from “minimum bias” (i.e. recorded
without any selection) Au+Au collisions at \/syny = 130 GeV. Particles
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come from a narrow angular interval near midrapidity (the pseudorapidity
mterval —0.5 < 1 < 0.5), and have transverse momenta pp > 100 MeV/c.
One can see that the overall shape of the distribution resembles very much

Au+Au, /5 =130 GeV

a
Z.alo-‘ : ®  STAR,p > 100 MeV/c, || <0.5
% STAR, 5% most central E
- -
102 E
107 Preliminary —
10 e
10° ] ]
0 50 100 150 200 250 300 350 400
N
h

Fig. 8.7 Multiplicity distribution of negatively charged hadrons emitted into the pseu-
dorapidity interval —0.5 < n < 0.5, and having pp > 100 MeV /¢, from Au+Au collisions
at /syn = 130 GeV (from Ref. [11]). The 5% most central collisions are shown shaded.

those shown in Fig. 8.6, irrespectively of different colliding nuclei, the col-
lision energy higher by an order of magnitude, and taking only particles
emitted into a small fraction of the full space angle. The multiplicity distri-
bution shown in Fig. 8.7 has been normalized to the total inelastic Au+Au
cross section of 7.2 b. The shaded area in the plot indicates the multiplicity
distribution for the 5% most central collisions which contribute 360 mb to
the total cross section, and yield the largest multiplicities.

Mean multiplicities of all charged secondaries, (Nep), and of negatively
charged secondaries, (N_), together with corresponding values of the dis-
persion of multiplicity distributions, Dy, and D_, for '04Au “minimum
bias” and “central” collisions at 2004 GeV are given in Table 8.2. Figure 8.8
shows the dispersion of the multiplicity distributions of negatively charged
secondary particles from collisions of 10 with various nuclear targets at
60A GeV and 2004 GeV plotted against the multiplicity. The dashed line
has been fitted to the data on “minimum bias” collisions, showing approx-
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Table 8.2 Mean multiplicity and dispersion of all charged and of
negatively charged secondaries in O+Au collisions at 2004 GeV
(from Ref. [4])

Reaction <N(:h) D(‘h (N*> D_

O+Au, min.bias 111 +4 90+5 456+ 1.6 36.0 + 2.1
O+Au, central® 28043 B82+£3 1266+15 180+15

AFor ‘“central” collisions average values have been taken of two
samples selected with slightly different triggers.

imate proportionality of D_ to (N_) for this class of collisions. On the
contrary, points for “central” collisions lie far from this line, in the lower
right corner of the plot. Such collisions have high multiplicity and relatively
small dispersion, meaning that multiplicity distributions are narrow.

A reduction of the width of multiplicity distributions in nucleus-nucleus
collisions with impact parameter selection was already observed at energies
of several GeV per nucleon, where these distributions were found to have
Poissonian form: D_ = (N_)'/2. This is shown in Fig. 8.9 for Ar+KCl
collisions at 1.84 GeV [12], and for 2C and 6O collisions with various
nuclear targets at (4.3-4.6)A GeV [13]. In the first case collisions were
selected by the number of participant protons, while in the latter case
“central” collisions were selected for various colliding systems.
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Fig. 8.8 Dispersion of multiplicity distributions of negatively charged particles plotted
against the average multiplicity for “minimum bias” and “central” collisions of 60 with
various nuclei at 604 GeV and 200A GeV. Full line shows the dependence of D_ on
(N_) for proton—proton collisions, dashed line has been fitted to the data points for
“minimum bias” nuclear collisions. Points for “central” nuclear collisions lie in the lower
right corner of the plot (from Ref. [4]).
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Fig. 8.9 Dispersion squared of the multiplicity distribution of negatively charged pions
plotted against their average multiplicity for: (a) Ar+KCI collisions at 1.8A4 GeV (from
Ref. [12]), and (b) for '2C and 6O collisions with various nuclei at (4.3-4.6)A GeV
(from Ref. [13]). All events have been impact parameter selected (see text). Straight
lines correspond to Poissonian distributions.
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8.3 Particle abundances

Figure 8.10 shows the yields at midrapidity of various hadrons produced
in central collisions of very heavy nuclei (Au+Au or Pb+Pb), plotted as a
function of the energy of the collision. Data from AGS, SPS, and RHIC
accelerators have been scaled to the same number of participating nucleons
Npari = 350. A steep increase of all yields (except protons) in the AGS and
SPS energy range is clearly seen, with some flattening at RHIC energies.
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Fig. 8.10 Energy dependence of measured particle yields at midrapidity of various
hadrons produced in central collisions of very heavy nuclei (Au+Au or Pb+Pb). The en-
ergy intervals covered by various accelerators (AGS, SPS, and RHIC) are marked above
the horizontal scale. All data have been scaled to the same number of participating
nucleons Npart = 350 (from Ref. [14]).

Particles produced in collisions of relativistic nuclei are mostly pions,
charged and neutral, in approximately equal proportions. While in col-
lisions of nuclei with N = Z (light nuclei up to 30Ca), due to isospin
symmetry of the initial state (n,+) = (ny-) = (ngo), some excess of
negatively charged pions over positively charged ones is observed in col-
lisions of heavier nuclei which have more neutrons than protons. This

excess, relatively more important at lower collision energies, is clearly
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seen in Mg, 8.100  In general, the mean multiplicity of neutral pions is
(Ngo) = ((Npt+) + (nr-))/2.

With increasing energy of a collision, heavier particles become to be
produced more and more abundantly. K and K mesons appear first. Here
an excess of K’s over K ’s is observed due to two different production
mechanisms: the associated production of kaons together with hyperons,
N + N — Y + K, which has a lower threshold and is a source of K-
mesons only, while the kaon pair production, N+ N — N + N + K +
K, is a source of kaons and antikaons in equal proportions. A, ¥, and
also 2 and € hyperons are produced together with K-mesons in various
associated production processes. Due to an increasing importance of the
K K pair production, the excess of K+ over K~ decreases with increasing
collision energy. However, in the energy dependence of the K yield a sharp
maximum at \/syy ~ 7 GeV (a “horn”) is seen, as shown in Fig. 8.11. This
anomaly, occuring at the laboratory energy of about 304 GeV, was difficult
to explain, a conjecture was even made that it could indicate an energy
threshold for quark-gluon plasma formation [15]. Later, however, it has
been understood in the framework of the statistical-thermal model [16].
At RHIC energies the total yield of K-mesons relative to pions is about
20%. The proton yield at midrapidity decreases with increasing energy,
approaching that of antiprotons at the top RHIC energy.
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Fig. 8.11 Kaon-to-pion (K~ /7~ and Kt /xt) yield ratios near midrapidity plotted as
functions of the c.m.energy of the collision (from Ref. [17]).

Figure 8.12 shows the yield of ¢-mesons relative to charged pions as a
function of the c.m. energy of the collision. The ¢-meson (M = 1020 MeV)
has a small width (I' = 4 MeV), and can be detected via its dominant decay
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¢ — KVTK . lIts yield increases monotonically with increasing collision
energy, similarly to that of K ~-mesons, in fact the ratio ¢/K~ remains
constant within errors. At RHIC energies the yield of ¢-mesons relative to
pions is about 2%. In experiments studying the production of lepton pairs
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Fig. 8.12 Total ¢>/7ri yield ratio plotted as a function of the c.m.energy of the collision
(from Ref. [17]).

¢-mesons are detected via their relatively rare (~ 10™4) decays ¢ — putpu~,
or ¢ — eTe”. From a fit to the invariant mass distribution of lepton
pairs, the ratio ¢/(w + p) can be obtained” At SPS energies this ratio is of
the order of 0.5, but, as Fig. 8.13 shows, it increases with the number of
participating nucleons.

Figure 8.14 shows yields of antibaryons relative to baryons at midra-
pidity, plotted as a function of the c.m. energy of the collision. Yields of
antibaryons rise fast with increasing collision energy, approaching at RHIC
energies those of the corresponding antibaryons. This is what is expected
for a baryon-free central region where antibaryons and baryons are created
in pairs.

A large number of nucleons involved in a collision of nuclei, and a still
larger number of secondary hadrons emerging from such collisions at rel-
ativistic energies, call for using a statistical approach to these ensembles.
This approach proved extremely successful. It has turned out that the
statistical-thermal model is able to fit multiplicities of various particles pro-
duced in relativistic nuclear collisions remarkably well. The analysis of rel-
ative abundances of various particles points towards a chemical equilibrium

by and p mesons cannot be resolved, and usually they are assumed to be produced in
equal proportions.
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Fig. 8.13 The integrated yield ratio ¢/(w + p) as a function of the number of partici-
pating nucleons (from Ref. [18]).

of the final state. This could be, but not necessarily is, a consequence of
thermal equilibration of an intermediate partonic state: the quark-gluon
plasma.

The statistical-thermal model has two parameters: the baryonic chem-
ical potential pp, and the temperature, 7'. From experimental data on
particle abundances the value of the baryonic chemical potential can be de-
termined. For example, the ratio of the antiproton yield to that of protons
is given by the simple expression

p e (Btun)/T
b~ e ET
The other parameter of the model, the temperature, can be obtained from
the analysis of particle spectra, and/or from the phenomenological freeze-
out condition of a fixed energy per particle, (F) = 1 GeV [20]. Data sets
used for this analysis are shown in Fig. 8.15, and numerical values of the
statistical model parameters, together with estimates of the goodness of fit,
are collected in Table 8.3.
Figure 8.16 shows these parameters in graphical form [16].
The energy dependence of the baryonic chemical potential can be pa-

=g onsi L (8.3)

rameterized as

Il

i (s) (8.4)

a
1++/s/b
where a = 1.27 GeV, and b = 4.3 GeV [16]. The baryonic chemical potential
decreases with increasing energy of the collision, becoming quite small at
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Fig. 8.14  Yield ratios at midrapidity for various antibaryons and baryons as a function
of the c.m. energy per nucleon pair (from Ref. [19]).

Table 8.3 Parameters of the statistical-thermal model for cen-
tral collisions of various nuclei at several energies (from Ref. [21]).

Reaction /syn, GeV  up, MeV T, MeV n  x%/n

Au+Au 4.7 540 £ 7 125 +3/-6

Pb+Pb 8.7 400 + 10 148 £ 5 1. 11
Pb+Pb 17.3 255+ 10 170 £5 24 2.0
Au+Au 130 46 £ 5 174+ 7 13 0.8
Au+Au 200 296 177d="T 5 1.1

RHIC energies, while the temperature increases, reaching a plateau value of
about 170 MeV. As this value compares well with the critical temperature
obtained from the lattice QCD calculation for the phase transition, we
obtain a surprisingly consistent picture.

Besides all the particles discussed above, attempts have been made to
detect various short-lived resonant states. It is well known that in elemen-
tary hadronic interactions a large fraction of secondary particles is produced
via short-lived intermediate states. In nuclear collisions their detection is
more difficult in view of a large combinatorial background in invariant mass
distributions. Here positive results have been obtained for A*(1520) and
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Fig. 8.15 Abundance ratios of secondary hadrons in central collisions of very heavy
nuclei (open symbols), compared with the predictions of the statistical-thermal model
(short horizontal lines). Upper plot: Pb+Pb at \/syny = 8.7 GeV (from Ref. [21]),
middle plot: Pb+Pb at \/syny = 17.3 GeV (from Ref. [22]), lower plot: Au+Au at
V3NN = 130 and 200 GeV (from Ref. [23]).
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Fig. 8.16 Behaviour of the freeze-out baryon chemical potential pp (upper curve), and
the temperature 7" (lower curve) as a function of the c.m.energy per nucleon pair (from
Ref. [16]).

K*(892). Their widths are, respectively, 16 and 50 MeV. The A*(1520) has
been detected in its decay channel A* — p+ K~ in both Pb+Pb collisions
at /s = 17.34 GeV [24] and Au+Au collisions at /s = 2004 GeV [25].
Its yield relative to the A is A*/A =2 0.02, about a factor of two lower than
in p+p interactions. The K*(892) in the charge states K*° and K** has
been detected in its decay channel K* — K + 7 in Au+Au collisions at
Vs = 2004 GeV [26]. Its yield relative to kaons is about K*/K 2 (0.2,
again about a factor of two lower than in p+p interactions. The measured
yields of A*(1520) and K*(892) are also significantly lower than the thermal
model predictions. A possible interpretation of this result would be the loss
of the resonance signal due to scattering (elastic or inelastic) of daughter
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particles in the medinm, occuring just alter decay of a parent state. Such

processes change the invariant mass of the resonance decay products, and

might push it out of the resonance region, what leads to a decrease of the

observed signal.

Taking this as a plausible explanation of the observed discrepancies one

can conclude that multiplicities of secondary particles produced in colli-
sions of relativistic nuclei can be understood within the framework of the

statistical-thermal model.

The question of strangeness enhancement will be discussed in Chap-

ter 12, and the effect of suppression of charmonium in Chapter 16.

References

(1
2l
3]

[4]
[5]
(6]
(7]
(8]

T. Alber et al. (NA35 Collaboration), Eur. Phys. J. C' 2 (1998) 643.

NA49 Collaboration, private communication.

B. B. Back et al. (PHOBOS Collaboration), Phys. Rev. C'74 (2006) 021902,
and the PHOBOS Collaboration www page.

A. Bamberger et al. (NA35 Collaboration), Phys. Lett. B 205 (1988) 583.
J. W. Harris et al., Phys. Lett. B 153 (1985) 377.

J. W. Harris et al., Phys. Rev. Lett. 58 (1987) 463.

L. Simic et al., Phys. Rev. D 34 (1986) 692.

B. B. Back et al. (PHOBOS Collaboration), Nucl. Phys. A 757 (2005) 28,
and references therein.

Z. Koba, H. B. Nielsen and P. Olesen, Nucl. Phys. B 40 (1972) 317; P.
Slattery, Phys. Rev. Lett. 29 (1972) 1624.

I. Lund et al. (WA80 Collaboration), Z. Phys. C' 38 (1988) 51.

M. Calderon de la Barca Sanchez (STAR Collaboration), Nucl. Phys. A 698
(2002) 503c.

A. Sandoval et al., Phys. Rev. Lett. 45 (1980) 874.

J. Bartke et al., Yad. Fizika 32 (1980) 699 [Sov. J. Nucl. Phys. 32 (1980)
361].

A. Andronic, P. Braun-Munzinger and J. Stachel, Nucl. Phys. A 772 (2006)
167.

M. Gazdzicki and M. Gorenstein, Acta Phys. Polon. B 30 (1999) 2705.

P. Braun-Munzinger et al., Nucl. Phys. A 697 (2002) 902.

V. Friese et al. (NA49 Collaboration), J. Phys. G: Nucl. Part. Phys. 30
(2004) S119, and references therein.

D. Jouan et al. (NA50 Collaboration), J. Phys. G: Nucl. Part. Phys. 30
(2004) S277.

C. Hoehne et al. (NA49 Collaboration), Nucl. Phys. A 774 (2006) 35.

J. Cleymans and K. Redlich, Phys. Rev. Lett. 81 (1998) 5284.

P. Braun-Munzinger, K. Redlich and J. Stachel, Quark-Gluon Plasma 3, eds.
R. C. Hwa and X.-N. Wang (World Scientific, 2004), p. 491.



092 Introduction to Relatvnstic Heavy lon Physies

[22] P. Braun-Munzinger, 1. Heppe and J. Stachel, Phys. Lett. B 465 (1999) 15.

[23] P. Braun-Munzinger et al., Phys. Lett. B 518 (2001) 41; D. Magestro, J.
Phys. G: Nucl. Part. Phys. 28 (2002) 1748.

[24] V. Friese et al. (NA49 Collaboration), Nucl. Phys. A 698 (2002) 487.

(25] L. Gaudichet et al. (STAR Collaboration), J. Phys. G: Nucl. Part. Phys. 30
(2004) S549.

[26] H. Zhang et al. (STAR Collaboration), J. Phys. G: Nucl. Part. Phys. 30
(2004) S577.



Chapter 9

Longitudinal Distributions of
Secondary Particles

Longitudinal distributions of secondary particles from high energy reac-
tions are usually studied in rapidity, y, or pseudorapidity, n, variables.®
For identified particles, the “true” rapidity can be determined. This was
the case for experiments at the AGS where energies of secondary parti-
cles were not very high. Figure 9.1 shows the rapidity distributions for
pions, kaons, and protons from central Si+Al collisions at 14.64 GeV.
These distributions are anisotropic (isotropic distributions are shown in

Fig. 9.1 Rapidity distributions of pions, kaons, and protons from central Si+Al colli-
sions at 14.6A GeV (from Ref. [1]). See text for details.

Fig. 9.1 with solid lines), and for pions and kaons they can be described
assuming a longitudinally expanding thermal source, the expansion velocity
being (B1) = 0.52 (dashed lines in Fig. 9.1).> The width of the rapidity

#Sometimes also the Feynman’s z-variable, defined as x p = pL /PP, is used.
bThe transverse spectra of pions and kaons can be described using the same model
of an expanding thermal source, but the transverse expansion velocity turns out to be

smaller, (Br) = 0.33-0.39.

93
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distribution for protons is much larger, indicating an incomplete stopping
of the incoming nucleons.

At higher energies the experimental conditions are different: only a frac-
tion of secondary particles could be identified, and thus pseudorapidity is
generally used. Figure 9.2 shows pseudorapidity distributions of charged
hadrons (without their identification) from Au+Au collisions at two ener-
gies: /s = 19.6A4 GeV and /s = 2004 GeV for different “centralities”,
labeled by the fraction of the total inelastic cross section. At a fixed energy

- e
i

19.6 GeV h e 0-6% Au+Au 200 GeV o25.35% 1
&
o 6-15%

T G e R e

Au+Au

= 15:25%

Fig. 9.2 Pseudorapidity distributions of secondary charged hadrons from Au+Au col-
lisions at two energies, and for different centralities, labeled by the fraction of the total
inelastic cross section (from Ref. [2]). Note that vertical scales differ by a factor of two,
while horizontal scales are the same in both plots.

the number of secondary particles increases with increasing centrality, what
is due to the increasing number of participating nucleons, while the shape
of the distributions remains similar. On the other hand, with increasing
energy the shape of the distribution changes: while at SPS energies dis-
tributions show a single hump centered at midrapidity, at RHIC energies
they are wider, and in the central region almost flat, perhaps with a shal-
low minimum at midrapidity. The conjecture that at a fixed energy the
production of secondary hadrons is determined by the number of partici-
pating nucleons is supported e.g. by a comparison of Au+Au and Cu+Cu
collisions. In Fig. 9.3 such comparison is made, the two samples of nuclear
collisions having been selected in a way to feature similar numbers of par-
ticipating nucleons, Npar = 100. Both distributions are seen to coincide
within errors.

When passing from unidentified to identified hadrons, one can a priori
expect that longitudinal distributions of baryons should be basically differ-
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Fig. 9.3 Pseudorapidity distributions of charged hadrons from Cu+Cu and Au+Au
collisions at /s = 200A GeV. Centralities of the two samples were selected so as to yield
similar Npart. The grey band shows the systematic uncertainty for Cu+Cu, errors for
Au+Au are not shown (from Ref. [3]).

ent from those of mesons (and other newly produced particles), as nucleons
from the colliding nuclei are initially situated at two opposite edges of the
available longitudinal phase space, +y, (0r Ybeam and Yiarget), while new
particles will be produced mainly in the central region. This is indeed the
case, however the difference becomes really apparent only at higher ener-
gies. The initial distribution of nucleons can be described by two Gaussians
centered at Ypeam and Yearges, their width being determined by the intranu-
clear Fermi motion (see Chapter 3). As a result of the interaction, these
distributions suffer a shift towards midrapidity. The magnitude of this shift,
(dy), called the mean rapidity loss, is the measure of the nucleon stopping in
nuclear matter. Figure 9.4 shows this quantity as a function of the incident
energy. With increasing energy (dy) grows almost linearly with y, up to
SPS energies where it reaches the value of about 1.7 at /s = 17A GeV, but
then this dependence flattens. At /s = 2004 GeV (RHIC) (dy) = 2.1+0.2,
and a further extrapolation yields only slightly higher values at LHC ener-
gies.

Figure 9.5 shows rapidity distributions of “net protons”, i.e. “protons
minus antiprotons”, for Au4Au collisions at several incident energies.©
With increasing energy, a relatively narrow distribution becomes wider, and
at RHIC energies a central region with a low net baryon number becomes

©At lower energies nucleons are the only carriers of the baryonic number, at higher
energies a contribution from hyperons (i.e. “hyperons minus antihyperons”) should also
be taken into account.
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Fig. 9.4 The mean rapidity loss as a function of the incident energy (from Ref. [4]).
Beam rapidity in the c.m. frame, ycn, is used as a measure of the incident energy.
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Fig. 9.5 The net proton rapidity distributions measured at AGS (y/s = 5.54 GeV), SPS
(v/s = 17TA GeV), and RHIC (y/s = 200A GeV) for 5% most central collisions of very
heavy ions (Au+Au or Pb+Pb). For RHIC data the closed symbols indicate measured
points and open symbols are symmetrized (reflected), while the opposite is true for AGS
and SPS data (from Ref. [5]).

pronounced. At LHC energies a baryon-free (B = 0) region, about ten
units of rapidity long, can be expected.

Figure 9.6 shows the rapidity distributions of various secondary par-
ticles, and of their antiparticles, from central Au+Au collisions at /s =
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Fig. 9.6 Multiplicity densities of various secondary particles from Au+Au central col-
lisions at /s = 200A GeV as functions of rapidity. The lines show Gaussian fits to
experimental data. No such fit was attempted for protons (from Ref. [6]).
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Fig. 9.7 Ratios of pions, kaons, and antiprotons to their antiparticles in Au+Au
collisions at /s = 2004 GeV plotted as functions of rapidity (from Ref. [7]).

200A GeV. One can see that while longitudinal distributions of 7+ and 7~
coincide, those of K+ and K~ are different, with an excess of K *’s at large
rapidities. This effect can be understood in terms of two production mecha-
nisms of K1’s: the K K pair production occuring in the central region, and
the associated K'Y production of kaons together with hyperons occuring in
the baryon-rich region, i.e. at large rapidities. A difference between distri-
butions of protons and antiprotons is also clearly seen, antiprotons being
confined to the central region. The ratios 7= /7, K~ /K™, and p/p in
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Au+Au collisions at /s = 2004 GeV as functions of rapidity are displayed
in Fig. 9.7.

Let us note that at midrapidity the K~ /K™ ratio is almost one, indicat-
ing a dominance of the KK production in this region of phase space. The
p/p ratio at midrapidity is also not far from unity. In a fully baryon-free
region numbers of baryons and antibaryons should be equal.
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Chapter 10

Transverse Spectra of Secondary
Particles

Spectra of particles produced in collisions of relativistic nuclei are usu-
ally displayed in “transverse” variables: transverse momentum pp = psin#
where 6 is the emission angle with respect to the collision axis, or “trans-
verse mass” mp = y/ p2T + m% where myg is the particle rest mass. Both
these variables are Lorentz-invariant. The use of mp is suggested by ther-
mal emission models which predict a simple exponential shape of the spectra
in mp. Also, some experiments at colliders can measure identified parti-
cle spectra only in a narrow angular interval around the central value of
rapidity (|n| < 1.0 in STAR, |n| < 0.9 in ALICE), and thus the mea-
sured energy spectra are, in fact, the mr spectra, as E = (p? + m2)'/? =
(p? + p% +mi)'/? = my for small values of the longitudinal momentum
component py,.

For comparing spectra of particles with different masses, it is convenient
to replace myp by (mg — mg). When plotted in this variable, spectra of
different particle species all begin at zero on the horizontal scale, and their
slopes and detailed shapes can be well compared.

Spectra of produced particles are usually fitted with the formula®

1 do
mr dmr

= Cexp|—(mp —myg)/T] (10.1)

where the inverse slope parameter 7" is commonly called “temperature” of
the emitting source.

In early experiments with relativistic nuclei, performed at lower ener-
gies and with visual detectors, spectra of negatively charged particles were
mainly investigated as representing the “produced mesons”. With kaons
constituting a few-percent admixture, and with a negligible amount of an-

2Some authors prefer to use the formula with 1/7713/2 instead of 1/mp, what results in
slightly lower values of T" obtained from the fitting procedure.
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tiprotons, such spectra represent quite well those of produced pions. The
close-to-exponential shape of secondary particles spectra was noticed al-
ready in those experiments. With the development of more sophisticated
detection techniques, spectra of various types of particles can be determined
separately. As an example, Fig. 10.1 shows the spectra of six types of par-
ticles from the Pb+Pb collisions at 158 A GeV. The main features of these
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Fig. 10.1 Transverse mass spectra of pions, kaons, protons and their antiparticles from
Pb+Pb collisions at 1584 GeV. Spectra of K+ /K~ and p/p have been shifted upwards
for clarity. Dashed lines are the exponential fits (from Ref. [1]).

spectra are: close-to-exponential shape, similar slopes for particles and an-
tiparticles, and increase of the inverse slope parameter 7' with increasing
particle mass.

The dependence of the inverse slope parameter 7' on the particle mass
is shown in Figs. 10.2 and 10.3. Figure 10.2 shows that this dependence,
absent in p+p collisions, becomes stronger with increasing masses of the
colliding nuclei. Figure 10.3 shows the dependence of T on m for central
Pb+Pb collisions at 15684 GeV. This dependence is suggestive of a trans-
versely expanding source. An expansion with a velocity A would cause a
linear increase of the apparent “temperature”, T}, with increasing particle
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Fig. 10.2 Inverse slope parameter 7' for pions, kaons, protons, and their antiparticles
in p+p, S+8S, and Pb+Pb collisions at 1584 GeV (from Ref. [1]).
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Fig. 10.3 Dependence of the inverse slope parameter 7' on particle mass for central
Pb+Pb collisions at 1584 GeV (from Ref. [2]).

mass, what is indeed observed in Fig. 10.3. The relevant phenomenological
model is a “blast wave” [3], with the expansion velocity assumed to in-
crease with the radius r: S = (s r/Ra where 5 is the flow velocity at the
surface, and R is the outer radius of the expanding fireball. A fit to the
experimental spectra yields the values of T" and of the average transverse
flow velocity (B7) = 23, [4]. Common values of T and of (A7) obtained
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from a simultancous fit to the spectra of different particles speak in favour
of the validity of this simple model. It should be mentioned that slight
deviations of some spectra from an exponential shape are also accounted
for by the model.

Figure 10.4 shows, as an example, strange particle spectra from Pb+Pb
collisions at 158 A GeV, together with curves obtained from the blast-wave
model. The quality of the fit is good, and the obtained values of the model
parameters are T' = (144 + 7) MeV, (6r) = 0.38 £ 0.01.
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Fig. 10.4 Transverse mass spectra of strange particles for the 53% most central Pb+Pb
collisions at 1584 GeV, together with blast-wave fits (from Ref. [5]).

Figure 10.5 shows the dependence of T" and By on the number of nu-
cleons, Npare, participating in the interaction, for Au+Au collisions at
Vs = 200A GeV. The values of T lie in the range of 120140 MeV, similar
as at SPS energies, what is consistent with the interpretation of 17" as the
“universal” thermal freeze-out temperature. With increasing centrality of
a collision 7" decreases slightly, while the radial flow velocity (1 increases
and reaches the values 0.70c-0.75¢, significantly larger than at SPS ener-
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Fig. 10.5 Blast-wave model fit parameters T and pBp as functions of the number of
nucleons participating in a Au+Au collision at /s = 200A GeV. A single point for
central Au+Au collisions at /s = 62.44 GeV is also shown (from Ref. [6]).

gies. This last feature can be understood as resulting from a higher initial
state density created in nuclear collisions at higher energies, which leads to
a higher pressure gradient.

At SPS energies the transverse momentum spectra have been measured
up to pr = 2-3 GeV/c, at RHIC this limit was pushed up to pr ~ 10 GeV/c
for charged hadrons (STAR), and up to pr = 20 GeV /c for 7%’s (PHENIX).
It is a common conjecture that high pp particles arise not from “thermal
emission”, but from another mechanism: “hard collisions” and/or “parton
cascade”. The contribution of “hard collisions”, small at SPS energies,
should increase with increasing incident energy, and at RHIC energies is
estimated to be at the 10% level [7]. As “hard collisions” produce more
secondary particles, their relative contribution to particle spectra would
be even more substantial. Nevertheless, the pp spectra at RHIC continue
to show an exponential shape also for higher pp. Some change in this
behaviour might occur at the LHC, where “hard processes” would probably
play a dominant role.

It is, of course, interesting to check whether transverse spectra of sec-
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ondary particles in other regions of phase space differ much from those
measured at midrapidity. Figure 10.6 shows the dependence of the mean
value of the transverse mass, (mr), which characterizes the width of the mp
distribution, on the rapidity, y. A very weak dependence of (my) on y is
seen, with only a slight decrease towards y = 3-4, meaning that transverse
spectra do not change appreciably in this rapidity range.
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Fig. 10.6 Mean value of the transverse mass as a function of rapidity for pions, kaons,
protons and their antiparticles from central Au+Au collisions at /s = 2004 GeV (from
Ref. [8]).
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Chapter 11

Electromagnetic Effects on Charged
Meson Spectra

Influence of the electric charge of the target nucleus on the energy spectra of
secondary particles emitted in nuclear reactions has been known since more
than 50 years. In nuclear emulsions exposed to cosmic rays, it was found
that among low energy (Eyi, = few MeV) pions there is more 7~ than 7+
[1]. This charge asymmetry increases with the increasing atomic number of
the target nucleus, similarly as in the earlier exposure of emulsions to 390
MeV a-particles from the cyclotron. It has been explained by the Coulomb
effect: positively charged mesons leaving the nucleus acquire an additional
energy by Coulomb repulsion, while for negatively charged ones the opposite
situation occurs. This conjecture was later confirmed by a similar study
in emulsions exposed to 9 GeV protons from the synchrophasotron [2]. In
this experiment it was found that the mean kinetic energy of positively
charged slow pions is larger than that of negatively charged ones, and the
7n~ /7T ratio decreases with increasing pion energy, the charge asymmetry
disappearing at Ey;, ~ 20 MeV.

In experiments with relativistic heavy ions, aimed mainly at the quest
for quark-gluon plasma, such effects have been considered to be of marginal
importance. It turned out, however, that they deserve a certain attention.
In collisions of heavy nuclei a large amount of electric charge is present. In
a central collision of two nuclei of atomic number Z, the total charge of
the created fireball will be ~ 2Ze, or about 160e for an Au+Au or Pb+Pb
collision. This charge should have an effect on spectra of secondary charged
particles. Due to the long-range nature of the electromagnetic interaction,
charged particles will feel it even after the freeze-out and their spectra will
be distorted.

In a peripheral collision, the charge of the central fireball will be smaller,
but an appreciable charge will be carried by the spectator parts of the
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colliding nuclei. This charge should also have an effect on spectra of charged
secondary particles, specifically in some regions of phase space.

The ratio of the spectra of negatively and positively charged pions emit-
ted near midrapidity has been studied in central Au+Au collisions at the
AGS, and in central Pb+Pb collisions at the SPS [3]. Figure 11.1 shows
this ratio as a function of the pion kinetic energy® in central Au+Au col-
lisions at 11.6A GeV [4]. For slow pions the 7~ /7" ratio is significantly

2.0

1.6

~Ja

0 50 100 150 200 250 300 350 400
my —m (MeV)

Fig. 11.1 The n~ /7t ratio as a function of transverse mass in central Au+Au colli-
sions at 11.6A GeV. The histogram has been obtained assuming the model of a radially
expanding fireball of 10 fm radius at pion freeze-out (from Ref. [4]).

higher than for more energetic ones. This effect can be explained by elec-
tromagnetic interaction between pions and the central fireball, and allows
to determine its radius at the pion freeze-out to be about 10 fm (histogram
in Fig. 11.1).> This is about twice the radius of the gold nucleus and thus
the initial fireball must have expanded to reach this size. The expansion
velocity can be estimated from the analysis of particle transverse spectra
(see Chapter 10), giving a consistent picture of a radially expanding hot
system.

Figure 11.2 shows the ratio of the kinetic energy spectra of negatively
and positively charged pions emitted near midrapidity in nuclear collisions
at the SPS. The three presented samples are: central S4-S and S+Pb colli-
sions at 2004 GeV, and central Pb+Pb collisions at 1584 GeV. For Ph+Pb

aAt midrapidity pr = p, mp = E, and mp — m = Ey,.

PIt should be mentioned that the overall excess of negative pions over positive ones
results from isospin effects due to neutron-over-proton excess in heavy nuclei. This
effect is of the order of [(N + Z)/2Z — 1] = 25% for Au+Au or Pb+Pb collisions.
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Fig. 11.2 The 7~ /m* ratio for: (a) 1584 GeV Pb+Pb, (b) 200A GeV S+Pb, and (c)
200A GeV S+S central collisions, plotted as a function of the pion transverse mass. The
data have been arbitrarily normalized to unity at high mp (from Ref. [5]).

collisions a pronounced enhancement of this ratio appears at low values of
mp — m, while the ratios for lighter systems are almost flat. Again, the
effect observed for Pb+Pb can be explained by the Coulomb interaction
[5].

In Au+Au collisions at the AGS (10.84 GeV) another effect was also
observed [6]. A depletion in the 7+ /7~ ratio (or enhancement in the 7= /7
ratio) at small my was found for rapidities close to the beam rapidity
(y = 3.14). It has been attributed to the Coulomb effect, but in this case
it would be the interaction with the spectator parts of the colliding nuclei.

This interesting observation was confirmed for Pb+Pb collisions at 158 A
GeV [7]. Here a strong enhancement in the 7~ /7t ratio for pr ~ 0 was
observed at y & Yheam = 5.7. The effect is substantial: the 7~ /7T ratio
reaches the value of ~ 7 for the most peripheral collisions, and smoothly
decreases with the increasing centrality of the collision. This is shown in
Fig. 11.3 for two values of rapidity. One can see that at y = 6.4 the effect
is much weaker than at y = 5.7.
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Fig. 11.3 The 7~ /7t ratio in Pb+Pb collisions at 1584 GeV for pp ~ 0 as a function
of the mean number of participating nucleons at rapidities y = 5.7 and y = 6.4 (from
Ref. [7]).

This rapidity and centrality dependence of the 7= /7 ratio further sup-
ports the hypothesis of the Coulomb interaction of charged pions with the
projectile spectators. In the most peripheral collisions the number of spec-
tator nucleons, about one-half of them being protons, is the largest, and
thus their effect on pion spectra should be the strongest. For the most
central collisions the opposite situation takes place.

A systematic study of the Coulomb effect on charged pion spectra in
Pb+Pb collisions at 1584 GeV has been recently undertaken in Ref. [8].
A two-dimensional study (in 2 and pr) gives a more detailed insight into
this phenomenon. Figure 11.4 shows the results, this time for the 7% /7~
ratio. A deep minimum in this ratio appears at xp ~ 0.15, and at small
pr. Theoretical calculation of electromagnetic interaction between the pro-
duced charged pions and the spectator parts of incident nuclei in a periph-
eral Pb+PDb collision, presented in Refs.[8, 9], yields a very similar pattern.
Moreover, it shows that the effect of the spectator matter electric charge
on the pion spectra has some sensitivity to initial conditions of pion pro-
duction, such as the source size and the emission time. Thus, investiga-
tion of the Coulomb effect on charged particle spectra provides a different,
and hopefully complementary, approach with respect to correlation stud-
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Fig. 11.4 The nt /7~ ratio as a function of zp for various values of pr in the range
0 < pr <700 MeV/c (from Ref. [10]).

ies which since a long time have been used to obtain information on the
space-time particle distribution at freeze-out (see Chapter 14).
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Chapter 12

Production of Strangeness and Heavy
Flavours

12.1 Strangeness

Strangeness enhancement in collisions of high energy nuclei relative to el-
ementary reactions was proposed already in the 1980s as a signature of
a phase transition to quark-gluon plasma which was expected to occur in
such collisions [1]. In view of these predictions, the production of strange
particles has been intensively investigated by several experimental groups
working at AGS, SPS, and RHIC accelerators.

As a rule, strange particles are being identified by their decays. For
charged kaons, K and K, this is difficult because of their long lifetime
(et = 3.71 m), and they are usually identified by the combined momentum
and time-of-flight, or dF/dx, measurements. Nevertheless, in Ref. [2] it has
been shown that decays in flight of charged kaons, appearing as “kinks”
on tracks, can also be used for their indentification. This is based on the
fact that in the dominant kaon decays K — pr and K — 7w, transverse
momenta of the decay products can assume values up to, correspondingly,
236 and 205 MeV /¢, substantially higher than the maximum value of 30
MeV /¢ in decays of pions 7 — pv which constitute the main background.
Thus all “kinks” with transverse momentum exceeding 30 MeV/c can only
be decays of kaons, and the loss due to this cutoff can be easily corrected
for.

The main objects in investigations of strangeness production are neutral
kaons K2, and A, ¥, =, Q hyperons, and their antiparticles. They all have
similar characteristic decay lengths, ¢ ~ few cm, what makes their detec-
tion (except for 3 hyperons) relatively easy. The commonly studied decay
channels are listed in Table 12.1* Finding a secondary (decay) vertex, and

aWe quote rounded values for clarity, for more accurate values and their errors see
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Table 12.1  Commonly studied strange particles.

Particle Mass, MeV  e¢7, ecm  Decay channels  Fraction, %

K? 497.6 2.68 L 69.2
A9, A0 1115.7 7.89 pr—, prt 63.9
=-,Et 1321.3 4.91 A=, AOn+ 99.9
0= 0r 1672.4 2.46 AOK=, A°KT 67.8

performing a kinematic fitting to it of tracks of the decay products, makes
the identification of the parent particle possible. In a dense track envi-
ronment which occurs in relativistic nuclear collisions, finding a secondary
vertex is, however, not feasible. Then, a “statistical” separation of various
types of strange particles can be attempted. Such method was invented
by Podolanski and Armenteros in 1954, in early studies of strange particle
decays in a cloud chamber exposed to cosmic rays [4]. It uses the a and
pr variables, a being defined as a = (py —p-)/(p+ +p—), with p; and p_
being, correspondingly, longitudinal momentum components of positively
and negatively charged decay products, and pr being the transverse mo-
mentum in the decay. Figure 12.1 shows the two-body decay kinematics in
the laboratory system (LS) and in the centre-of-mass system (CMS), and
defines the p, and p_ variables. Different types of strange particles: K A,

LS CMS

primary decay
vertex vertex

Fig. 12.1 Decay kinematics in LS and CMS.

and A, when plotted in the o — pr plane, fall on elliptical contours shown
in Fig. 12.2.

The Armenteros—Podolanski method was successfully used also in accel-
erator experiments. We quote data of the NA49 experiment at the CERN

Ref. [3]. ¥ hyperons are not included in the Table, as identification of decays of ©F
hyperons is in practice very difficult (“kinks” on tracks, close to the primary vertex),
and Y hyperons are, due to their very short lifetime, mixed with A hyperons.
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SPSC AL random pairs of positively and negatively charged particles emerg-
ing from Ph4 b collisions at 1584 GeV have been taken for the plot shown
in g, 12.3.  Accumulation of points along elliptical contours shown in
Iig. 12.2 appears clearly, allowing to estimate production rates of three
types of strange particles: KY A, and A. One should, however, keep in
mind that A(A) hyperons are not only the ones directly produced, but con-
tain also the decay products of ¥£°(3°) hyperons which cannot be separated
because of their very short lifetime.

Identification of Z(Z) and 2(2) hyperons is more difficult, as it requires
the reconstruction of a (secondary) A(A) as a first step, and then, if its line
of flight “misses” the primary vertex, associating it, correspondingly, with
an appropriate 7~ (71) or K~ (K™) track.

-1.0 -069 0.0 069 10

Fig. 12.2 The Armenteros—Podolanski plot.

Various measures of the strangeness content among the produced par-
ticles can be used. The simplest one is the K /7 ratio, a better one is the
As parameter, introduced in [6], and based on quark counting

) (12.1)

* 7 (ua) + (dd) )
This parameter measures the relative strangeness content in a given reac-
tion. In order to correct for unobserved decay channels, the strangeness

yield, (s§), appearing in the numerator is evaluated as

(s8) = 1.6(A) + L.6(A) + 4(K?) (12.2)
where (X) denotes the experimentally observed mean number of decays of
strange particles of type X.
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Fig. 12.3 The Armenteros—Podolanski plot for real data from the NA49 experiment
(from Ref. [5]).

In p+p and p+A reactions the yield of strange quark pairs is about 22%
of that of light quark pairs, and nearly independent of \/s. In heavy ion
collisions a much higher strangeness yield is observed. Enhancement in the
K /m ratio was seen for the first time by the E802 experiment at the AGS,
the E859 and NA35 reported confirmation of the factor of two enhancement
in collisions of heavy nuclei over p+p and p+A. A very strong effect has been
observed for hyperons and antihyperons. The relevant results of the CERN
experiment NAS7 are shown in Fig. 12.4. One can see that the strangeness
enhancement factor for multi-strange hyperons, and antihyperons, is larger
than for |S| = 1 particles, reaching 6-10 for Z(Z), and about 20 for ().
A very similar pattern has been observed at RHIC.

A great success of the statistical-thermal model which correctly predicts
relative particle yields” in relativistic nuclear collisions suggests, however,
that instead of speaking of “strangeness enhancement” in nuclear collisions
relative to elementary reactions, one should rather speak of “strangeness
suppression” in the latter ones. In a central collision of relativistic nuclei,
a thermally equilibrated state is formed. If for some reaction a relative

bThe model has only two parameters: temperature 7', and baryonic chemical potential
pp. See Chapter 8 for more details.
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Fig. 12.4 Hyperon and antihyperon production in p+Be, p+Pb, and Pb+Pb collisions
at 1584 GeV (from Ref. [8]).

strangeness suppression is observed, this means that a full statistical equi-
libration has not been reached.

In Fig. 12.5 the relative strangeness content is shown as a function of
the number of nucleons participating in the collision (“wounded nucleons”,
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w

TTTTT

0.2

0.15

Q?m I

0.1

0.05

IARREREEEN)

peigiiboea oo bovog o el i g

100 200 300 400 0 100 200 300 400
N

N

orllLlllllllllllllll

o

'wound Yraund

Fig. 12.5 System size dependence of strangeness production at SPS and RHIC energies
([7], data from Refs. [9] and [10]).

Nuwound) at SPS energies (left panel), and at RHIC energies (right panel).
Changing the number of Nyoung in the left panel is achieved by studying
central collisions of various nuclei ( p+p, C+C, Si+Si, S+S, Pb+Pb) at the
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top SPS energy of 1584 GeV (/syn = 17.3 GeV) [9]. As the estimator of
the strangeness content, the quantity

(A) +2((K™) + (K7))

(m)

with () = 3/2((r") + (7)) has been used. Data shown in the right panel
have been obtained by selecting different centralities in Au+Au collisions
at \/syn = 200 GeV [10]. Here the K" /7t ratio has been used as the
estimator of strangeness content.

E, =

(12.3)

In spite of these differences (let us also note some difference in the ver-
tical scale), both plots are very similar. The strangeness content increases
steeply with the size of the collision system up to about 60 participating
nucleons, where it begins to saturate. Figure 12.6 shows that the same
pattern is obtained for different strangeness carriers.

. A e
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Fig. 12.6 System size dependence of strangeness production in Pb+Pb collisions at
158A GeV shown separately for four different strangeness carriers (from Ref. [11]).

Taking the viewpoint presented above, the relevant parameter for de-
scribing the evolution of the production of strangeness in relativistic heavy
ion collisions would be the strangeness undersaturation factor, v, defined
as vs < 1, with 5 = 1 for the full statistical equilibrium. To quote an
example, 75 = 0.51 for p-+p collisions at /s = 27.4 GeV [12].
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12.2  Heavy flavours

Investigation of the production of heavy flavours (charm and beyond) is
much more difficult because of the very short lifetime of particles containing
heavy quarks (10712 —10713) s. This, and also typically multiparticle decay
channels, make them not easily accessible for detection. Main properties
of some particles carrying charm and beauty are listed in Table 12.2. At

Table 12.2 Charmed and beauty particles.

Particle  Mass, MeV  c7, um Dominant
decay channels®

D* 1869 312 KOX KOX K*X
DO, DO 1864 123 K9X, KX KX

Ac 2286 60 NX,AX

B* 5279 491 DYX, DYX
BY, BO 5279 459 KE*X, DOX DX

Ay 5624 369

Here “X”stands for “anything”, which in most cases
is a multiparticle final state.

SPS energies the relevant production cross sections are very small, and
only some indirect evidence for an enhanced charm production in nuclear
collisions has been obtained from the analysis of mass spectra of dileptons
below the mass of the p-meson. For “elementary” reactions the dilepton
mass spectrum in this interval can be understood as resulting from decays
of a “cocktail” of various particles (including charmed ones) being produced
with the known cross sections. In collisions of nuclei, however, a relative
enhancement in this interval of the mass spectrum is observed, which can be
partly explained if an enhanced production of charmed particles is assumed.

At RHIC the production cross sections are substantially larger, but at
present no detector is equipped with a “vertex detector” with spatial reso-
lution high enough as to record decay vertices of such short-lived particles.
Direct reconstruction of D°(D") mesons has been attempted by the STAR
Collaboration in d4+Au and Au+Au collisions at \/syy = 200 GeV, using
the decay channels D — K~7nt and D° — K*7~, the branching ratio
being 3.8%. Figure 12.7 shows the invariant mass distribution for minimum
bias Au+Au collisions. A clear D meson signal can be seen above the huge
combinatorial background, which is due to very high multiplicity of ana-
lyzed events. The small statistics does not allow for any detailed analysis
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Fig. 12.7 K invariant mass distribution in the DY(DY) region from minimum bias
Au+Anu collisions at \/syn = 200 GeV (from Ref. [13]).

of charm production, the data being restricted to low values of pp.

More information can be obtained from the study of single electrons and
muons coming from the also relatively rare semileptonic decays, analyzed
by the PHENIX Collaboration. Electrons with high transverse momentum,
pr > 1 GeV/e, are believed to be of non-photonic origin (i.e. not resulting
from v — ete™ process, or Dalitz decays 7° — et
can be attributed to leptonic decays of particles containing heavy quarks.
Electrons with 1 < py < 2 GeV/c should come from D mesons, those with
higher transverse momenta, pp > 4 GeV/c, could be attributed to particles

e ,n — ete™), and

containing the b-quark.

Results from STAR show that the cross section for the production of
charm at RHIC energies reaches the value of about (1.3 + 0.2) mb per
nucleon-nucleon collision, similar to that in p+p collisions. Figure 12.8
shows these results for various colliding systems at /syn = 200 GeV.
Charm production seems to follow the binary scaling all the way from p+p
to Au+Au collisions, what suggests that charm is predominantly produced
at an early stage of the collision, and the contribution of secondary produc-
tion processes is small. The perturbative QCD calculation underestimates
the experimental results. More accurate data can be expected when the
upgrade of RHIC detectors is completed. New data should also resolve
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Fig. 12.8  Charm cross section at midrapidity per binary collision for d+Au, minimum
bias Au+Au, and central Au+Au collisions at \/syny = 200 GeV. Results of perturbative
QCD calculation are shown with the grey band (from Ref. [14]).

the discrepancy between measurements of STAR and PHENIX (the charm
cross sections from PHENIX are lower by about a factor of ~ 2 [13]).
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Chapter 13

Emission of Light Nuclei, Antinuclei,
and Hypernuclei

13.1 Light nuclei and antinuclei

In nuclear collisions, light nuclei emitted at rapidities close to that of beam
or target are fragments of the colliding nuclei (see Chapter 7). Light nuclei,
and also antinuclei, are, however, being emitted also in the central kinematic
region, far from the beam or target rapidity. The dominant mechanism for
this is believed to be final state coalescence.”
which have found themselves close in phase space (in close proximity and

Nucleons, or antinucleons,

with small relative momenta) may form a nucleus or an antinucleus. A sim-
ple theory [1], based on probability arguments, gives the following relation
between the yield of nuclei of mass A and momentum p and the yield of
nucleons of momentum p/A

Boa Poy 2
g _m, (g BN 13.1
Fp A( «13(7)//1)) (13.1)

where By is the coalescence parameter which characterizes the likelihood
of the formation of a bound state of A nucleons.

Relation Eq. (13.1) has been verified at Bevalac and AGS energies. In
Fig. 13.1 results from AGS are shown. Yields of light nuclei up to A = 7 in
Au+Pb collisions at 11.5A4 GeV have been measured at rapidity y = 1.9.
Over almost ten orders of magnitude the yields are well described by a
simple exponential dependence. This dependence is very steep: adding a
nucleon to a cluster generates a “penalty factor” of about 48.

It has also been found that invariant yields of various nuclei are pro-
portional to their spin weight factor, 2.J + 1, and increase slightly with the
binding energy per nucleon.

2Coalescence means “uniting into a whole”.
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Iig. 13.1 Invariant yields of various nuclei from Au+Pb collisions at 11.5A GeV near
y = 1.9 as a function of their mass number A (from Ref. [2]).

As the coalescence parameter, By, decreases with increasing energy of
the collision (see below), at SPS and RHIC energies only the lightest nuclei
could be detected. On the other hand, at SPS energies coalescence studies
could have been extended also to light antinuclei.” Figure 13.2 shows the
results of the CERN NA52 experiment which studied Pb+Pb collisions
at 1584 GeV. In the central region light nuclei and antinuclei with mass
numbers A < 3 (d, d, t, t, *He, and *He) have been detected,® while nuclei
with A < 7, and no antinuclei, have been detected in the fragmentation
regions. A similar study at RHIC showed d and *He [5].

Extraction of the coalescence parameters B4 and Bj from the data
is not straightforward as the reference yields of protons and antiprotons
should be corrected for the feed-down from hyperon and antihyperon de-
cays. Due to uncertainties in this procedure the extracted numbers have
relatively large errors. A compilation of coalescence parameters By and Bs
is given in Fig. 13.3. The values extracted from the yields of nuclei and of
antinuclei are compatible within experimental errors. An overall decrease
of coalescence parameters with increasing energy of the collision is clearly
seen.

In a statistical model which assumes thermal and chemical equilibrium

b Antideuterons were detected at the AGS, but the statistics was very low [3].
“Let us note similar yields of tritium and 3He, as it might be expected for the coalescence
mechanism.
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Pb+Pb collisions at 158 AGeV
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Fig. 13.2  Yields of secondary particles, antiparticles, light nuclei and antinuclei from
Pb+Pb collisions at 1584 GeV (from Ref. [4]).

in the “fireball” of a certain volume V', the coalescence parameter is related
to this volume: By o< V=(A=1 [1, 6]. For deuterons this means simply
By o< V™. Extracting the size of the volume from the coalescence param-
eters is somewhat model-dependent, but the obtained values of the radius
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plotted are the average values for p+A collisions. From Ref. [5].

of the particle source are compatible with those obtained from particle in-
terferometry (see Chapter 14). Coalescence studies may thus be considered
as a complementary method to determine the size of the particle emission
source. As it is known that the size of the fireball increases with increasing
energy of the collision, a decrease of coalescence parameters with increasing
energy, seen in Fig. 13.3, can be qualitatively understood.

If the particle emission volume is thermally and chemically equilibrated,
then the invariant yields should obey the Boltzmann statistics

3o

EdTpocEeXp[—(E—u)/T] (13-2)
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where gois the relevant chemical potential. For baryons g = jup, and for
antibaryons g jepp. Thus from the nucleus/antinucleus yield ratios at
central rapidity the ratio pp /T can be derived [7]

JM/E(I:‘UA

d3pa

Taking the value of the “temperature” T from the slope of the spectra (see
Chapter 10), the baryonic chemical potential pp can be evaluated. The
value obtained from the d/d ratio (A = 2 in Eq. (13.3)) agrees quite well
with that from the p/p ratio (A = 1 in Eq. (13.3)). This confirms the
validity of the assumption that light nuclei and antinuclei are being formed
by the coalescence mechanism in a thermally and chemically equilibrated

fireball.

Fps =exp(2Aup/T) (13.3)

13.2 Hypernuclei

Hypernuclei, earlier called “hyperfragments”, are nuclei which, apart of
nucleons, contain hyperons (A or ). Such structures are not stable. Hy-
pernuclei were discovered in 1952 by Danysz and Pniewski [8] in nuclear
emulsions irradiated by cosmic rays in a stratospheric balloon flight. The
physics of hypernuclei is mainly related to low-energy hyperon-nucleon in-
teraction and to nuclear structure, but also to basic weak interactions. Ex-
tensive research on hypernuclei has been done using low-energy K~ beams
from accelerators. Many hypernuclei have been identified and their bind-
ing energy measured. Figure 13.4 shows the binding energy, By, of the A
hyperon in a hypernucleus as a function of its mass. This dependence is
almost linear, and for A > 10 the values of B) exceed the average binding
energy of nucleons in similar nuclei which is about 8 MeV.

Hypernuclei can decay via the “mesonic” or “non-mesonic” modes
these are schematically shown in Fig. 13.5. In the “mesonic” decay mode
a 7 meson is being emitted, while the “non-mesonic” mode results from
the process A+ N — N + N, N standing for a proton or a neutron. Light
hypernuclei decay via the “mesonic mode”. The momentum of a proton
from the “mesonic” A — p+ 7~ decay is, however, only 100 MeV /¢, which
is below the nuclear Fermi level, and in heavy nuclei this process is blocked
by the Pauli exclusion principle, as all nuclear energy levels are already
occupied. On the contrary, nucleons from the “non-mesonic” mode have
momenta of about 400 MeV /¢, well above the Fermi level, and thus it is this
decay mode which dominates in heavy hypernuclei. It should be pointed
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Fig. 13.5 Quark diagrams responsible for the “mesonic” (left) and “non-mesonic”
(right) decay modes of hypernuclei.

out that “non-mesonic” decays of hypernuclei provide the unique possibility
to study the four-fermion interaction.

“Double” hypernuclei with two bound A hyperons have also been re-
ported [9, 10]. They are the only source of information about the A-A
interaction, which appears to be attractive.

Measurements of the lifetime of hypernuclei are very interesting from the
theoretical viewpoint. Due to the interaction with surrounding nucleons,
the lifetime of a A hyperon in nuclear matter should be reduced. According
to Dalitz [11] the lifetime of heavy hypernuclei should be 2-3 times shorter
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than that ol a free A hyperon. Such measurements are diflicult in “classical”
cxperiments in which hypernucler are produced in the target by a K beam,
as hypernuclei emerge from the reaction as slow fragments and their path
length in a detector is very short.

In 1974 Podgoretsky [12] and Okonov [13] suggested to produce rela-
tivistic hypernuclei using beams of relativistic nuclei. Hypernuclei can be
formed from the incident nuclei by peripheral interactions, such as shown
schematically in Fig. 13.6. One of the nucleons of the projectile nucleus

A
Az NZ.A(zZ-1)

=

n.p A

Fig. 13.6  Diagram of the peripheral production of a hypernucleus in a nucleus-
nucleus collision.

AZ interacts with a nucleon in the target, producing a A hyperon which is
then captured in the projectile forming a hypernucleus with mass number
A and atomic number Z or Z —1 (for light projectiles both should be about
equally probable). High momentum, and the Lorentz boost, lengthen the
path of hypernuclei produced in such a process, providing suitable condi-
tions for a measurement of their lifetime. The first experiment of this kind
was performed in 1975/76 at LBL [14]. The beam of 2.14 GeV °0O ions
was focused on a polyethylene target. The detector consisted of wide-gap
spark chambers and scintillation counters. The event trigger required that
a heavy ion interacted in the target and a K+ decayed 11 ns or later after
the primary interaction. Spark chambers were photographed and searched
for tracks originating from a vertex outside the target. Twenty-two events
were attributed to hypernuclear decays occuring between the target and
the spark chambers. They supposedly represent a mixture of 1O and {N
hypernuclei, produced mainly in three-body reactions 10 + p — 80 + n
+ K+ and %0 + n — SN + n + K+ . The obtained lifetime estimate for
a mass 16 hypernucleus was (().SGfgigg) x 10719 g, shorter than that of a
free A, and the production cross section per target nucleon o = (2 £ 1)ub.

Ten years later a similar experiment was performed in Dubna, using the
3.7A GeV “He and 3.04 GeV "Li beams, and also a polyethylene target
[15]. A streamer chamber placed in the magnetic field of 0.9 T, and a set of
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scintillation counters served as detectors. 'T'he event trigger was set to detect
an ion with one more unit of charge behind the chamber as compared to
that in front of it, what would match a hypernucleus decay in the chamber
with the emission of a 7~ meson. The latter should also leave a track in
the streamer chamber. A number of events have been attributed to decays
of 1H, and also some }Li have been identified. The measured lifetime of
the A H hypernucleus was (2.6 £ 0.6) x 1010 s, compatible with that of a
free A, but the production cross section per target nucleon was found to be
o 2 0.03 ub. much lower than that obtained in [14], but compatible with
theoretical predictions [16]. Figure 13.7 shows a photograph of the decay of
a relativistic 4 H hypernucleus in the streamer chamber. Figure 13.8 shows

Fig. 13.7 Decay of a relativistic hypernucleus l\H —4He + 7~ recorded in a streamer
chamber in Dubna (from Ref. [15]).

a compilation of the measured lifetimes of hypernuclei. The two full points
have been obtained in experiments in which relativistic hypernuclei were
produced [14, 15]. In addition, one should quote an interesting result from
a devoted experiment at GSI, in which the lifetime of the A hyperon in very
heavy (A > 180) hypernuclei was obtained as 7 = (1.45 4+ 0.11) x 10719 s
[17]. This would confirm the theoretical prediction [11].

Light hypernuclei should, however, also be produced by the coalescence
mechanism, together with light nuclei and antinuclei. They should be
searched for in the central kinematic region. Hypernuclei produced “ther-
mally” in collisions of relativistic nuclei have been reported by the E864 ex-
periment at the AGS [2]. Among secondary particles produced in Au+Pb
collisions at 11.54 GeV the 3H hypernuclei have been identified from a
signal in the invariant mass M (*He,7~) (these particles result from the
dominant “mesonic” decay channel 1H — 3He + 7~ ).4 Within the frame

411 the E864 detector decay vertices occuring at a distance of a few c¢m from the target
could not be seen.
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Fig. 13.8 Compilation of hypernuclear lifetimes. The two full points are from experi-
ments with relativistic heavy ion beams [14, 15].

of the coalescence model, the probability of the formation of 3 H should be
comparable to that of *He (values of the relevant coalescence parameters Bs
should be similar), but it turns out that the probability of the first process
is several times lower. Thus, coalescing a A hyperon instead of a nucleon

seems to generate an additional “penalty factor”, what may be related to
the “undersaturation of strangeness” at AGS energies (see Chapter 12).
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Chapter 14

Hadronic Femtoscopy

Correlations of particles with close momenta are sensitive to the space-
time characteristics of the emitting source. Thus studying such correla-
tions one can obtain information about sizes of the order of femtometers
(1 fm = 1071 m). The relevant analysis procedures are called hadronic
femtoscopy. We will discuss correlations of identical bosons and those of
identical fermions separately, as the underlying physics differs in these two
cases: boson correlations are mainly due to properties of their wave func-
tions (boson interferometry), while for identical fermions correlations are
mainly due to final state interactions. The latter is also true for the case
of non-identical particles.

14.1 Correlations of identical bosons

Discovery, underlying physics and general formalism

The first experimental observation relevant to hadron interferometry was
that of Goldhaber et al. [1] who found that in antiproton annihilations in
hydrogen the distribution of the opening angle of pion pairs of the same
charge (“like” pions) differs from that for opposite charge (“unlike” pions).
The reaction studied was p +p — nrt + nr~ + ma’ with n = 2 or 3
and m = 0,1,2,... at 1.05 GeV/c incident antiproton momentum. The
“like-charge” pion pairs tend to be emitted with relatively smaller opening
angle, i.e. closer to each other in phase space. The observed effect was just
of opposite sign to that of Coulomb interaction which causes the repulsion
of like-charge particles. In the subsequent paper [2] an explanation of this
effect was given, based on symmetrization of the wave function for identical

131
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bosons. The relevant mathematical derivation will be given below, but the
effect could be qualitatively understood if one remembers that pions obey
Bose-Einstein statistics which enhances the probability of finding more than
one particle in any given quantum state.”

Soon after, similar correlations were observed between charged pions
produced in pion—proton collisions, and it was found that the effect comes
mainly from pairs of pions with close momenta [3]. Observation of corre-
lations between neutral pions [4] confirmed the interpretation as a result
of Bose-Einstein statistics. Some years later, this early evidence was com-
pleted by similar findings for strange bosons: KK pairs [5], and K+ K+
and K~ K~ pairs [6].

Also, it has been realized that the correlation pattern is sensitive to
the size of the emitting source. Several years after observation and under-
standing the Bose-Einstein correlations between identical pions, it has been
noticed that similar considerations were already developed earlier in astron-
omy for photons® coming from stellar objects by Hanbury-Brown - Twiss [7].
which measures the average

)

They invented the “intensity interferometer’
product of intensities (not amplitudes!), and showed that the intensity cor-
relations can be used for the determination of sizes of stars. This apparent
analogy, however, should not be taken strictly, as in fact there are basic
differences between the two situations. In particle and/or nuclear physics
the distance between the particle emission points (sources) is much smaller
that the distance between the detectors, while in astronomy the opposite
situation occurs [8]. The discussed method of boson interferometry is often
being referred to as Hanbury-Brown—Twiss, or HBT, method, but, accord-
ing to Ref. [9] this should rather be avoided.

A simple theoretical derivation goes along the following lines. Let us
consider two identical bosons with momenta El and l;g emitted from space
points 74 and rp of an extended source with density distribution p(7) with
| d37 p(7) = 1. If their wave functions are described by plane waves, then
the amplitude for detecting the first boson at point 77 and the second one
at r, is in general given by

A(ELEZ) _ i[ezlzl(F == TA)eikz(T_"g — I_'B) 4 elkl(Fl — ’FB)e’LkQ(fg — FA)]

V2

[

(14.1)

At very low temperatures this property of Bose-Einstein statistics ultimately leads to
Bose-FEinstein condensate in which all bosons occupy the same (lowest) energy level,
with their wave functions fully overlapping.

bPhotons have spin 1 and thus are also bosons.
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The presence of the two terms follows from the basic principles of quan-
tum mechanics which requires the amplitude for a given process to be taken
as the sum of amplitudes corresponding to all possible ways of reaching the
final state. In other terms, one should perform summation over all tra-
jectories between initial and final state points. In our example there are

Fig. 14.1 Alternative paths of particles emitted from points A and B of the source, and
reaching detectors situated at points 1 and 2.

two indistinguishable ways of reaching the final state which are shown in
Fig. 14.1 with continuous and dashed lines, respectively, and Eq. (14.1) just
reflects this situation. Assuming that boson production amplitudes have
random phases (a “chaotic” source) one can perform the integration and
obtain the expression for the probability of detecting two such bosons

W(Fy, ) = / Ba BFa AR B)2(Fa) o) (14.2)

This “double” probability can be identified with the two-particle correlation
function which is defined as the ratio of the two-particle density to the
product of two single-particle densities

(n)? dSc /dky dksy

Cy k1, ko) = o 14.3
251 k2) = Gl =TV Po s o (14:3)

For distances L (between the source and the detectors) and d (between
the detectors) both much larger than the source radius R, this correla-
tion function depends only on the vector momentum difference, or relative
momentum, § = Ak =k — Eg, and thus can simply be written as

Col@) = 1+ £(@) (14.4)

where f(q) is the square of the Fourier transform of the source density
distribution p(7), usually normalized to one. The relative momentum ¢ is
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conjugate under Fourier transform to the space distance 4 — ' between
the emission points. Various relative momentum components will then be
conjugate under Fourier transform to various spatial distances, and thus one
can expect that by choosing suitable variables information can be obtained
not only about the mean size, but also about the geometrical shape of the
emitting source.

This approach can be easily generalized to four dimensions by replac-
ing three-momenta in the above given formulae by four-momenta. The
correlation function is then written as

C2(q, q0) = 1+ f(d., q0) (14.5)
with g9 = E1 — Fs being the energy component which, under Fourier trans-
form, is conjugate to the time duration of the emission process. Thus the
correlation function in four-momenta is the Fourier transform of the space-
time structure of the source. Neglecting the time dependence corresponds
to the specific assumption of a static source, without correlation between
production points and momenta.

The correlation function Cy exhibits a peak at small values of |g], the
width of this peak being inversely proportional to the size of the source, as
shown in Fig. 14.2. From Eqgs. (14.4) and (14.5) it follows that at |q] = 0

G

2

/R

1 Ak
Fig. 14.2 Shape of one-dimensional correlation function for two identical bosons.

the correlation function might reach the value of 2, but in reality it never
does so. This would mean that the emitting source may be only partly
chaotic and partly coherent, the coherent emission not contributing to the
correlation peak near |¢g] = 0. In order to account for this, in Ref. [10] a
phenomenological parameter A was introduced into the correlation function

Ca(qiq0) =1+ Af(@,q0), 0<A<1 (14.6)
The parameter A is often called the chaoticity (or incoherence) parameter,

its correct name, however, should rather be the correlation intensity param-
eter. This is because also other effects, both physical such as production
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ol intermediate-state resonances, and methodical such as admixture of par-
ticles of different type to the studied sample would also reduce the value
of A.“ Thus the experimentally determined value of A gives only a lower
limit for the degree of chaoticity of the source. In fact, the chaoticity can
be larger, the apparent correlation peak being reduced by other effects.

In order to obtain a more detailed description of the source, a certain
form of the density distribution should be assumed, and suitable variables
chosen for the parameterization of the correlation function.

Static source

In their pioneering works, Kopylov and Podgoretsky [11], and also Cocconi
[12], considered a uniformly radiating disc emitting with a characteristic
time 7. For the correlation function they obtained the expression

2Ji(grR)/qrR

1+ (qo7)? (14.7)

Co(qr,qo) =1+ A

where gp is the projection of the vector ¢ onto the transverse momentum
plane (see Fig. 14.3), and .J; is the first-order Bessel function.
Yano and Koonin [13] and Gyulassy, Kaufmann and Wilson [14] pro-

[
}

P

Fig. 14.3 Diagram showing the relative momentum components in the transverse
momentum plane (the plane perpendicular to the collision axis).

“If the studied sample of like-charge particles contains a fraction fi of bosons of a
certain type (e.g. pions), and a fraction f2 of bosons of another type (e.g. kaons), and
possibly also some fraction 1 — f; — f2 of non-bosons (e.g. muons or electrons), then the
value of the correlation intensity parameter A would not exceed jlz s f22
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posed a Gaussian parameterization ol the source space-time density
p(7,t) = C exp(—r?/R% — t2/72) (14.8)
which gives the correlation function
Ca(g,90) = 1+ X exp(—¢*R?/2 — ¢57°/2) (14.9)

This formula can be easily generalized to an ellipsoidal source characterized
by different radii in different directions. It seems plausible to assume a
cylindrical geometry, i.e. azimuthal symmetry around the collision axis,
and consider an ellipsoid elongated (or contracted) along this axis. For
such density function

p(7,t) = C exp[—(2* + y*)/R} — 2*/ R} — t*/77] (14.10)

the correlation function is4

Colgr,qr, @) = 1+ X exp(—qpR7/2 — g RT /2 — ¢37°/2)  (14.11)

where gy and ¢, are, respectively, the transverse and longitudinal compo-
nents of the vector momentum difference between the two bosons, and R
and Ry, are the transverse and longitudinal radii.

To complete the review of various theoretical approaches one should
mention that by Weiner [15], based on quantum optics. In the picture of
partial coherence, assuming superposition of coherent and chaotic fields,
the correlation function should be the sum of two coupled Gaussians with
effective radii differing by v/2:

Colqr) = 14 2p(1 — p) exp(—q7R7/2) + p* exp(—g7R7)  (14.12)

This gives a somewhat more peaked structure than a single Gaussian, a
feature which is actually observed in some experiments. The parameter p,
called “chaoticity”, represents the fraction of particles emerging from the
chaotic source: p = (ncha)/((Necha) + (Ncon)). There are, however, some
basic objections to this approach [16]. The argument is that the number of
particles in a quantum coherent state is not defined (can be any number,
with an appropriate weight factor), and thus for charged particles coherent
states cannot exist because of charge conservation. There seems to be no

objections against using this picture for neutral bosons such as 7°’s.

dThe factor 1/2 appearing in all terms of the exponent in this formula, similarly as
in Eq. (14.9), is sometimes being omitted for simplicity. This, however, rescales the
obtained values of the radii by the factor 1/\/5
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Iepanding source

That particle interferometry can give information about the space-time
evolution of the system was already noticed in some early works. Pratt
[17] considered a spherical, radially expanding source, while Kolehmainen
and Gyulassy [18] introduced the correlations between the dynamics and
geometry assuming that formation time of a particle increases linearly with
its energy. They have written the correlation function in the form

Co(qr, Ay, mrp1, mr2) = 1+ NG(p1,p2)|*/[G(p1,p1) G(p2,p2)]  (14.13)

where the function G is
G(p1,ps) = a Ko(/) exp(—a3 R/4) (14.14)

where Ko(y/u) is the modified Bessel function of the complex argument
which includes the transverse masses mqq, mrpa (mp = /m? + k%), rapid-
ity difference Ay, proper time 7g, and the temperature 7' of the source. The
value of this temperature should be assumed, or obtained from the data,
e.g. from the single-particle transverse momentum spectra, what makes
this analysis rather complicated.

More recently, another set of variables has been introduced by Bertsch
[19], also for a system with cylindrical geometry. These are groue (often

OQUTWARD

LONGITUDINAL

SIDEWARD DIRECTION OF PARTICLES

BEAM AXIS

Fig. 14.4 The Bertsch coordinates.
simply called gout or qo),_‘quige (called gside Or gs), and giong (called qr.).

With § = k1 —ko and 7’ = k1 +ks , they are defined as follows (see Fig. 14.4):

qgs L pr, Lpr
qo || pr, L pr
qr || pr, L pr
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Bertsch argues that by using these variables one can obtain more infor
mation about the collision process, namely ¢g is related to the transverse
dimension of the source, Ry, ¢, is related to the time of longitudinal ex-
pansion 7, and the difference (g0 — ¢r) to the time duration of particle
emission A7;. Thus one can get insight into the space-time evolution of the
system, and e.g. distinguish between the two cases: whether the system
emits particles within a very short time after a quick evolution, or the sys-
tem evolves slowly and the emission is also spread over a longer time. It is
the latter case which might be expected if a quark-gluon plasma is formed
in a nuclear collision.
The Bertsch correlation function can be written as

Ca(q) = 1+ Nexp(—R§ ¢ — RS b — RE q1) (14.15)
It was later improved by adding an interference term between ¢o and ¢,
C2(q) = 1+ Aexp(~R§ q§ — RS ap — Ry qi, — 2R3 rq0q1)  (14.16)

For a longitudinally boost-invariant source the cross-term R vanishes.

Expansion of the source leads to the myp-dependence of radius param-
eters: the radii R, and Rg decrease with an increasing velocity of a pion
pair [20]. This dependence for Ry, is of the form

T
Ry oc 4/ — (14.17)
mr
while that for Rg is slightly weaker

1
5% 0 + mobr/T)

where (7 is the transverse expansion velocity.

Before reviewing the experimental data, it might be worthwhile to dis-
cuss invariant properties of the correlation function. As the square of
four-momentum is Lorentz-invariant, the correlation function Cy(g?) is also
Lorentz-invariant, what is sometimes accentuated by explicitly calling this
variable ¢i,y. Using the decomposition of ¢ into transverse and longitudi-
nal components, one obtains the corresponding radii Ry (invariant) and R,
(non-invariant). For the emission volume being a tube along the collision
axis, and for an observer placed at midrapidity yo of the collision, one ob-
tains Ry, (y) ~ cosh(y — yo) where y is the rapidity of the boson pair, while
for an observer sliding along the y-axis the shape of the emission volume
will be correctly reproduced, yielding Ry (y) = const.

(14.18)
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Background cvaluation

In application of intensity interferometry to experimental data one uses

9

correlation function normalized to the “reference” or “background” distri-

bution, with the symbol Cy retained for this new function

Ca(q, q0) = A2(q, q0)/ B2(q, q0) (14.19)

where As(q, qo) is the distribution of pion pairs when both pions come from
the same event, Ba(q, qo) is the “random” distribution of pion pairs formed
using pions from different events, selected in the same way (or just belong-
ing to the same sample). The B, distribution should include all experi-
mental correlations contained in As except for those due to Bose Einstein
correlations. Thus the correlation function Cy measures the influence of
Bose-Einstein correlations on the distribution of momentum differences of
like-charge pion pairs. Some other methods of background generation as
e.g. using like-charge pions from the same event, but with momentum com-
ponents reshuffled in order to destroy correlations, have also been tried and
shown to yield almost the same results. Unlike-charge pion pairs can also
be used for the background distribution, but there might be differences in
7T and 7~ production rates, and the resonances in (77 ~) system could
also distort the distributions.

Coulomb correction

Dealing with charged particles one should not forget the Coulomb forces
acting between them, and also between the investigated pair and the emit-
ting source. The standard correction is the Gamouv factor, R¢, derived for
point-like charges in the non-relativistic approximation. It depends on their
relative momentum ¢

B = 27
Re(p1,p2) = Ra(q) = 7

exp(2mn) — 1 W20}
with n = am/q, and « = 1/137. This correction is important only for
small ¢, as Rg approaches unity for large ¢. It is also more important for
heavier particles. For pions 27y = 7 MeV /g, and the correction is often
being neglected, for kaons 27 = 25 MeV /q. The simple Gamov correc-
tion cannot be really adequate for nuclear collisions. Thus in Ref. [21] it
has been proposed to use pions of opposite signs of charge (777~ pairs) to
evaluate the role of Coulomb interaction (for unlike-charge pairs there is no
contribution of the Bose Einstein symmetrization to the correlation func-
tion). Figure 14.5 shows the correlation functions for 777~ pairs together
with the Gamov curve, and with phenomenological functions calculated for
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finite-size sources. One can sce that the Gamov function is far off the data,
and the final size of the pion emitting source should be taken into account.
Assuming that the functions representing Coulomb attraction and Coulomb

1
(oY)
b [ 34<Y,,<3.9
12l 0.1 <K;<0.2GeV/c
| Pb+Pb ymt
S+Ag ot T
I 0 fm (Gamow)
1.1 4 fm
L 6 fm
-
1 . i S
T T, W) (N S N S| | SO SN IO DU, SO T MY S S N W
0 0.02 0.04 0.06 0.08 0.1

Q;,v (GeVic)

Fig. 14.5 Correlation functions for 7+ 7~ pairs from central collisions of S+Ag at 2004
GeV and Pb+Pb at 1584 GeV. Curves show the standard Gamov correction factor and
phenomenological Coulomb functions calculated for finite-size sources with radii 4 fm
and 6 fm (from Ref. [21]).

repulsion do not differ, one can use the inverse of the function found for
unlike-charge pairs as Coulomb correction for like-charge pairs.

g = Ot = (=Y (14.21)

Coulomb Coulomb

It has been found that this phenomenological correction describes much
better the experimental data.

The central potential (interaction of the pair with the residual source)
is important only for nuclear collisions, where a residual source being a
many-nucleon system might have a high charge. This interaction does not
introduce any correlations, but distorts the g-scale, leading to the inequality

Ri}farent < Rsource < Ripfare“t (1422)

The differences are, however, only at a few percent level.

Results for elementary collisions

Boson interferometry has been extensively used for elementary reactions.
Nearly all results obtained to date are for two-pion measurements, mainly
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for 77 . Most of the published data come from track chamber exper-
iments, mainly bubble and streamer chambers, in which event statistics
was never very high. Data with higher statistics come from experiments
at the CERN colliders: the ISR for pp collisions and LEP for eTe™ col-
lisions. In low-statistics experiments only one-dimensional analysis could
be performed, and most groups used either the Kopylov-Podgoretsky pa-
rameterization with ¢ = 0 or a single Gaussian in ¢q. Only a few groups
studied correlations in two dimensions using either Kopylov-Podgoretsky
or Gaussian. The result, in general, was R ~ 1fm and 7 = 1fm/c , as
expected for elementary collisions, both values determined with relatively
large errors. The correlation intensity parameter A strongly varies between
various groups, but it is this parameter which is the most sensitive to var-
ious experimental biases and corrections introduced to the data. A few
attempts to detect the non-spherical shape of the pion source indicated its
slight elongation along the collision axis (Rp /Ry =~ 0.6-0.8).

KTKT correlations have also been studied, yielding R x < Rpr, what
was initially interpreted as evidence for kaon emission occuring at an earlier
stage of the expansion of the source. However, it has been argued that a
decrease of R with increasing particle mass can be derived from the uncer-
tainty principle. In Ref. [22] a conjecture was made that as the maximum of
Bose-Einstein correlations occurs when two bosons are very close in phase
space (the relative momentum ¢ — 0), the uncertainty principle should
have some effect here. It provides the two well-known relations:

Ap: Ay 2> f (14.23)
and
AE-At~h (14.24)

Simplifying slightly the derivation presented in Ref. [22] let us replace in
the first relation Ap by the particle momentum p, and Ar by the distance
between the two particles, r, and in the second relation AE by the particle
energy, ' = p?/2m. Then from the first uncertainty relation one obtains

r~h/p (14.25)

and from the second one

p =~ \/2mh/At (14.26)

Combining the last two expressions one obtains

r~/h-At/2m (14.27)
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Assuming that At is the characteristic time scale of strong interactions,
independent of the particle identity and of its mass, one finally obtains
r =~ const./\/m (14.28)
It turns out that this formula describes well the measured mass dependence
of the source size.
Finally, it should be mentioned that genuine three-particle correlations
have been observed for pions produced in high energy ete™ collisions in
LEP. In analogy to pair correlation studies, the parameterization used was

C3 = 1+ 23 exp(—R3Q3) (14.29)

where (03 is the invariant mass of a pion triplet.

Results for nuclear collisions

Boson interferometry has been also applied to nuclear collisions at relativis-
tic energies. Here, of course, larger sizes could be expected due to large sizes
of the colliding objects, and new features such as some dependence on the
size and impact parameter (or degree of overlap) of colliding nuclei might
become apparent. First experimental data were obtained at LBL, JINR
Dubna and CEN Saclay. Due to limited statistics these data were analyzed
in terms of a single radius parameter and were not subdivided into various
subsamples. Their compilation is shown in Fig. 14.6. These data show
compatibility of the “radius” estimated from the correlation function with
radii of the colliding nuclei (or with that of the smaller nucleus in case of
asymmetric collisions).

Figure 14.7 shows exemplary one-dimensional correlation functions for
pions and kaons from Au+Au central collisions at 10.84 GeV. One can see
that the correlation function for K+ K™ pairs is wider than those for 77+
or w~w_ pairs, meaning that Rxx < Ry, similarly as it was found in
elementary collisions. Radii for 777 and 7~ 7~ pairs do not differ within
experimental accuracy. The value of A is about 0.5 for all three samples.

Improved detectors and increasing multiplicities in nuclear collisions at
higher energies allow to use a multi-parameter method of analysis, such
as that of Yano-Koonin-Podgoretsky (YKP), or that of Bertsch. A com-
bined analysis of YKP correlation parameters, and of transverse spectra of
charged secondary particles, performed for Pb+Pb collisions at 1584 GeV
within the frame of the expanding source model allowed to obtain the source
parameters: the freeze-out temperature 7' = (120+12) MeV and transverse
expansion velocity Gy = 0.55 £+ 0.12. The graphical representation of this
result is given in Fig. 14.8.



Hadronwe Femtoscopy 143

2 3 LA,
6t A,oAt» 2n7s,.. 4
+all inelastic S\'&’,/
5} ¢ "central” ,\-}"\,) ]
)/
£ A
il ':' |
U =
=) -
3 I
E3" J ’//’ _
" ’/’
E {
2t , i 1
}.é’//
1-'; — . ]
p d ‘He 12¢ 20pg Lpr SEpe LI
ol4 4 O SO ST S Y-
1 10 20 30 40 60 80 100

projeclile mass, A,

Fig. 14.6 Compilation of pion source radii obtained from one-dimensional correlation
functions in the energy range up to 54 GeV (from Ref. [23]).
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Fig. 14.7  One-dimensional two-meson Coulomb-corrected correlation functions for cen-
tral Au+Au collisions at 10.84 GeV. Curves are Gaussian fits to the data (from Ref. [24]).

The Bertsch formalism has gradually become the main approach to the
boson interferometry in collisions of relativistic nuclei. Figure 14.9 shows
some ecarly results from the CERN SPS showing an increase of all three
R-parameters with increasing size of the colliding system. Among the R-
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Fig. 14.8 Two-dimensional plot showing allowed regions of freeze-out temperature and
of radial expansion velocity for central Pb+Pb collisions at 158 A GeV near midrapidity,
derived from fits to the two-pion correlation function and to transverse mass spectra.
Bands are drawn at +1 st.dev. around fitted values. The common allowed region is
shaded (from Ref. [21]).

parameters Ry is larger than Ro or Rg. Again, the kaon source radii are
smaller, Rgx < Ryp, and the pion and kaon radii were found to show
a common 1/\/m7 scaling [26]. Larger radii for pions were qualitatively
explained here by the contribution of resonances. This looks plausible as
particles from resonance decays should show larger radii, and a large frac-
tion of pions and only few kaons come from resonance decays.

Results of a detailed analysis of central Pb+Pb collisions at five ener-
gies covering the entire energy range of the SPS, are displayed in Fig. 14.10.
These data show a decrease of the radii with increasing transverse momen-
tum k7 of a pion pair, this decrease being the strongest for R;. Also, for
all energies we have the relation

Ry > Ro > Rs (14.30)

A small positive value of the difference Rp— Rs means a short emission time
Aty = (2-4) fm/c. The lifetime of the source, 7y, is estimated to be about
twice longer. A relatively large value of the longitudinal parameter Rp,
indicates a significant elongation of the emission region along the collision
axis, and the fact that both transverse radii Rp and Rg are bigger than
geometrical radii of the colliding nuclei suggests an important role of the
transverse flow. Indeed, the blast wave model, fitted to single-particle pp-
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Fig. 14.9 The Bertsch correlation parameters Ry, Ro (denoted Rpp), and Rg (de-
noted R7g) for kaon and pion pairs for different collision systems at SPS energies (from
Ref. [25]).

spectra, gives at the same time a good description of the kp-dependence of
the radii -~ this is shown in Fig. 14.10 with continuous lines. The cross-term
in Eq. (14.16) is compatible with zero at midrapidity.

A compilation of p+p, p+p, and heavy ion (AGS and early SPS) two-
pion interferometry results has been attempted in Fig. 14.11. The source
radii are seen to increase approximately as the cube-root of the multiplicity
density dn/dy of charged particles at midrapidity. This behaviour indicates
that the freeze-out occurs at a certain average (pion) density, what means
that in an expanding system pions interact with their local environment
only. This seems to be compatible with short-range interaction.

As Rg gives the transverse radius of the pion emitting source, and R, is
related to its longitudinal dimension, the product R%-RL can be taken as an
estimate of the volume of the source. In Fig. 14.12 this quantity is plotted
as a function of the density of negatively charged particles at midrapidity,
dn~ /dy, for several reactions studied at the SPS. The data are compatible
with a linear rise of the volume with the number of particles produced in
the collision.

At still higher energies, at the RHIC collider, the R-parameters do not
change much as compared to their values at SPS energies, but they continue
to grow slowly with dn.y,/dy, approximately proportionally to (dn,/dy)'/?
[30]. This is shown in Fig. 14.13, together with data from lower energies.
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Fig. 14.10 The kp-dependence of Bertsch parameters Ry, Ro, and Rg at midrapidity
for central Pb+Pb collisions at the SPS, for five different energies. Lines correspond to a
combined fit of the blast-wave model to the radii and to single-particle pp spectra (from
Ref. [27]).

The left panel shows the Bertsch radii for p+p, d+Au, Cu+Cu, and Au+Au
collisions at RHIC as measured by the STAR Collaboration plotted against
the cubic root of the multiplicity density of charged secondaries at midra-
pidity. The right panel shows radii as measured by PHENIX, compared
to those measured at lower energies (AGS and SPS). An almost linear de-
pendence of Rg and Ry, on (dne,/dy)'/? is visible, at least for the RHIC
and SPS data. It implies that Rg and Ry, which are the “geometric” radii,
follow the same dependence for different collisions over a wide range of ener-
gies. Thus the product R% Ry, should grow linearly with dn/dy, what again
means that freeze-out occurs at a certain density of the final state. This
is an important result which seems to be valid for final state systems con-
taining predominantly pions, i.e. from the SPS energies (at lower energies
there is a large fraction of baryons in the final state, even at midrapidity).
The results from RHIC indicate, however, that the line drawn in Fig. 14.12
is slightly too steep.

Genuine three-pion correlations, already detected in some elementary
processes, have been also observed in collisions of relativistic nuclei. Sig-
nificant three-pion correlations have been seen in Pb+Pb collisions at SPS
energies [31, 32], and also in Au+Au collisions at RHIC [33]. Here not the
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width of the correlation function, but the value of the intercept at Q3
has been taken as a measure of the effect.

reaches the value of about

one.

This intercept, r3(Qs; = 0)



I Fa) Introduction to Welatvomstbee Heavy Ton Physies

8: STAR preliminary L [J 200 GeV Au+Au PHENIX -8
. o[ A 17.3GeVPbiPbCERES ]
8 B .‘ o I'v 87 GeV Pb+ CERES 1 o t:)m
®
= I ] s
5 l‘ : 8° % ﬁﬁ 4 =
=0
P l’l‘ i [E o %= 1 3
2 A = 7 2 M
*A A
8 L L ! ! L 8
[ @ 200 GeV Au+Au STAR [ 0 438 GeV AurAu E802 ]
| [ 5.4 GeV Si+Au E802 ]
E 5@ 820e Ausu STAR o |7 & 5.4 Gev si+Al E802 18 0
=, | H200GeVCu+CuSTAR, g ® | 1 2
o4l o™ L % BD;4 g
:g [ % - | @ E 1 -3*
@ ® u = 4
Ta Fa £
P % 1
8 L L L L L L i L 3
A 200 GeV d+Au STAR =% <k;>=0.39 GeV/c
T 6 [ 200 GeV p+p STAR o® F <kr>pucx ~ 045 GeVic 16 0
o0 »] S
b | o " ﬁglﬁ Sl PY-1
= il Lot =
G2 Las 23
oc a <k;>=0.20 GeV/c 5 —
0 2 4 q/3 8 2 1/3 8
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(this is the corrected version of the plot from Ref. [30]).
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14.2 Correlations of identical fermions

The correlation function for a pair of identical fermions differs very much
from that for identical bosons. The wave function for identical fermions
should be antisymmetric, and this leads to the suppression of the probability
to find two fermions with close momenta (the Pauli exclusion principle).
Thus it can be expected that the correlation function will have a minimum
at the relative momentum ¢ = 0. This simple conjecture remains true
when the spin structure of a pair of identical spin % fermions is taken into
consideration: such a system can be in a singlet s = 0 or triplet s = 1 states
with relative weights proportional to statistical spin factors 2J + 1 what
gives the ratio of 1:3 . It is only for a triplet state that the spatial part of
the wave function is antisymmetric in order to combine with a symmetric
spin part into an antisymmetric total wave function. As this state prevails
by 3:1, the correlation function for ¢ — 0 will have a minimum. The
region very close to ¢ = 0 is, however, practically not accessible because
of finite experimental resolution, and for larger values of ¢ the shape of
the correlation function is determined by final state interactions. Thus it is
mainly these interactions, and not quantum interference phenomena, which
can be studied with pairs of protons or lambda-hyperons.
Following Ref. [35]¢ the correlation function can be written as

B(q,p) = AX(k*)[1 + Bo(q,p) + Bi(g,p)] — 1 (14.31)

where ¢ = p1 — p2, p = p1 + p2, and k* = \/—¢2. The contribution of the
Coulomb interaction is determined by the value of the factor

-1
AE(kY) = ikzzc [exp (ﬂ: If’;) - 1} (14.32)
where a. is the Bohr radius, the plus sign corresponds to repulsion, and
the minus sign to attraction of the charges. A.(k*) approaches unity for
k*a./2m > 1, but differs considerably from unity for k*a./27 < 1. If
the particles have single charges and equal masses, then a, = 2h?/me? =
274h/me, and for protons a. = 57.5 fm. From this one can see that the
larger the mass m, the wider is the region of momenta k* for which it is
necessary to include the Coulomb interaction.
The term By(g,p) describes the effect of quantum statistics. If the
source distribution is Gaussian, then By(q,p) = —% exp (—ri ¢* — 18 ¢2),

¢The treatment of Ref. [35] is more general than that of the earlier Ref. [34], in particular
there is no assumption of simultaneous emission.
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the expression similar to that for identical bosons, but with “minus” sign,
and with R called rg.

The term B;(q,p) describes the interaction in the final state (F'SI),
and can be calculated numerically from the known values of the scattering
lengths for the particles studied.

For a pair of protons, the complete correlation function after a steep rise
at small values of ¢, shows a broad maximum near ¢ = 20 MeV /c. the height
of which decreases with the increasing size of the source [34, 35]. For large
sizes the correlation function becomes flat. The proton—proton correlation
function, calculated for three different sizes of the source, characterized by
the source radius, rq, is shown in Fig. 14.14.

L T A A (N T
: ry=15fm :
sl -
~f 1
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g 4,05 a,1
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Fig. 14.14 Proton—proton correlation function calculated for three different values of
the radius of the source (from Ref. [35]).

Correlations of protons emitted with small relative momenta were ob-
served for the first time in 7~ 4 Xe interactions at 9 GeV/c [36]. In col-
lisions of relativistic nuclei proton-proton correlations have been studied
over a wide range of incident energies: from a few GeV (synchrophasotron
[37, 38] and AGS [39, 40]), through SPS energies [41, 42|, up to RHIC
energies [43]. In Fig. 14.15 results for Au+Au central collisions from the
AGS at four different energies are shown. The extracted source radii vary
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Fig. 14.15 Proton—proton correlation functions for Au+Au central collisions at four
different beam energies (from Ref. [39]).

between 6 and 9 fm, depending on the used parameterization,! with no
significant energy dependence. In Fig. 14.16 results for p+Pb and S+Pb
collisions at 2004 GeV are given. The values of the extracted radii are
indicated in the Figure. Figure 14.17 shows analogous results for Pb+Pb
central collisions at 1584 GeV. Finally, in Fig. 14.18 results for Au+Au
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Fig. 14.16 Proton—proton correlation functions for p+Pb (left panel) and S+Pb (right
panel) collisions at 2004 GeV (from Ref. [41]).

fLet us recall that the radius of the gold nucleus is about 7 fm.
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Fig. 14.17 Proton-proton correlation function for Pb+Pb central collisions at 158A
GeV (from Ref. [42]).

collisions at \/syy = 200 GeV with three different centrality selections are
given. The fitted curves have been calculated according to Ref. [35].
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Fig. 14.18 Proton—proton correlation functions for Au+Au collisions at \/syn =
200 GeV with three diferent centralities. Values of the extracted Gaussian radii
are indicated in the Figure (from Ref. [43]).

The general features shown by the data can be summarized as follows:

(i) the measured source sizes increase with the mass of the projectile, and
in central collisions of heavy nuclei are comparable to their sizes;
(ii) no significant changes with increasing beam energy are observed;
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(i11) there is some dependence on the centrality of the collision: measured

size increases with inereasing number of participating nucleons.

Results obtained from proton-proton correlation studies turn out to be
consistent with trends established for other types of particles (pions, kaons):
the source radii scale with the cubic root of event multiplicity, and follow
the 1/ /m7 dependence [43]. Antiproton-antiproton correlations, which
have also been studied by the STAR Collaboration, look compatible with
proton-proton correlations [43].

An attempt to measure A—-A correlations in central Pb+Pb collisions at
158A GeV has also been reported [44]. The obtained distribution of A-A
pairs shows the anticorrelation at small relative momenta due to the Fermi
statistics, and indicates a relatively weak final state interaction.

14.3 Correlations of non-identical particles

While identical particle correlations reflect the properties of quantum statis-
tics, and of the final state interactions (Coulomb and strong), non-identical
particle pairs are sensitive to the final state interactions only. This gives
access to some information on mutual interaction also between short-lived
particles, for which no direct scattering experiments are feasible.

Correlations between p(p) and A(A) in various combinations in central
Au+Au collisions at \/syy = 200 GeV have been studied in Ref. [45].
Results for p-A(p-A) correlations confirmed the earlier measurements for
p-A at AGS [46], and at SPS [47]. The p-A(p-A) correlations have been
studied for the first time. Figure 14.19 shows the correlation functions for
the two cases considered. Due to the absence of quantum statistics effects,
and of the Coulomb interaction, their shapes differ very much from that
for p—p correlations, and the two curves differ also between themselves.
Radii extracted from p-A(p-A) and those from p-A(p-A) are different,
the latter ones being significantly smaller. This might reflect, apart from
the presence of annihilation channels, a difference in the corresponding
scattering lengths, the result which would not be accessible by any other
method.

Correlations between non-identical particles, similarly as for identical
ones, are also sensitive to the space-time structure of the system at freeze-
out and to its dynamical evolution. In particular, comparing the correlation
functions with relative velocity parallel and anti-parallel to the pair velocity,
one can infer the emission order and the time interval between the two
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Fig. 14.19 Combined (p-A)®(p-A) and (p~A)®(p-A) correlation functions from central
Au+Au collisions at \/syn = 200 GeV. Fitted curves have been calculated according to
Ref. [35]. The Figure is from Ref. [45].

particles [48-50]. This is due to the difference in final state interaction in
these two cases: if the faster particle of a pair approaches and passes the
other one from behind, the pair experiences a stronger final-state interaction
than in the case when the faster particle has started in front of the slower
one. These two situations are depicted in Fig. 14.20. Pion-kaon, and also
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Fig. 14.20 Momentum vector diagrams showing the two selections of pairs of non-
identical particles used for the determination of their emission order (from Ref. [49]).

pion-proton and kaon proton correlations have been studied along these
lines by the STAR Collaboration at RHIC [51, 52]. Figure 14.21 shows, as
examples, the correlation functions for pion-kaon pairs of the same sign of
charge (left panel), and of opposite charges (right panel). Dividing particle
pairs in two groups according to Fig. 14.20, and forming the ratios of the
corresponding correlation functions, some emission asymmetries between
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Fig. 14.21  Correlation functions for pion-kaon pairs with like (left panel) and
unlike (right panel) charges from central Au+Au collisions at \/syy = 130 GeV
(from Ref. [52]).

various particles have been found. They show consistency with a model

assuming transverse collective expansion (blast wave model). This provides
an independent evidence for the radial flow resulting from a transverse

radial expansion of the system.
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Chapter 15

Collective Flow

In collisions of high energy nuclei, in which a large number of secondary
particles are produced, occurence of some multiparticle correlations, or col-
lective phenomena, might be expected. A correlated emission of produced
particles, called “flow”, was observed already in nuclear collisions at low
energies, and also shows up at relativistic energies. The term “flow” should
be understood as a phenomenological description of a collective expansion,
and, in fact, hydrodynamical models are quite successful in describing the
observed features of the data.

There are three types of flow, as depicted in Fig. 15.1.

In strictly central collisions of spherical nuclei the expansion should be
isotropic in the plane perpendicular to the collision axis (the “transverse”
plane), as in this case there is no defined reaction plane. This is radial flow.
Its effect is observed in the transverse spectra of the produced particles:
the observed spectra are the combined result of thermal emission and radial
flow. The appropriate description is the blast wave model which is discussed
in detail in Chapter 10.

In a non-central collision of two nuclei with impact parameter b > 0
the collision axis (usually called the z-direction) and the impact parameter
vector define the reaction plane, and some anisotropy of particle distribu-
tion in the transverse plane may occur. This is called the anisotropic flow.
Figure 15.2 defines the coordinate system. The distribution of particles in
the azimuthal angle ¢ in the transverse plane is usually analyzed in terms
of the Fourier expansion [1]

BN 1 @N (

=———\|142 - ; :0¢ — W :
By = orpmdprdy |22 tn(pr,y) cosin(9 Rn) 15.1)

n=1
where W defines the position of the reaction plane (see Fig. 15.2). The
method of estimating the reaction plane, and its resolution, was developed
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Fig. 15.1 Three types of flow phenomena.

Fig. 15.2 The coordinate system and the reaction plane

in Ref. [2]. Only cosine terms appear in this Fourier series as sine terms van-
ish because of the reflection symmetry with respect to the reaction plane.
The coeflicients v,, can be calculated as the averaged values

vn(pr,y) = (cos[n(p — Ug)]) (15.2)



Collective Flow 159

IFor an isotropic cmission v, 0 for all n, non-zero values of v,, mean
anisotropic flow. Odd Fourier harmonics have opposite sign in the forward
and backward hemispheres, which is not the case for even harmonics. The
most interesting is the second harmonic vg, called the elliptic flow, as it
characterizes the ellipticity of the azimuthal distribution of the produced
particles. This is the dominant flow pattern. Higher even harmonics of the
flow, mainly the vy, have also been studied. They are much smaller than
vy (for vg and vg only upper limits could have been given).

A noteworthy remark is that final state interactions should give rise to a
positive value of vy [3]. This is due to various path lengths in the medium at
different azimuthal angles, as for peripheral collisions the interaction region
does not have azimuthal symmetry — see Fig. 15.2.

Figure 15.3 shows the elliptic flow vy of charged particles as a function of
the energy of the collision. It increases with increasing energy from negative
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Fig. 15.3 Elliptic flow of charged particles as a function of the collision energy from
AGS to the highest RHIC energies (from Ref. [4]).

values at low energies to positive ones at high energies. This means that
at low energies there is an “out-of-plane” elliptic flow (squeeze-out) which
then changes to “in-plane” elliptic flow. The transition takes place at about
VNN =3 GeV. At RHIC energies vz =~ 0.15-0.20.

Figure 15.4 shows the elliptic flow of charged particles at RHIC as a
function of the collision centrality, characterized by the number of partici-
pating nucleons, Npape. As it can be expected, the largest elliptic flow is in
the most peripheral collisions, and it decreases with the increasing number
of participating nucleons (it should be zero for strictly central collisions).

Figure 15.5 shows the elliptic flow of charged particles for semi-central
Au+Au collisions at four different energies, plotted as a function of pseu-
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Fig. 15.4 Elliptic flow for Cu+Cu (lower points) and Au+Au (upper points) collisions at
VSNN = 200 GeV as a function of the number of participating nucleons (from Ref. [5]).

dorapidity. The elliptic flow is largest at midrapidity and falls off linearly
towards larger values of |n|. This pattern seems to hold over a broad range
of incident energies, however in Ref. [7] a flatter dependence of vy on ra-
pidity in the central region has been reported for Pb+Pb collisions at the
SPS.

Figure 15.6 shows the transverse energy dependence of the elliptic flow
for identified particles: protons, antiprotons, kaons, pions and ¢-mesons.
Baryons/antibaryons and mesons follow two different curves. If, however,
they are scaled by the relevant numbers of constituent quarks, ng, (three for
baryons/antibaryons and two for mesons), then they all fall on a universal
curve. Figure 15.7 shows similar data from another experiment, which in-
clude also A and multi-strange hyperons, plotted as a function of transverse
momentum. The n4-scaling is evident. Recent measurement of the elliptic
flow for “non-photonic” electrons from Au+Au collisions at \/syny = 200
GeV, which are believed to result from decays of D-mesons, extends this
scaling also to charmed quarks [10].

This is a very interesting observation, suggesting that thermalization
takes place at quark level (not at hadronic level), and quark coalescence is
the dominant mechanism of hadronization. In the framework of the quark
coalescence hadronization dynamics [11], the elliptic flow for mesons, vy ar,
and for baryons, vy g, can be expressed in terms of the quark flow, vs , as

v2,m(pr) = 2 - va,4(p1/2) (15.3)

v2,B(pr) ~ 3 - v2,4(pr/3) (15.4)

what is confirmed by the data, and implies that the collective flow for
quarks of all flavours is the same [12]. At RHIC energies vy 4 =~ 0.08.
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Fig. 15.5 Pseudorapidity dependence of elliptic flow of charged particles for the 40%
most central Au+Au collisions at four beam energies. The values of \/syn and the aver-
age numbers of participating nucleons are given in each panel. Boxes indicate systematic
uncertainties (from Ref. [6]).

The third type of flow is the directed flow. It is called so because it
has a direction. The directed flow is characterized by the non-zero first
harmonic v, # 0, and has opposite sign in the two hemispheres. It results
mainly from momentum conservation: the flow of particles originating from
one of the nuclei must be counterbalanced by the equal in magnitude, but
opposite, flow of particles from the other nucleus. Figure 15.8 shows the
directed flow of charged particles in Au+Au collisions at \/syny = 62 GeV
for different centralities, plotted as a function of pseudorapidity. As it could
be expected, the directed flow is largest for most peripheral collisions (upper
left corner of the figure), and decreases towards zero for the most central
collisions (bottom right corner of the figure).

Results for identified particles reveal new and interesting features of this
phenomenon: the directed flow for pions has the opposite sign as that of
protons. This is shown in Fig. 15.9. The directed flow of protons increases
linearly with transverse momentum, while a similar dependence for pions is
very weak. Otherwise the directed flow for both types of particles decreases
from peripheral towards central collisions — this is seen in Fig. 15.9.
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Fig. 15.6 Left panel: elliptic flow for identified particles (protons, antiprotons, kaons,
pions and ¢-mesons) in Au+Au collisions at /sy = 200 GeV as a function of transverse
energy. Right panel: the same data scaled by the number of constituent quarks (from
Ref. [8]).
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Fig. 15.7 Elliptic flow for different types of particles from Au+Au collisions at \/syny =
200 GeV, scaled by the number of constituent quarks, as a function of transverse mo-
mentum, similarly scaled. The dashed curve has been fitted to K2 and A (from Ref. [9]).

Different behaviour of the directed flow for protons and pions, which
was not observed at low energies, indicates that the proton flow and the
pion flow have different physical origins. The directed flow of protons,
as well as the elliptic flow, is believed to be sensitive to the equation of
state of the hadronic (or quark) matter. Hydrodynamic description of both
types of flow has, however, only a limited success: the dependence of vy on
pseudorapidity (Fig. 15.5), and opposite signs of v; for protons and pions
(Fig. 15.9), are difficult to explain within such approach.
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Chapter 16

Charmonium Suppression

Suppression of “charmonium”?® in high energy nuclear collisions relative to
elementary hadronic reactions was suggested in 1986 by Matsui and Satz [1]
as a signal of a phase transition of nuclear matter to a deconfined state, or
quark-gluon plasma. They argued that in a deconfined medium the strong
colour field would “dissolve” charmonium by a mechanism similar to the
Debye screening in solids. It is believed that charmonia have small radii,
smaller or comparable to the colour field screening radius in the quark-
gluon plasma. Then, if quark-gluon plasma is created in relativistic nuclear
collisions, the relative yield of charmonia should be reduced as compared to
elementary reactions. This would affect the J/1¢ meson (M = 3097 MeV),
and also higher states such as ¢/ (M = 3686 MeV).” Figure 16.1 shows
qualitatively the effect of charmonium suppression. Both charmonia: .J/
and 1)’ are visible as two peaks above the background which in this mass
region comes from the so-called Drell-Yan process of dilepton production
via virtual photons arising from hard collisions occuring between partons:
quarks or gluons, ¢ + q(g) — v* — [TI~. The cross section for the Drell-
Yan process can be calculated exactly within the perturbative QCD. This
“eclementary” cross section is small, and thus in nuclear collisions the Drell-
Yan cross section should factorize as follows

oty =A-B-oby (16.1)

where A and B are the mass numbers of the projectile and the target.
This is verified by experimental data. Figure 16.2 shows the ratio of Drell
Yan cross sections measured in reactions involving various nuclei to the
theoretically calculated cross sections for these processes, plotted against

2This term means the bound state of charmed quark and antiquark, cé
bThese are narrow isosinglet vector mesons which could be detected via decay into
lepton pairs, uTpu~ or ete™.
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Fig. 16.1 Schematic visualisation of charmonium suppression in nuclear collisions rela-
tive to p+p reactions. The shaded area represents the amount of suppression (see text

for details).
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Fig. 16.2 Ratio of the measured Drell-Yan cross section to the calculated one plotted
against the product of mass numbers of the colliding nuclei (from Ref. [2]).

the product of mass numbers of the colliding nuclei. This ratio remains
constant all the way from p+p to Pb+Pb collisions. For lepton pairs arising
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from the Drell Yan process the theory predicts a continuous mass spectrum
falling as do /dM oc M3, approximated with a straight line in Fig. 16.1.
The charmonia peaks observed in elementary collisions, delineated with
solid line in this Figure, in nuclear collisions should become smaller, as
shown with dashed line. The difference between them, shown as the shaded
areas, is the effect of suppression.

Charmonia can be most conveniently detected in their decay modes into
muons, ptp~ (6% for J/1p, 0.7% for ' [3]). As an example of experimental
results, Figure 16.3 shows the measured effective mass distribution of muon
pairs from Pb+Pb collisions at 158 A GeV. The .J/1 peak is clearly seen, the
1)) appears rather as a “shoulder”, but can also be analyzed. One should,
however, remember that many .J/1¢’s are of secondary origin, in particular
the 1)’ is an important source of J/v’s: (56 +1)% of ¥" decay into “J/1) +
anything” [3].
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Fig. 16.3 Experimental mass spectrum of muon pairs from Pb+Pb collisions at 1584
GeV. Different components of the total spectrum are shown (from Ref. [4]).

First experiments at the CERN SPS, using the dimuon magnetic spec-
trometer and oxygen and sulphur beams, showed indeed a suppression of
J/1 relative to proton—proton interactions, and this was initially taken as
a confirmation of the above quoted theoretical prediction. Soon, however,
it has been realized that in a dense medium the J/1 meson should undergo
some absorption, and this would lead to a certain depletion of the signal
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as compared to p+p interactions. T'he nuclear absorption cross section for

charmonia have been measured in p+A reactions to be [5]:

Gabs(J/1) = (4.2 £ 0.4)mb (16.2)

gapbs(¥') = (7.6 £ 1.1)mb (16.3)

As the Drell-Yan background is not the same in various reactions, the
effect of J/1) suppression is studied via the “double ratio”: the J/¢ yield
over the background in nuclear collisions divided by the J/1 yield over the
background in p+p reactions. A similar procedure is followed for 1)’. The
so defined relative yield of charmonia is usually plotted as a function of
the length, L, which the J/¢ has to traverse in matter - see Fig. 16.4. It
determines the amount of nuclear absorption of J/1. L reaches its maximal
value for central collisions. Another characteristic length is [, also defined
in Fig. 16.4. [ is the initial transverse size of the interaction region (the
region of overlap of colliding nuclei). It also increases with centrality, and is
related to the impact parameter b, { = 2R — b, reaching a maximal value of
2R for strictly central collisions. [ is related to the number of participating
nucleons, Npare, for small [ Ny = const-[?. The two lengths, L and [, are
interrelated and can be computed as functions of the impact parameter if a
spherical shape and some density profile of the colliding nuclei is assumed
(e.g. the Saxon-Woods distribution). Experimental results on charmonium

Fig. 16.4 Definition of the two characteristic lengths, L and [, in a collision of two nuclei
with impact parameter b (from Ref. [6]).

suppression in nuclear collisions relative to p+p reactions are shown in
Fig. 16.5 for J/v¢ and in Fig. 16.6 for ¢'. The “double ratio” defined
above is plotted against the length L. It can be seen that up to L = 6-7
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fm for J/¢, and up to L — 45 fmm for ¢

)’ the decrease of the yield of
charmonia can be described by nuclear absorption (- shown with straight
lines with error bands), while a clear discontinuity occurs at larger values of
L. This happens in semi-central and central Pb+Pb collisions, and recently
has also been seen in central In+In collisions [7]. Discontinuity in the
charmonium suppression pattern is emphasized if the relative charmonium
yield is normalized to the nuclear absorption cross section. This is shown

for J/4 in Fig. 16.7.
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Fig. 16.5 The J/1 yield relative to the Drell-Yan background plotted as a function of
L (from Ref. [5]).

The nature of this abnormal suppression remains so far without a sat-
isfactory explanation. The proposed mechanism of this being due to char-
monium interaction with nuclear “comovers” can give some additional sup-
pression, but not a discontinuous behaviour observed in the data.

It is not clear whether the charmonium suppression observed at SPS
energies will remain the same at higher energies. On the contrary, there
are predictions that at higher energies the .J/1 suppression due to Debye
screening may be overcome by the production of charmonia by recombina-
tion of primordially produced ¢ and ¢ quarks [8]. Preliminary results from
RHIC for Au+Au collisions at \/syn = 2004 GeV show, however, a J/9
suppression pattern similar to that observed at SPS energies [9].
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Fig. 16.6 The v’ yield relative to the Drell-Yan background plotted as a function of L
(from Ref. [5]).
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Chapter 17

Puzzle in Di-Lepton Mass Spectrum

Invariant mass spectra of lepton pairs (ete™ or p ™) should reveal peaks
corresponding to direct decays of various mesons (p,w, ¢, J/1) into a lep-
ton pair, over a continuous background resulting from three-body decays,
mainly the so-called Dalitz decays of 70, 1,7, and w into a lepton pair and a
photon, but also from other many-body decays, including those of charmed
hadrons.

Di-electron mass spectra up to about 1.5 GeV for various colliding sys-
tems have been studied by the CERES experiment at the CERN SPS, and
have shown some unexpected features. Figure 17.1 shows the eTe™ mass
spectrum from p+Be collisions at 450 GeV. Let us note that the spectrum
spans over five orders of magnitude. Contributions to this spectrum from
various decay channels are shown with thin lines, and their sum with a
thick line. It can be seen that this sum, called by the authors the hadronic
cocktail, describes quite well the experimental data within statistical and
systematical uncertainties, shown in Fig. 17.1 correspondingly with error
bars and a grey band. In the mass spectrum below 200 MeV the spec-
trum is overwhelmingly 7° Dalitz decay, above 200 MeV heavier mesons
contribute. The eTe™ invariant mass spectrum for p+Au collisions at the
same energy is very similar to that for p+Be, and can also be described by
the “hadronic cocktail” [1].

For collisions of heavy nuclei the situation turns out, however, to be
quite different. Figure 17.2 shows the ete™ invariant mass distribution for
Pb+Au collisions at 1584 GeV, also measured by the CERES Collabora-
tion [2]. The “hadronic cocktail” calculated in the same way as previously
does not describe the data, in the mass range between the 7 and the p a
significant excess of electron pairs over the “cocktail” is observed.

The p*p~ invariant mass spectrum in In+1In collisions at 1584 GeV in
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Fig. 17.1 Invariant mass spectrum of ete™ pairs from p+Be collisions at 450 GeV
(from Ref. [1]). In this, and in subsequent figures, the hadronic cocktail of Dalitz- and
direct meson decays is shown separately (thin lines), and summed (thick line).

the same mass range was studied by the NA60 experiment at CERN [3]. A
similar excess below the p mass has been observed. Figure 17.3 shows, in
the left panel, the results before and after background subtraction, and, in
the right panel, only the “excess” and resonance peaks.

Theoretical ideas aiming at an explanation of the observed excess in
dilepton mass spectrum below the p mass, assume a modification of the
spectral shape of vector mesons (mainly of the p meson) in a dense medium.
According to Brown and Rho [4], meson masses should decrease linearly as
a function of the medium density: m/mg = 1 — k(p/po), where p is the
density of the medium, pg is the standard nuclear density, and & is a free
parameter called the shift parameter. This relation is called Brown-Rho
scaling. On the other hand, according to Rapp and Wambach [5], the effect
of a dense medium should be broadening of mesons: I'/T'g = 1+ k1 (p/po),
where T is the in-medium meson width, I'g is its standard width, and k; is a
free parameter. In principle, one could also think of simultaneous occurence
of both effects: mass shift and resonance broadening. Experimental results,
especially the high resolution data of NA60, disfavour the mass shift hy-
pothesis, indicating only some broadening of resonance peaks. One should,
however, keep in mind that the apparent width of a resonance peak is a



Fusete ane D Lepton Mass Spectrum Lis

4
10 [Tt ey e e

é CERES/NA45 Pb-Au 158 A GeV
3 10'5 Preliminary ”....’”m 7%
X; P,>200 MeVic
f Oee>35 mrad
%
-6 2.1<n<2.65

E 10 &l
3
2
el
v

107 |

10° e

P | PR I A

0 02 04 06 08 1 12 14 16 18
Me. (GeVic?)

Fig. 17.2 Invariant mass spectrum of ete~ pairs from Pb+Au collisions at 1584 GeV
(from Ref. [2]).

% r )
= L No centrality selection = 20000}~ No centrality selection
@ o -
= Foo - S=360000 2 % allp_
e TNA <spe=17 | & L i &
5 - i
= wie g15000»- ? o4 n
A 3 - i !
S E 3 \ i
5 S r ! i !
: i '._" r,{: 1
10000} i J{‘ 1
L 4 ] " i}
10°E 1 J i \! ﬁ JTJ
g i #In 4T
N 5000} ! %, e %l
r I } M i &
L i w ot 1 %
L b N e P '
TR I T L L . .‘_"wm A W ey
o 0.2 04 06 OB | 1.2 14 16 1.8 2 UD 0.2 06 0.8 1 1.2 1.4
M (GeV/c?) M (GeV/c?)
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at 1584 GeV (upper histogram), and the same spectrum after background subtraction
(lower histogram). Right panel: total data (open circles) and isolated excess (full trian-
gles) (from Ref. [3]).

convolution of the intrinsic width and of experimental resolution, and the
latter is often difficult to estimate. An enhanced production of charmed
mesons has been also considered as a possible source of the observed effect,
but there is no independent evidence for it. Thus, the observed excess in
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dilepton spectra below the p mass remains without a satisfactory explana-
tion.

Figure 17.4 shows the ete™ invariant mass spectrum in Au+Au colli-
sions at \/syn = 200 GeV measured by the PHENIX experiment at RHIC
in a much wider mass range [6]. Sharp peaks of w,®, and J/1¢ mesons
are clearly seen. The region between the ¢ and the .J/v is dominated by
semi-leptonic decays of charmed hadrons, and can be understood. But the
excess below the p mass remains a puzzle.
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Fig. 17.4 Invariant mass spectrum of ete™ pairs after subtraction of combinatorial
background, measured in minimum bias Au+Au collisions at /syny = 200 GeV (from
Ref. [6]).
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Chapter 18

Direct Photons

In collisions of relativistic nuclei, the appearance of direct photons, i.e.
photons which do not come from decays of final state hadrons, can be ex-
pected as resulting from interactions of various charged particles created in
the collision, either at the partonic or at the hadronic level. Direct photons
are considered to be an excellent probe of the early stage of the collision.
This is because their mean free path length is very large as compared to
the size of the system formed after the collision. Thus photons created
at the carly stage leave the system without suffering any interaction, and
retain information about this stage, in particular about its temperature.®
High transverse momentum photons can provide information whether the
observed suppression of high py particles is an initial- or a final-state effect.

Direct photons are single photons. Depending on their origin, one dis-
tinguishes two kinds of them: thermal and prompt. Thermal photons can
be emitted from the quark-gluon plasma, or from the hot hadronic matter
(the hadronic gas). Thermal photons from quark-gluon plasma come from
various electromagnetic processes involving quarks,” and from strong pro-
cesses involving quarks and gluons: Compton scattering ¢(q) g — q(q)~,
annihilation ¢g — ¢, and also from reactions gq¢ — gq~v, g9 — qq~,
4994 — q7, 9qq — g~. The complete calculation of the photon emission
rate from quark-gluon plasma to order «y is given in Ref. [1]. Thermal
photons from the hadronic gas may come from the processes 77 — p-y,
Tp — Ty, TT — N7y, mn — 7, single photons also result from decays
p — mrry, w — my. Calculation of the photon yield from hadronic reac-
tions can be found in Ref. [2]. Thermal photons can be observed in the low

2Let us recall that hadronic spectra yield the temperature existing at the final stage of
the collision process — see Chapter 10.

bQuarks carry electric charge %F or %e.
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pr region. Prompt photons are believed to come from “hard™ collisions of
initial state partons belonging to the colliding nuclei. They will dominate
the high pp region. The yield of photons from “hard” collisions can be
calculated using the perturbative QCD approach [3].

Direct photon extraction is an extremely difficult experimental task be-
cause their contribution amounts to only a few percent of the total yield,
and rapidly decreases towards small pr. The dominating photon source are
final state hadron decays 7 — 27, n — 27, etc. A convenient parameter
to quantify the studied effect is

B= “Yinclusive =14 VYdirect

Ydecay Ydecay
Attempts to extract the direct photon signal in 2004 O+Au and S+Au
collisions at the SPS yielded only upper limits [4]. In 1584 GeV Pb+Pb
collisions a significant signal of direct photons was observed for pp > 1.5
GeV/c, and an upper limit was set for 0.5 < pp < 1.5 GeV/c [5]. Figure
18.1 shows these results, together with theoretical predictions [6]. The sum
of contributions from quark-gluon plasma, hadronic gas, and perturbative
QCD “hard” processes describes well the experimental data. Two points

¥ - Correlation method
i ¥ Most probable yield

E dN/d’p (GeV'?)

3 4
p; (GeVic)

Fig. 18.1 Yield of direct photons from 1584 GeV Pb+Pb collisions. Two points at
low pr have been obtained by the correlation method, all other points by the statistical
subtraction method (from Ref. [7]).
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at low pp (100 < pype<0 300 MeV /¢) which appear in this plot, have been
added later. They result from a pioncering interferometry analysis of direct
photons [7], while the yield of direct photons at higher pp was obtained
using the statistical subtraction method. These points, and even their
lower limits obtained from the correlation strength parameter, appear to
liec above the theoretical predictions.

A stronger signal of direct photons has been recently measured at RHIC
in p+p, d+Au, and Aut+Au collisions by the PHENIX [8] and STAR [9]
collaborations. Apart from the standard statistical subtraction method, the
PHENIX collaboration used other methods of single photon identification:
tagging and external conversion v — et e~. Figures 18.2 and 18.3 show
the yields of direct photons from d4+Au and Au+Au collisions at \/syy =
200 GeV, plotted as functions of pp, together with theoretical predictions
(curves). Figures 18.4 and 18.5 show these yields displayed in terms of the

—_
“.‘> 102 E- —Minimum Bias, d+Au, \[5,,=200 GeV ([ ] Tagging
8 wib ? @swm
S U E u PHENIX preliminary |- conversion
[ A i —— NLO pQCD
‘E E XN {by W.Vogelsang)
o 107 - ;t = CTEQEM PDF
= = BFGU FF
B 100 3 B2, 2,
E %
107 2
10° ;— oy
109
10710 é_
- :
§ ol T
= Ml AR m,
= 11, xigd O TP TTISIIIIIIIIes
% YRETT 1T T = ==}
8 | i S

2 4 6 8 10 12 14 16
P, (GeV)

Fig. 18.2 Yield of direct photons from d+Au collisions at \/syny = 200 GeV. Curves
show theoretical predictions [10], a detailed comparison between data and theory is
shown in the lower panel (from Ref. [11]).

parameter R. Let us note that the low pp domain (pr < 1 GeV/c) remains
in these experiments not accessible.

As it has been stated at the beginning of this chapter, direct photons
carry information about the temperature of the initial state formed in the
collision. The appropriate analysis of experimental data for Pb+Pb col-
lisions at the SPS (y/syy = 17.3 GeV) yields the initial temperature



182 Introduction to Relatvmstie Heavy Lon Physics

T —————
. Au+Au at RHIC
~— 10" ¥, =0
Ty L akd 0- 20 % Central
L2
s-o-a e prompt+QGP+HG
%‘- « = prompt (no E-loss) + HG
Gl = = prompt (no E-loss)
o™ « PHENIX PRELIMINARY
=
%?*
Ti=370 MeV
-8 1 1 1 1 i i L
107 $ 10 1z 14 16
P, [GeV]

Fig. 18.3 Yield of direct photons from Au+Au collisions at /syn = 200 GeV. Curves
show theoretical predictions, the full curve contains all components of the calculation
(from Ref. [12]).
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Fig. 18.4 Direct photon yield from d+Au collisions at \/syny = 200 GeV plotted in
terms of the ratio R. The full curve is the pQCD calculation, shown with its uncertainty

limits (from Ref. [9]).

T; = 200 MeV [13], while for Au+Au collisions at RHIC (\/syn = 200
GeV) the initial temperature T; = 300-400 MeV has been obtained® [14].
This is much higher than the freeze-out temperature 7y = 120 MeV ob-
tained from the pr spectra of pions and kaons (see Chapter 10). Thus
direct photons provide us with a very interesting information, sheding light

¢A deconfined state of quarks and gluons was assumed in this analysis.
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Fig. 18.5 Direct photon yield from Au+Au collisions at /syy = 200 GeV plotted
in terms of the ratio R. Three types of points result from three different methods of
extracting the direct photon signal (from Ref. [11]).

on the evolution of the collision process.
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Chapter 19

High Transverse Momenta

Particles emitted with high transverse momenta (pp > 2-3 GeV/c) are
believed to result from “hard” scattering processes. As the distance char-
acteristic for hard scattering is small, of the order of 1/py < 0.1 fm, such
processes are “point-like”, and thus the yield of high pr particles from
collisions involving nuclei should scale with the number of elementary bi-
nary collisions, Neo. Medium effects can modify this scaling. This can be
conveniently studied by a measurement of the so-called nuclear modifica-
tion factor Raa. This quantity is defined as the ratio of the particle yield
in A+A collisions, normalized to the number of binary collisions, to the
corresponding yield in p+p collisions

1 d®NA%/dprdn

B ) = : 19.1
aa(pr,n) (NAMY d2NPp /dpr dn e’

where N o1l is the number of binary collisions in an A+A collision given
by the Glaubu model calculation. If there is no medium effects, the yields
should scale with Neoy and Raaq = 1.

The nuclear modification factor as a function of transverse momentum
has been measured at the SPS up to pr = 4-5 GeV/c (NA49 [1], NA57
[2], and WA9S8 [3]), and at RHIC up to pr ~ 20 GeV/c (PHENIX [4, 5],
PHOBOS [6, 7], and STAR [§]).

At medium transverse momenta some enhancement in R 4 4 is observed.
One should, however, keep in mind that for pp < 2-3 GeV/c “soft” pro-
cesses dominate, and particle yields scale with the number of participants,
Npart, rather than with the number of binary collisions, Neon, and thus the
normalization used in the definition of R 44 is not correct. At higher values
of pr Raa = 1 for d+Au collisions, while for Au+Au collisions R44 < 1,
and decreases with increasing pr.

Figure 19.1 shows the nuclear modification factor for neutral pions from
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Fig. 19.1 Nuclear modification factor for neutral pions from d+Au collisions at \/syn =
200 GeV, plotted as a function of transverse momentum. Full and empty round points
are the data obtained from two different calorimeters. The bands around the data points
show systematic errors, while the shaded band around unity indicates the normalization
uncertainty. The nuclear modification factor in the 10% most central Au+Au collisions
is also shown for comparison (from Ref. [4]).

d+Au collisions at \/syny = 200 GeV, plotted as a function of transverse
momentum.

Figure 19.2 shows the nuclear modification factor for 7% and 1 mesons
from Au+Au collisions at /syy = 200 GeV, plotted as a function of
transverse momentum. Results for direct photons are also given in this
Figure. They show no suppression at high pp, as it should be expected for
non-interacting probes.

In Fig. 19.3 results from RHIC for 7% mesons are shown again, together
with those for charged hadrons, and, separately, for charmed and beauty
particles. The suppression for charmed and beauty mesons has been mea-
sured indirectly, using non-photonic electrons which are expected to orig-
inate mainly from semileptonic decays of the corresponding heavy mesons
(see Chapter 12). A measurement of R4 for J/1¢ mesons has been also
reported [12]. All hadrons seem to show similar suppression pattern.

Figure 19.4 displays the nuclear modification factor as a function of
centrality, quantified by the number of participants, for neutral pions with
transverse momenta 2.0 < pr < 2.5 GeV/c from Pb+Pb collisions at

VSnn = 17.3 GeV.

Figure 19.5 shows similar dependence for both neutral pions and charged



Hugh Transverse Momenta IR7

PHENIX Au+Au Vs, = 200 GeV

10 m  Directy
L A 0
®

= Jet Quenching Calculation

+++++*+*++4T_T ....... —

| *;*‘w## +

1277 T
Transverse Momentum py (GeVic)

Suppression Factor
T
i

10"

T

(=]

Fig. 19.2 Nuclear modification factor for 7° and 1 mesons (triangles and circles), and
for direct photons (squares), from Au+Au collisions at \/syny = 200 GeV, plotted as a
function of transverse momentum (from Ref. [9]).

hadrons with pp > 4.5 GeV/c in Au+Au collisions at \/syy = 200 GeV.
In this pp range all hadrons are suppressed, the suppression increases with
increasing Ny

It has also been found that the R4 ratios for (7 4 77 ) mesons in
Cu+Cu and Au+Au samples with similar numbers of binary collisions for
their respective centralities show similar behaviour [13]. This shows that
the energy loss depends on the geometry of the system.

As an alternative to R the central-to-peripheral ratio Rcop is being
used. It is defined as the ratio of the differential yields in central collisions
to those in peripheral ones, both normalized to the corresponding numbers
of binary collisions

<Nl)criphorul> (12 N(‘;Q"trd[ (])T’ y) de (l:l/

coll

<Nc(g)(i)lntl'il|> 2 N Peripheral (pT7 1/) de (l;l/

Rep(pr,y) = (19.2)
Again, in absence of medium effects both yields should scale with the num-
ber of binary collisions, N.qy, and Rop = 1.

The BRAHMS Collaboration studied the dependence of Reop for
charged hadrons in d+Au collisions at /syx = 200 GeV on pr and 7 [14].
Figure 19.6 shows the Rep ratios for d+Au collisions at \/syny = 200 GeV
as a function of transverse momentum and pseudorapidity. No suppression
is observed in the central region (|| < 1), but a substantial change of R¢p
as a function of 7 has been found: hadron yields are suppressed at forward
rapidities. Also, the suppression is larger for more central collisions.
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Fig. 19.3 Upper panel: nuclear modification factor for 79 mesons and for light charged
hadrons from Au+Au collisions at /sy n = 200 GeV, plotted as a function of transverse
momentum. Data combined from all four experiments at RHIC. The curves have been
calculated for different values of the in-medium transport parameter ¢ (see text). The
Figure is from Ref. [10]. Lower panel: similar data for charmed and beauty particles as

obtained by PHENIX and STAR collaborations. Shaded bands indicate experimental
uncertainties (from Ref. [11]).

All these observations, whether using R4 or R p, indicate the presence
of medium effects which set in for more central collisions. The suppression
effect is strong: in central Au+Au collisions at \/syy = 200 GeV, and at
high transverse momenta (pp > 7 GeV/c), the relative particle yields are
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Fig. 19.4 Centrality dependence of the nuclear modification factor for 7 mesons with

2.0 < pr < 2.5 GeV/c from Pb+Pb collisions at \/syy = 17.3 GeV (from Ref. [3].)
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Fig. 19.5 Centrality dependence of the nuclear modification factor for neutral pions and
charged hadrons with pp > 4.5 GeV/c in Au+Au collisions at \/syn = 200 GeV (from
Ref. [5]). Bands around unity indicate the normalization uncertainty.

suppressed by a factor of 3-4 with respect to unity.
As it has already been stated, high transverse momentum particles are

believed to result from “hard” scattering of partons. Hard scattering of

quarks or gluons leads to the production of hadronic jets. Their attenua-

tion in the medium is called jet quenching. The interaction in the medium

of a high-pr quark or gluon produced in an elementary hard collision is

described as a multiple scattering process, and particle distributions are
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Fig. 19.6 The central-to-peripheral ratios for d4Au collisions at VSNN = 200 GeV as
a function of transverse moemntum and pseudorapidity. The filled points represent the
central-to-peripheral (0-20% over 60-80%) ratio, and the open points the semicentral-
to-peripheral (30-50% over 60-80%) ratio. The shaded band around unity indicates the
uncertainty in the evaluation of the number of binary collisions. From Ref. [14].

assumed to follow a diffusion equation in transverse space. The coefficient
in this equation, ¢, is called the jet transport parameter, (or transport coef-
ficient, or quenching parameter), and can be interpreted as the measure of
the momentum broadening per unit length [15]. This is the main parameter
to be determined from fits to experimental data. The fit to the light meson
suppression, shown with curves in Fig. 19.3, leads to quite large values of
the transport coefficient, but determined with a large uncertainty: ¢ ~ 5 15
GeV?/fm [10].

Another interesting characteristics of particle production with high
transverse momenta are the ratios of different particle species. At the SPS
energies it was already noticed that the K/m and p/7 ratios increase with
increasing transverse momentum, the data for pp > 2.5 GeV/c had, how-
ever, rather large errors. This tendency was confirmed at RHIC energies.

Figure 19.7 shows the kaon to pion ratios as functions of pp for cen-
tral and peripheral Au+Au collisions at /syny = 200 GeV. Figure 19.8
shows the proton-to-pion and antiproton-to-pion ratios as functions of pp
for Au+Au collisions at \/syy = 200 GeV with different centralities. All
these ratios increase with pp, and the increase is faster in central collisions
than in peripheral ones. Antiproton-to-proton ratios are similar in central
and peripheral collisions, and show almost flat pp dependence. The value of
this ratio is p/p 2 0.73 [9], in agreement with statistical model predictions.
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peripheral (60-92%) Au+Au collisions at /syy = 200 GeV (from Ref. [9]).
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Chapter 20

Production and Absorption of Jets

Study of jets in high energy collisions is of great interest as within the
frame of QCD jets are believed to result from quarks or gluons, and thus
should carry information about the deconfined state of matter, supposedly
produced in such reactions.

A jet is defined as a group of particles emitted with close vector mo-
menta, or, in another language, having small relative distances in momen-
tum space. In what follows we will consider hadronic jets, in which “par-

]

ticles” mean final state hadrons. A standard procedure to find a jet is to
select a high pr hadron as a “leading particle”, and then look for other
hadrons emitted close to it in momentum space. A certain degree of colli-
mation must be assumed in this search, restricting the acceptable jet size.
This is of particular importance in high multiplicity events, in order to
avoid overlap of different jets. Various jet-finding algorithms differ some-
what between themselves, but they lead to a similar final result. A jet is
conveniently visualized using a “lego” plot in the rapidity y (or pseudo-
rapidity 77), and azimuthal angle ¢ coordinates. In these coordinates the
position of the leading hadron is characterized by some values (19, ¢o), and
the position of the jet axis by somewhat different values (7., ¢.), obtained
as Ep-weighted average taken for all particles belonging to the jet. In such
“lego” plot a jet appears as a cone with the base of radius R, with all
particles i belonging to the jet fulfilling the relation

Ve —m)?+(pe —$:)2 <R (20.1)

It should be noted that jet finding is an iterative procedure, much time con-
suming in multiparticle environment. One requires this procedure to yield
relatively stable values of jet parameters (position and radius). Once a jet
has been identified, its kinematical characteristics, such as total momentum
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and effective mass, can be casily calculated from momenta of the selected
hadrouns.

Formation of jets is typically a high energy process, barely visible at
SPS energies, but accessible for investigations at RHIC. Jet studies in nu-
clear collisions at RHIC led to a very interesting observation. It has been
found that jets in the opposite hemisphere (away-side jets) show a very dif-
ferent pattern in d+Au and in central Au+Au collisions. This is shown in
Fig. 20.1. In d+Au collisions, similarly as in p+p collisions, a pronounced

gl O e O e T G i G B e b e i

o d+Au FTPC-Au 0-20%

- — p+p min. bias ‘ﬁm R

* Au+Au Central *ﬁ 1

PSS comem

1/Nygger AN/ (40)

A ¢ (radians)

Fig. 20.1 Away-side jet modification in central Au+Au collisions at /sy = 200 GeV
with respect to p+p and d+Au collisions at the same energy (from Ref. [1]).

away-side jet appears around A¢ = 7, exactly opposite to the trigger jet,
what is typical for di-jet events. In central Au+Au collisions the away-side
jet is suppressed. Figure 20.2 shows the evolution of this pattern with cen-
trality of Au+Au collisions. With increasing centrality, the central peak
at the away side disappears, and new enhancements of particle yields de-
velop. Figure 20.3 shows this in the azimuthal angle plane: the two side
maxima occur symmetrically at the azimuthal angle ¢ ~ 110° with respect
to the axis of the trigger jet. Further investigations, mainly studies of
three-particle correlations, show the “conical” emission of hadrons in the
away-side hemisphere. This is clearly seen in Fig. 20.4 which shows a three-
dimensional view of particle emission. A ring-shaped structure appears at
the away side. In this Figure the conical profile of the trigger jet, which
should be hidden below the plane, has been reflected upwards, and appears
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Fig. 20.2 Azimuthal correlation of the trigger jet with associated particles at the away-
side in central, mid-central, and peripheral Au+Au collisions at /sy ny = 200 GeV (from
Ref. [2]).

p+p Au+Au

Away-sids jet

Fig. 20.3 Angular distribution of secondary particles around the beam axis with respect
to the direction of the trigger jet in p+p (left panel), and central Au+Au (right panel)
collisions at \/syn = 200 GeV (from Ref. [3]).

in the centre of the ring structure. The “conical” emission of particles is
suggestive of a Mach cone.*

2The Mach cone is formed when an object is moving in a medium (gas or liquid) with
velocity which exceeds the velocity of sound in this medium. It separates the undisturbed
part of the medium from the disturbed one. The opening angle « of the Mach cone,
called the Mach angle, is determined by the ratio of the velocity of sound in the medium
¢ to the velocity v of the moving object: sina = ¢/v.
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Fig. 20.4 Three-particle correlation function in central Au+Au collisions at \/sSNyN =
200 GeV. The central cone has been reflected upwards (from Ref. [4]).

Formation of the Mach cone indicates that sound propagation in the
medium is only weakly damped, what means that the medium viscosity is
small.

The observed absorption of jets in the dense medium, also called jet
quenching, and its dependence on the centrality, or, equivalently, on the
geometry of the collision, suggests a possibility of jet tomography as a tool
to investigate properties of the matter created in the reaction.
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Chapter 21

More About Quark-Gluon Plasma

21.1 Polarization of the quark-gluon plasma in the spin
space

In non-central collisions of high energy heavy ions large orbital angular
momenta are involved. The angular momentum vector is directed perpen-
dicularly to the reaction plane, this being defined by the beam direction
and the impact parameter. A fraction of this angular momentum is car-
ried away by non-interacting nuclear fragments — the spectators, but the
matter in the overlapped region will also carry a substantial orbital an-
gular momentum. Estimates show that in a non-central Au+Au collision
at RHIC energies the global angular momentum of the overlapping matter
might be of the order of 10° spin units [1]. If quark-gluon plasma is pro-
duced, one can speak of a spinning plasma. This should result in a global
polarization of quarks and antiquarks, and further translate into polariza-
tion of the produced spin non-zero hadrons. In particular, polarization of
vector mesons and hyperons can be expected. This would be the cleanest
signal of a quark-gluon plasma with large intrinsic angular momentum. If
hyperons are produced via quark recombination, ¢qqq — Y, and polariza-
tion of all types of quarks is the same, P, = Py = P; = P,, then the
polarization of a hyperon would be equal to the polarization of a quark,
Py = F,. On the other hand, if hyperons are produced via quark frag-
mentation, ¢ — Y + X, their polarization would be smaller: under the
assumption Py = P, one obtains Py = P,/3. The spin state of a vector
meson is described by the spin density matrix, and its diagonal elements
measure the amount of spin alignment (without its direction). The vector
meson spin alignment is, however, for both quark recombination and quark
fragmentation hadronization scenarios, a Pq2 effect, and thus may be small.
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Existence of the global angular momentum of the system also implies
a final transverse gradient of the longitudinal flow velocity. An enhance-
ment of the radial and elliptic low can be expected. Thus, investigating
spin effects in non-central collisions of relativistic heavy ions one can ob-
tain interesting information on the reaction evolution, and possibly also on
hadronization scenarios.

An attempt to measure spin effects in Au + Au collisions at /syy =
200 GeV has been made by the STAR Collaboration. For two vector meson
species: the K*9(892), and the ¢(1020), the diagonal spin density matrix
elements have been determined, and found compatible with no polarization
[2]. For hyperons only an upper limit for A(A) global polarization | Py x| <
0.02 has been obtained [3]. One should, however, keep in mind that not
all A hyperons are directly produced, and the feed-down processes would
dilute the polarization effects.

In conclusion, no global spin effects have been found in experiment.

21.2 Disoriented chiral condensate

Orientation of the isospin vector of a particle, I, or of a system of parti-
cles, in the isospin space determines its electrical charge which is related to
the third component of this vector, I,. Due to isospin conservation, pions
emitted from an isospin zero source should be produced in the three charge
states with equal probabilities: (Nyo0) = (Ny+) = (N,-). An isospin  pion
emitter has a 2/3 probability of emitting a charged pion, and a 1/3 proba-
bility of emitting a neutral pion. The mean number of neutral pions is thus
(Npo) = %(N,Q, where Ny = N+ + N,- + N,o, and their multiplicity dis-
tribution is described by the binomial distribution. For large multiplicities
this distribution is relatively narrow, as shown in Fig. 21.1 for N, = 75.
For a multi-hadron system produced in a collision of relativistic heavy ions
the situation may, however, be different.

In the pioneering work on this subject [4] it was remarked that when
considering the production of classical pion fields, groups of pions can be
emitted with close momenta, and within such a group the number of emitted
7¥ mesons will in general be different from that of 7 (or 7). It was shown
that such a state appears in both linear and non-linear o-models which are
simplified versions of the full chiral effective theory [5]. It may have a large
isospin vector oriented in any direction in isospace, and thus it may be a
source of secondary pions with any isospin configuration. Rajagopal and
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Wilezek [6] introduced the notion ol disoriented chiral condensate (DCC)

a metastable state resulting from cooling down the high temperature chiral
symmetric phase of a quark-gluon plasma. A DCC state may occupy the
full available phase space or only a part of it, and thus it may constitute
a source of all secondary pions or only a small fraction of them. Some
theoretical models |7, 8] predict DCC domains of sizes 3-4 fm in radius,
emitting 50200 pions. Such a source may be situated in any kinematic
region of the expanding system, and the pion emission pattern might be
statistical or coherent. If the pion emission from DCC is indeed coherent,
the pions will be collimated within a limited region of phase space, and will
have small relative transverse momenta. In this case one would expect to
find “jet-like” structures (“the pion laser” [9]).

The formation of the DCC would result in a large imbalance in the
production of charged to neutral pions. Thus one should see events which
mainly consist of the charged pions: N+ = N.- > N,o, or of the neu-
tral pions: Nyo > N+ = N_.-. This seems to come close to the yet
unexplained observations of centauro and anti-centauro events recorded in
emulsion chambers exposed to cosmic rays at mountain altitudes [10].*

0.100

0.075 -

0.050

0.025

0‘0000 2|5 50 78
N(?I'())

Fig. 21.1 Multiplicity distribution of neutral pions from an isospin zero source, cal-
culated for N = 75 (from Ref. [9]), and analogous distribution expected from DCC
(arbitrarily normalized).

The effect of such imbalance between charged and neutral pions can
be studied in terms of the distribution of the neutral pion fraction, f =
Nyo/Ny. As already stated, neutral pions in a normal event would follow

2The centauro events are, however, characterized by transverse momenta of the order
of 1-2 GeV/c, much higher than those expected from DCC.



200 Introduction to Relatvomstee Heavy lon Physies

a binomial form with a mean of %, whereas within a domain of DCC the

distribution would be P(f) = 1/(2v/f) [5]. This distribution is also shown
in Fig. 21.1. It is very wide, and thus it allows for large fluctuations in the
neutral pion fraction. The simplest prescription for finding DCC is thus
to count photons and charged hadrons within a common acceptance, and
to study the correlation between their numbers. This can be done either
in full detector acceptance, or in smaller kinematical regions. Apart of
large event-to-event fluctuations in the neutral pion fraction which is the
most basic signature of DCC formation, some other signatures have been
proposed, and suitable analysis methods developed.

Relevant experimental investigations were performed for Pb+Pb col-
lisions at /s = 17.3 GeV at the CERN SPS. The NA49 Collaboration
studied fluctuations in the ratio of electromagnetic to hadronic transverse
energy, EXM/EMAD [11]. The WA98 Collaboration investigated photon and
charged particles multiplicity correlations (N, — Ny, correlations) [12], and
also made a study using the discrete wavelet technique (DWT), which al-
lows to identify fluctuations at various distance scales [13]. No “anomalous”
behaviour which might be attributed to a DCC signal has been found.

A search for DCC was also performed for p+p collisions at /s = 1.8
TeV at the Tevatron at Fermilab by the dedicated experiment MiniMax
[14]. No evidence for DCC was found at a few percent level.

21.3 Color glass condensate

The concept of the color glass condensate as a novel state of hadronic mat-
ter was motivated by recent results on the gluon density distribution in the
nucleon. At the DESY laboratory in Hamburg, Germany, the deep inelas-
tic lepton scattering (DIS) off a hadronic target was investigated. These
processes are studied in terms of the Bjorken variable x ~ Q?/s, where Q is
the four-momentum transfer (or the four-momentum of the exchanged pho-
ton), and s is, as usual, the invariant energy squared. Experimental results
indicate that at a fixed four-momentum transfer the density of constituents
(gluons) in a hadron increases with increasing energy or, equivalently, with
decreasing x. The number of gluons is rising rapidly with increasing en-
ergy, but as the total cross section rises slowly, the density of gluons should
become limited or, in other words, should reach a saturation.® Saturation
occurs for transverse momenta of produced particles below a certain critical

bIn fact, it would show a slow, logarithmic increase with L.
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value, Q7 called the saturation scale. This quantity increases with increas-
ing cuergy, and can become larger than the QCD scale Agap, what means
that the strong coupling constant «v, decreases, and may become smaller
than one, ag < 1. The system is thus weakly coupled. This is a new and
important feature which would allow to use a perturbative approach to the
description of such a system.

This novel state of matter was named Color Glass Condensate (CGC)
for the reasons given below [15-17]:

e “Color” since the gluons are colored;

e “Glass” because of the strong analogy to the actual glass. A glass is a sys-
tem with “frozen disorder” which is like a solid at short time scales, and
like a liquid at much longer time scales. Similarly, gluons are disordered,
and evolve slowly in longitudinal momentum in a manner analogous to a
glass;

e “Condensate” because it contains a very high density of gluons. In-
creasing the energy leads to the saturation of the gluon density, what
corresponds to a multiparticle Bose condensate state.

The concept of CGC has been applied to the phenomenology of DIS, and
also to that of relativistic heavy ion collisions. One should, however, keep in
mind that a smallness of the strong coupling constant a requires a rather
hard saturation scale: Q2 > AéCD, and for the presently available energies
this condition is only marginally satisfied. In nuclei the saturation scale Q4
increases with A as Q? A3 1In A, what makes the conditions for the ap-
plication of the CGC approach more favourable, but still an estimate of the
saturation scale at RHIC gives Qs ~ 1-2 GeV, and at LHC @, ~ 2-3 GeV
[16]. These rather moderate values of Qs mean that the strong coupling
constant ay is in fact not very small, and thus perturbative calculations
should not be limited to the lowest order in ay.

Nevertheless, calculations based on the concept of CGC have yielded
some encouraging results. In particular, the feature of limiting fragmenta-
tion observed in collisions of relativistic nuclei has found a plausible expla-
nation in the framework of CGC [17]. There is hope that more quantitative
successes of this approach will be reported.

A new concept, connected to CGC, is that of glasma. This is supposed to
be a state of matter emerging just after the collision of two ultrarelativistic
nuclei, each of them described as a sheet of color glass. Glasma melts into
gluons, which thermalize together with quarks, leading to the formation of
the quark-gluon plasma [17].
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Chapter 22

Predictions for the Large
Hadron Collider

22.1 Extrapolations of present-day experimental data

Near the end of this year the first proton-proton collisions are expected in
the Large Hadron Collider (LHC) now in the final stage of commissioning at
CERN, and nuclear beams are expected in the following year. For Pb+Pb
collisions the centre-of-mass (c.m.) energy per nucleon pair will be \/syn =
5.5 TeV, almost 30 times higher than that in RHIC. For p+p collisions the
c.m. energy will reach /s = 14 TeV. This will be a large leap in the collision
energy, nevertheless some predictions related to various characteristics of
elementary and nuclear collisions at the LHC can be made using simple
extrapolation of the present-day experimental data. Data suitable for such
extrapolations come mainly from experiments at RHIC, and in the first
place from the PHOBOS experiment [1].

As already mentioned in Chapter 8, the total multiplicity of charged
secondary particles in relativistic nuclear collisions increases with the energy
of the collision as In? Vs~nn, while the density of charged secondaries at
midrapidity increases as In/syy. In Figs. 22.1 and 22.2 these relations
are used for extrapolation to LHC energies.

Figure 22.1 presents the logarithmic extrapolation of the total charged
multiplicity per participant pair. Two classes of p+p collisions: inelas-
tic and non-single-diffractive (NSD), together with nuclear collisions, are
shown. The obtained numerical values at LHC energies are collected in
Table 22.1.

Figure 22.2 shows the energy dependence of the mean density of charged
secondary particles at midrapidity for nuclear collisions, again per partici-
pant pair. The logarithmic extrapolation yields the value

dNgp /dn | =0 = 1200 + 100
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Fig. 22.1 Energy dependence of secondary charged particles multiplicities per partici-
pant pair in various reactions, extrapolated to LHC energies. Straight lines indicate the
o« In? /sy N behaviour (from Ref. [2]).

Table 22.1 Mean multiplicities of charged sec-
ondary particles for p+p and for central Pb+Pb
collisions extrapolated to LHC energies (from

Ref. [2]).
Reaction VSN, TeV (Nen)
p+p inel. 5.5 49 + 8
p+p NSD 5.5 57T £ 7
p+p inel. 14.0 60 + 10
p+p NSD 14.0 70 £ 8
Pb+Pb central 5.5 15000 4+ 1000

for the most central (top 3% centrality) Pb+Pb collisions at \/syn = 5.5
TeV. Charged particle multiplicities at SPS and RHIC energies can also be
fitted reasonably well with a power law in /s with the exponent of about
0.29 [3]. Using it for extrapolation to LHC energy one arrives at the values
which are higher than for the logarithmic extrapolation: dNep/dn|y—0 =
1670-1900 for most central (Npare = 375) Pb+Pb collisions at /syy =
5.5 TeV.

Figure 22.3 shows the density distribution of charged secondaries,
dNep,/dn, in central (0-6% centrality) and mid-central (35-45% centrality)
Pb+Pb collisions at /syy = 5.5 TeV, extrapolated from the PHOBOS
Au+Au results at RHIC. One should, however, mention another possible
extrapolation of particle density distributions to LHC energies: extending
the “limiting fragmentation” regions up to midrapidity. This would result
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Fig. 22.2 Energy dependence of the midrapidity density of charged secondary particles
per participant pair in collisions of various nuclei, extrapolated to the LHC. Straight line
indicates the o In /sy behaviour (from Ref. [2]).

in a triangular rather than trapezoidal shape of the distribution, and lead
to a higher value of particle density at midrapidity: dNey/dn|,—o0 = 1700
[4], instead of the above quoted value of 1200.

Figure 22.4 shows the expected density distribution of “net protons”
(i.e. “protons minus antiprotons”), calculated on the assumption that the
nucleon rapidity loss at LHC is Ay = 2, almost the same as at RHIC

energies [5] (see Fig. 9

4 of Chapter 9).
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Fig. 22.3 Pseudorapidity density distribution of charged secondary particles per partic-
ipant pair for Pb+Pb collisions with two different centralities, extrapolated from RHIC
to LHC energies (from Ref. [2]).
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Fig. 22.4 Rapidity distribution of “net protons” expected at LHC (from Ref. [6]).

Finally, Fig. 22.5 shows the predictions for the elliptic flow. The pseu-
dorapidity distribution of the parameter v, which characterizes the elliptic
flow (see Chapter 15) for the 40% most central Pb+Pb collisions at LHC
has been extrapolated from the PHOBOS results, assuming that the trian-
gular shape of the distribution observed at RHIC (see Fig. 15.5 of Chapter
15) will persist at LHC, and that the distribution will show similar slope
at both edges (the “limiting fragmentation” feature). These assumptions
define the distribution, and lead to a prediction that ve at midrapidity at
LHC might be larger than that at RHIC by as much as 50%. For the class
of events considered here as example (0-40% centrality) veo |,7:0 =~ 0.050 at
RHIC, and vy |,,—¢ = 0.075 can be expected at LHC.
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Fig. 22.5 Pseudorapidity distribution of elliptic flow for the 40% most central collisions
extrapolated from Au+Au at RHIC to Pb+Pb at LHC energies. Points show the RHIC
data at several energies which determine the slope of the distribution at its both edges
(from Ref. [2]).

When making predictions for the LHC one should, however, keep in
mind that simple scaling properties of various characteristics observed in
present-day experiments might break down at higher energies. The main
reason is the unknown contribution of “hard” collisions. Studies of p+A
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collisions indicated that the yield of secondary particles is proportional
to the number of nucleons-participants, Ny,.* Such situation is typical
for “soft” processes,” and it also scems to hold for A+A collisions, how-
ever not exactly. An attempt to estimate the contribution of “hard” pro-
cesses in Au+Au collisions at RHIC energies was made by Kharzeev and
Nardi [8]. They assumed that the fraction x of the multiplicity per unit
of (pseudo)rapidity measured in p+p collisions is due to “hard” processes,
and the remaining fraction (1 — x) comes from “soft” processes. Then the
multiplicity in nuclear collisions will have two components: “soft”, which
is assumed to be proportional to the number of participants, N, and
“hard” which is proportional to the number of collisions, N.o. This is
expressed in the formula

(iNCh
dn

N art
= N [(1 = )= + 2 Neon (22.1)

where N1 is the yield of charged secondary particles in p+p collisions at the
same collision energy, and x determines the relative contribution of “hard”
collisions. At SPS energy x is negligible (only “soft” processes), while at
VSNN = 130 GeV at RHIC the estimate of Ref. [8] is = 0.09 £ 0.03.
Let us note that this would mean a very substantial contribution of “hard”
processes to the measured multiplicity: about 37% of particles produced
in Au+Au collisions at this energy would result from “hard” processes.
The uncertainty of this number is, however, quite large, and the rate of
further increase of x with energy is unknown. As “hard” collisions may
show different characteristics, and different (pseudo)rapidity dependence
as compared to “soft” ones, their increasing contribution may change the
overall picture, and invalidate simple extrapolations quoted above.

22.2 Predictions from theoretical models

In order to collect predictions from the theorists, a special workshop en-
titled Heavy lon Collisions at the LHC Last Call for Predictions was
organized at CERN in May/June 2007 [9, 10]. Predictions presented at
this Workshop are issued from various theoretical models and computer
codes based on them. Such models are, in general, not parameter-free, and

aThese are nucleons which suffered the first collisions, or “wounded” nucleons in the
terminology of Bialas et al. [7], see also Chapter 6.

bYield from “hard” processes is expected to be proportional to the number of binary
collisions, N¢qi1-
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have some parameters which are adjusted so as to fit the present-day ex-
perimental data. With some energy dependence of these parameters, the
models also have elements of an extrapolation from lower to higher energies.
We shall quote some selected predictions.

The mean multiplicity of charged secondary particles calls a special
attention. This is mainly because it is the “first day observable” which
can discriminate between different theoretical models. Also, many other
predictions depend on it. The early compilation of theoretical predictions
on the charged particle density at midrapidity, dNgp,/dn|,=o, for the LHC
dated from before the commissioning of RHIC, quoted values ranging from
about 1200 up to 8000, a very wide interval [11]. More recent predictions
are situated in the lower part of this interval, as examples we quote: 2000
from a CGC approach [12], 2570 from perturbative QCD + hydrodynamics
[13], and 3500 from the HIJING code [14].

The multiplicity distribution in rapidity (or pseudorapidity) is usu-
ally assumed to be flat, or almost flat, in the central region (“plateau”),
however the DPMJET code, based on the Dual Parton Model [15], pre-
dicts for Pb+Pb central collisions at /syn = 5.5 TeV a pronounced bi-
modal (“double-humped”) structure with dN.,/dn ~ 1800 at n = 0, and
dNey/dn = 2000 at n = £2.

Spectra of identified particles at midrapidity in Pb+Pb collisions at
VSN~ = 5.5 TeV have been studied using hydrodynamic [16] and combined
hydrodynamic and perturbative QCD (pQCD) [17] approaches. Generally,
all spectra at the LHC are expected to be less steep than at RHIC due to
an increased radial flow. For low transverse momenta the spectra are de-
scribed by relativistic hydrodynamics, and for higher pp they are predicted
to become flatter due to contributions from (mini)jet fragmentation. For
central collisions the hydrodynamic contribution dominates over the pQCD
one up to pr = 4 GeV/c, and for peripheral collision only up to pp ~ 1.5
GeV/c. The hydro-pQCD pr crossing point moves towards higher py with
increasing hadron mass. The rise of the ratios of heavy-to-light hadrons
(e.g. p/m, A/K) with pp will be slower at LHC than at RHIC.

Ratios of various hadronic species can be predicted from the statistical-
thermal model which turned out to be very successful at present-day en-
ergies [18]. Let us recall that some particle ratios exhibit a large sensi-
tivity to the thermal parameters, in particular the antiparticle-to-particle
ratios strongly depend on the baryonic chemical potential. At the LHC
the expected values of the temperature and baryonic chemical potential are
T =161+4 MeV, and pp = 0.87) 5 MeV. The antiparticle/particle ratios
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will be all very close to unity, except for the p/p ratio which is predicted
to be 0.95, reflecting the expected small, but non-zero, value of jip.
T'wo-pion and two-kaon correlations have been calculated using the com-
puter code which takes into account their final-state strong and Coulomb
interactions [19], and which reproduces the RHIC data reasonably well.
Table 22.2 shows the Bertsch radii obtained from Gaussian fits to corre-
lation functions for low pp pions and kaons emitted near midrapidity in
central Au+Au collisions at \/sSyy = 200 GeV (RHIC), and similar radii
predicted for central Pb+Pb collisions at \/syn = 5.5 TeV (LHC). One
can see that the radii at the LHC are larger than those at RHIC (the cor-
relation functions will be narrower). Radii of the emission source for kaons
are smaller than those for pions. The Ryt /Rside ratio is in all cases close
to one. Similar results on the pion source radii have been obtained with

Table 22.2 Radii from Gaussian fits to correlation func-
tions at RHIC and predictions for the LHC (from Ref. [9]).

Rout, fm Rgide, fm Rlong’ fm A

pions, RHIC 3.60 3.52 3.23 0.50
pions, LHC 4.23 4.70 4.86 0.43
kaons, RHIC 2.95 2.79 2.62 0.94
kaons, LHC 3.56 3.20 3.16 0.89

the Fast Hadron Freeze-out Generator of Ref. [20]. Calculations using the
relativistic hydrodynamics result in much weaker energy dependence of the
correlation radii [21].

Relativistic hydrodynamics allows to obtain predictions concerning the
radial and elliptic low. The differential elliptic flow, va(pr), for pr < 1.5
GeV/c should decrease with increasing energy, but both radial and pp-
integrated elliptic flow are predicted to increase from RHIC to LHC [16].
This is due to the relative depletion of low ppr hadrons, and a shift of the
momentum asymmetry to higher values of pp. The pp-integrated elliptic
flow for pions is expected to increase from RHIC to LHC by about 25%
[22].

The .J/1) suppression is predicted in Ref. [23] to increase by a factor of
5-6 as compared to RHIC.

The suppression of the away-side jet in Au+Au central collisions at
RHIC, and the appearance of the Mach cone, is commonly interpreted
as jet energy loss, or jet quenching. However, the interaction of a jet in
the medium is theoretically not well understood, and there are significant
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uncertainties in the energy loss models. They affect both the explanation
of the RHIC data, and the extrapolation to the LHC.

For similar reasons, predictions concerning nuclear modification factors
Raa and Rep also have large uncertainties.

Possibilities of observation of some “exotic” phenomena at the LHC are
also being discussed. These are: the quark-gluon plasma with high intrinsic
angular momentum (in peripheral collisions), the disoriented chiral conden-
sate and centauro-like events, production of exotic multi-quark systems like
charmed tetra-quarks and penta-quarks, and generation of mini black holes.
More details on these topics can be found in Ref. [9].
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Appendix A

Relativistic Kinematics

A.1 Basic definitions and formulae

A particle is called relativistic if its energy is comparable or exceeds its rest
energy mc? (if E >> me? one sometimes speaks of ultrarelativistic particle.)

In relativistic physics the following relation holds between the total en-
ergy F and momentum p of a particle with rest mass m:

E?% = (pc)? + (mc?)? (A.1)

where ¢ is the velocity of light. It is convenient to use the system of units
in which ¢=1. Then the relation Eq. (A.1) becomes simply

E? =p* +m? (A.2)
where all three quantities are expressed in units of energy, e.g. in GeV
(1 GeV=10%V). Inspite of this generally adopted convention, the momen-
tum of a particle is usually quoted in GeV/c¢ while energy and mass are
both quoted in GeV. Thus a “1 GeV /¢ particle” is a particle having mo-
mentum of 1 GeV/c, while a “1 GeV particle” is a particle having energy
of 1 GeV, and a possible misunderstanding is avoided.

Introducing the Lorentz factor v = (1 — 32)~1/2 where £ is the velocity
in units of the velocity of light, 3 = v/¢, one finds that the following simple
relations hold: E = ym, p = vBm, p = BE, with 8 < 1,7 > 1. For an
ultrarelativistic particle v > 1, f ~ 1, and F =~ p.

Relativistic kinematics is based on the Lorentz transformation which
relates energy and momentum components of a particle in a given reference
frame to those in another frame moving with relative velocity 55

E* i _’Yfﬂf> ( E> 5
— g = D7 A3
(PZ ) (—Wfﬂf ¢ i p)  PT T (&.3)

where pr, pr are the components of p’ parallel and perpendicular to 3y,
and v = (1— /3?)‘1/ 2. From this one finds for the longitudinal momentum
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component in the moving frame

pL =77 (pr — BfE) (A.4)

and for the corresponding energy

E* =44 (E — BspL) (A.5)

A.2 Rapidity and pseudorapidity

A very useful variable is rapidity defined as

1+
y =tanh™! 8 = - In ( +i ) (A.6)

—2\1-5

The relation between y and £ is plotted in Figure A.1.

Fig. A.1 Rapidity
plotted against velocity.

One can see that y ~ ( for small 3, while
y — oo for # — 1. Equation (A.6) can be rewrit-
ten in terms of other variables

1L E+pr
Yy = —1 5
Y 2H<E_pL> (A7)
or
E
y=In <7+ pL) (A.8)
mr

where mp = +/m?+p2 is called transverse
mass. Rapidity is additive under Lorentz trans-
formation: ¢y = y — tanh_lﬂf. In particular,
rapidity of a particle in the centre-of-mass (c.m.)
frame, y*, is related to its rapidity in the labora-
tory frame, y, by the relation y* = y — tanh ™' .
where 3. is the velocity of the c.m.frame. This
also means that the shape of the rapidity distri-
bution do/dy is invariant under Lorentz transfor-
mation, and acquires only a parallel shift when
going from one reference frame to another. For a
collision of two equal-mass objects (can be par-
ticles or nuclei), the rapidity of the c.m.frame
equals one half of that of the laboratory frame,
Ye = 0.591a,. For ultrarelativistic particles
E =~ p, and with cos = pr/p, where 0 is the
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cmission angle, one obtains I+ py, = (1 L cos0), and rapidity can be

approximated by pseudorapudity
7 = —Intan(f/2) (A.9)

Using 7 allows one to obtain the particle distribution in the centre-
of- mass frame by measuring only angles in the laboratory frame. This
has been used since long in investigations of cosmic ray interactions and
has also been proven very useful in experimental set-ups without magnetic
field, where only angles are measured. One should, however, remember that
replacing rapidity by pseudorapidity provides a faitly good approximation
for pions, but is exact only for photons.

A.3 Scaled variables

The Feynman’s z-variable, usually denoted as o, is defined as the fraction
of the maximum allowed longitudinal momentum in the c.m.frame which
is carried by a given particle, zp = p} /p} - Obviously —1 < zp < 1.
This variable is used e.g. for comparing the shapes of particle distributions
at different incident energies.

Scaling properties of various distributions can also be studied in terms
of the scaled rapidity z = y*/yj .. The two scaled variables: zp and z
emphasize different kinematic regions: the detailed structure of the central
part of the distribution (i.e. large emission angles) can be better seen in
2, while the far “wings” (i.e. small angles) in z.

A.4 Invariant mass and centre-of-mass energy

Invariant mass of a group of k particles with energies F;, Fa,...E} and
momenta pi, pa,...pk is given by

wi=(LE) - (2 (A.10)
i=1 i=1

This formula constitutes the basis for unstable particle search and “reso-
nance hunting”: if a bound state or a resonance with mass M occurs in a
system of k particles, then the invariant mass distribution do/dM}, shows
a peak at this mass value.

If two particles with energies Ey, Fs and momenta pi, p3 collide, then
the total centre-of-mass energy represents in fact the invariant mass of the
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system

EZy = M3 = (By + E»)* — (91 + p3)° (A.11)
or
EZ =mi +mj + 2E1 Ey(1 — B3 cos§) (A.12)

where @ is the angle between momentum vectors of these particles.
If particle 2 is at rest, then 32 = 0, Fy = my, and

E%M = m% + mg + 2E1ms (A.13)
or for £y > my,mso simply
Eopy = (2E1’n’L2)1/2 (A.14)
For ultrarelativistic particles colliding head-on cosf = —1, and
Ecy = 2(E1Ep)'/? (A.15)
or
Ecu =2E (A.16)

if both particles have equal energies. Comparison of Eqs. (A.16) and (A.14)
shows the net advantage of a collider where one has the total incident
energy at one’s disposal as “useful energy” as compared to a single-beam
accelerator working on a stationary target. In the latter case the c.m.
energy is proportional to the square root of the incident particle energy,
what means that in order to gain e.g. a factor of ten in Fcjr one should
build an accelerator providing beams of energies one hundred times higher.

A.5 Decay processes

If a particle of mass M decays into two particles with masses m1, ms, then
in the rest frame of particle M each of its decay products acquires the
momentum

. N I . ’ y :
o =p) = m[(l\iz — (my +m2)?)(M? — (mq — mg)z)]l/‘z (A.17)
the two decay products being emitted in opposite directions due to momen-
tum conservation.

If both decay products have the same mass, m; = mos = m, then
1 s
p* = 5(M2 — 4m?)1/? (A.18)
In the case of a decay into three particles, the available energy is distributed
among them, what results in continuous energy spectra starting from zero
and extending up to the maximum value allowed by energy-momentum con-

servation. Due to momentum vector conservation the three decay products
will be coplanar in the rest frame of the parent particle.
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A.6  Invariant cross sections

The invariant triple differential cross section Ed*o/dp® can be written in
terms of the longitudinal and transverse momentum components pr, pr
and azimuthal angle ¢

& B d®o B 2d3c
dp? do dpr, pr dpr do dpy, d(p3)

or, replacing py, with rapidity y by using the relation dy/dp;, = 1/E

(A.19)

o 2d%0
—_— = A.20
dp®  dodyd(p%) ( )
Averaging over ¢ yields the double differential cross section
d*o
— A.21
mdy d(p3.) ( )

Integration over y leads to the single differential distribution do/d(p3)
called the transverse momentum squared distribution, and integration over
pr leads to the single differential distribution do/dy called the rapidity
distribution. The invariant shape of the latter has been already discussed
earlier in this chapter. In particular, an isotropic angular distribution (e.g.
a decay of a thermal fireball placed at y = yo) has in the rapidity variable
the shape dn/dy ~ cosh™2(y — yo) which is close in shape to a Gaussian
with dispersion o = 0.88. Using 7 instead of y slightly modifies the shape of
the distribution, mainly in the central region where particles are relatively
slower, as

do 1 do
e A.22
dn  pdy ( )

A.7 Motion of a particle in external fields

A particle with charge ¢ moving with velocity ¢ in an external electromag-
netic field (£, B) is subject to the Lorentz force

=¥ d _)‘ — —

F:d—:;:qEA—qﬁxB (A.23)
The first term in this formula is the electric force which accelerates the par-
ticle (or slows it down). Energy unit used in subatomic physics is based on
this formula: 1 electron-volt (eV) is the energy gained by a singly charged
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particle moving in the clectric field between points with the potential dif-
ference of 1V. In high energy physics multiples of this basic unit are used:
1 keV = 10% eV, 1 MeV = 10° eV, 1 GeV = 10? eV, 1 TeV = 10'? eV, 1
PeV = 1015 eV.

The second term in Eq. (A.23) is the magnetic force which acts along the
velocity component perpendicular to the direction of the field and makes the
particle follow a helicoidal trajectory in space without changing its energy.
In the plane containing the magnetic field vector the projected particle tra-
jectory is not affected and remains to be a straight line - this is the so-called
non-bending plane. In the plane perpendicular to the magnetic field vector
(the bending plane) the projected particle trajectory is a circle with the
radius p = muorp/qB where vy is the velocity component perpendicular to
the magnetic field. A useful quantity is the product Bp called the magnetic
rigidity of a particle. It is equal to the momentum of the particle divided by
its charge: Bp = p/q, and is usually expressed in Tesla.meters (T.m). The
rigidity for a neutral particles is infinitely large, what simply means that
neutral particles are not subject to any deflection in the magnetic field.



Appendix B

The Relevant International
Conferences

For reference purposes we are listing below the major international con-
ferences relevant to the subject of the book. In the first place we list the
International Conferences on Relativistic Nucleus-Nucleus Collisions, called
“Quark Matter” conferences, which are the most important conferences in
the field of relativistic heavy ion physics. They have been regularly orga-
nized since 1979, with intervals of about 1% years, and in recent years they
gather 400-500 participants. Proceedings from these conferences, published
as separate volumes of Nuclear Physics A or Journal of Physics G (and once
in Zeitschrift fiir Physik), constitute the richest source of relevant experi-
mental and theoretical information, and are often quoted in this book. We
list the “Quark Matter” conferences in Table B.1.

In Table B.2 we list conferences called “Strangeness in Quark Matter”,
or “SQM”. These are smaller conferences, gathering about 150 participants,
regularly organized since 1991, with proceedings, except for the first few
ones, published in Journal of Physics G. There was some confusion in num-
bering conferences of this series, we quote the correct numbering.

In Table B.3 we list “Conferences on Nucleus-Nucleus Collisions” which
are, however, only in part devoted to relativistic energies. These are big
conferences, organized every three years.

Finally, in Table B.4 we list the International Conferences on High En-
ergy Physics and Nuclear Structure (ICOHEPANS), subsequently named
Conferences on Particles and Nuclei (PANIC).
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Table B.1 The “Quark Matter” conferences.
Number  Year Place Proceedings
1st 1979 Berkeley, USA LBL Report 8957, unpublished
2nd 1982 Bielefeld, FRG World Scientific, 1982
3rd 1983 Brookhaven, USA Nucl. Phys. A 418 (1984)
4th 1984 Helsinki, Finland Lecture Notes in Physics
Vol. 221, Springer, 1984
5th 1986 Asilomar, USA Nucl. Phys. A 461 (1987)
6th 1987 Nordkirchen, FRG Zeit. Phys. C 38 (1988)
Tth 1988 Lenox, USA Nucl. Phys. A 498 (1989)
8th 1990 Menton, France Nucl. Phys. A 525 (1991)
9th 1991 Gatlinburg, USA Nucl. Phys. A 544 (1992)
10th 1993 Borlange, Sweden Nucl. Phys. A 566 (1994)
11th 1995 Monterey, USA Nucl. Phys. A 590 (1995)
12th 1996  Heidelberg, Germany Nucl. Phys. A 610 (1996)
13th 1997 Tsukuba, Japan Nucl. Phys. A 638 (1998)
14th 1999 Torino, Italy Nucl. Phys. A 661 (1999)
15th 2001 Long Island, USA Nucl. Phys. A 698 (2002)
16th 2002 Nantes, France Nucl. Phys. A 715 (2003)
17th 2004 Oakland, USA J. Phys. G 30 No.8 (2004)
18th 2005 Budapest, Hungary Nucl. Phys. A 774 (2006)
19th 2006 Shanghai, China J. Phys. G 34 No.8 (2007)
20th 2008 Jaipur, India J. Phys. G
21th 2009 Knoxville, USA

It would not be possible to list all other conferences, symposia, and
workshops related to this field, which have been quite numerous in the last
three decades.

International Seminars on Multiquark Interactions and Quantum Chro-
modynamics (A. M. Baldin seminars) are regularly held at JINR, Dubna,
since the early 1970s.

Conferences on Physics and Astrophysics of Quark-Gluon Plasma are
organized in India: the first one took place in Mumbai (Bombay) in 1988,
and four consecutive ones alternately in Jaipur and Kolkata (Calcutta).

One can also quote “Quark-Gluon Plasma Signatures”, “Critical Point
and Omnset of Deconfinement”, “Hot Quarks”, and many others.

Also, in major serial conferences on high energy physics: the so-called
“Rochester Conferences” organized every two years, and “Europhysics Con-
ferences” organized in alternate years, a special session is usually devoted
to collisions of relativistic nuclei, and to quark-gluon plasma.
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Table 13.2

Number

Place

The “Strangeness in Quark Matter” conferences.

Proceedings

1991 Aarhus, The Netherlands

1994  Kolymbari (Krete), Greece

Tucson, USA

Budapest, Hungary

1997  Thera (Santorini), Greece

Padova, Italy
Berkeley, USA

Frankfurt, Germany
Atlantic Beach, USA

Cape Town, RSA

Los Angeles, USA

Levoca, Slovakia
Beijing, China
Buzios, Brazil

Nucl. Phys. B (Proc. Suppl.
Ga iy Surrt)

World Scientific 1995
AIP Conf. Proc. 340 (1995)
Heavy Ion Physics 4 (1996)
J. Phys. G 23 No.12 (1997)
J. Phys. G 25 No.2 (1999)
J. Phys. G 27 No.3 (2001)
J. Phys. G 28 No.7 (2002)
J. Phys. G 30 No.1 (2004)
J. Phys. G 31 No.6 (2005)
J. Phys. G 32 No.12 (2006)
J. Phys. G 35 No.4 (2008)

J. Phys. G

Year

st

2nd
3rd 1995
4th 1996

5th
6th 1998
7th 2000
8th 2001
9th 2003
10th 2004
11th 2006
12th 2007
13th 2008
14th 2009

Table B.3

International Conferences on Nucleus-Nucleus Collisions.

Number  Year

Place

Proceedings

1st
2nd
3rd
4th
5th
6th
Tth
8th
9th
10th

1982
1985
1988
1991
1994
1997
2000
2003
2006
2009

East Lansing, USA
Visby, Sweden
Saint Malo, France
Kanazawa, Japan
Taormina, Italy
Gatlinburg, USA
Strasbourg, France
Moscow, Russia
Rio de Janeiro, Brazil
Beijing, China

Nucl. Phys. A 400 (1983)
Nucl. Phys. A 447 (1986)
Nucl. Phys. A 488 (1988)
Nucl. Phys. A 538 (1992)
Nucl. Phys. A 583 (1995)
Nucl. Phys. A 630 (1998)
Nucl. Phys. A 685 (2001)
Nucl. Phys. A 734 (2004)
Nucl. Phys. A 787 (2007)
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Table B.4 International Conferences on Particles and  Nuclei

(listed from 1977).

Number  Year Place Proceedings
7th 1977 Ziirich, Switzerland Birkhauser Verlag 1977
8th 1979 Vancouver, Canada Nucl. Phys. A 435 (1980)
9th 1981 Versailles, France Nucl. Phys. A 374 (1982)
10th 1984  Heidelberg, Germany Nucl. Phys. A 434 (1985)
11th 1987 Kyoto, Japan Nucl. Phys. A 478 (1988)
12th 1990 Cambridge, USA Nucl. Phys. A 527 (1991)
13th 1993 Perugia, Italy
14th 1996 Williamsburg, USA World Scientific 1997
15th 1999 Uppsala, Sweden Nucl. Phys. A 663—664 (2000)
16th 2002 Osaka, Japan Nucl. Phys. A 721 (2003)
17th 2005 Santa Fe, USA AIP Conf. Proc. 842 (2006)
18th 2008 Eilat, Israel Nucl. Phys. A
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degrees of freedom, 14, 15

deep inelastic scattering, 200

direct photons, 179

directed flow, 158, 161

disoriented chiral condensate, see
DCC

double hypernuclei, 126

Drell-Yan process, 167

E802 experiment, 114

E859 experiment, 114

E864 experiment, 128

early Universe, 2

electromagnetic calorimeter, 39, 46,
47, 48

electromagnetic coupling constant, 7

electromagnetic dissociation, 59

electromagnetic interaction, 59

electron identification, 40

elliptic flow, 157, 159, 206

elliptical azimuthal distribution, 159

emission order, 153, 154

energy density, 4, 5, 13

FAIR, 28

Fermi gas model, 67

Fermi level, 22

Fermi momentum, 22, 67, 68
Fermi motion, 22

Fermi picture, 1

final state interaction, 149
fireball, 1

first order phase transition, 13
flow, 157

formation time, 4
fragmentation region, 3, 71
free streaming, 4

freeze-out, 4

freeze-out temperature, 3, 142

Froissart bound, 54

Gamov factor, 139
glasma, 201

Glauber model, 53, 56, 57
gluon saturation, 200

hadronic cocktail, 175

hadronic gas, 12

hadronization, 4

Hagedorn temperature, 2

Hanbury-Brown - Twiss effect, see
HBT

hard collisions, 167, 185, 189, 206, 207

HBT, 132

heavy ion acceleration, 26

hydrodynamical evolution, 3

hypernuclei, 125

hyperons, 85

impact parameter, 55, 56, 60, 170
inelasticity coefficient, 77

Intersecting Storage Rings, see ISR
invariant cross section, 215

invariant mass, 213

inverse slope parameter, 99

ion source, 27

isotopic spectrum of fragments, 68, 69
ISR, 30

jet, 189, 193
jet quenching, 189, 209
jet tomography, 196

kaons, 85, 111
KNO scaling, 80

laboratory frame, 212

Landau picture, 1

Large Hadron Collider, see LHC
lattice QCD, 2, 5, 10

lattice spacing, 10

leading nucleons, 77

LHC, 5, 31, 203

light cone, 3

limiting fragmentation, 71



Indea

local statistical equilibrinm, 3
Lorentz-contracted nuclei, 3
Lorentz factor, 211

Lorentz force, 215

Lorentz transformation, 211
luminosity, 30, 31

Mach cone, 195

magnetic rigidity, 216

mass number, 17

mass shift, 176

mean interaction length, 51

mean rapidity loss, 95

minimum bias, 80

Monte Carlo integration, 10

multiplicity density, 77

multi-strange hyperons, 114

multiwire proportional chambers, 41,
42, 49

muon pairs, 169

NA34/HELIOS experiment, 21

NA35 experiment, 36, 114

NA44 experiment, 34, 41

NA45/CERES experiment, 34, 40

NA49 experiment, 33, 37, 38, 112

NA50/NAGO experiment, 34, 42

NA52/NEWMASS experiment, 34, 42

NADBT7 experiment, 34, 41, 114

nuclear density, 18

nuclear density distribution, 19

nuclear emulsion, 35

nuclear fragmentation, 66

nuclear modification factor, 185, 186,
187

nuclear quadrupole moment, 19, 20

nuclear radius, 18

nucleon stopping, 95

nuclotron, 28

number of binary collisions, 56

number of participants, 56

omega-mesons, 86
order of phase transition, 13
overlap parameter, 52

participant-spectator picture, H4
participating nucleons, 76
particle abundances, 84

particle multiplicities, 75
partition function, 10

parton, 167

Pauli exclusion principle, 149
perfect liquid, 5

peripheral collision, 55
perturbative QCD (pQCD), 8, 208
phase diagram, 2, 11, 12, 14
phase transition, 13

PHENIX experiment, 43, 46
phi-mesons, 85

pion, 84

PHOBOS experiment, 43, 45, 203
plaquette, 10

prompt photons, 179

proper time, 3

pseudorapidity, 93, 213
pseudorapidity distribution, 94, 205

QCD, 2,7,8,9

QCD coupling strength, 10

OCD potential, 8

QED, 7, 9

QGP, 2,9, 14

quantum chromodynamics, see QCD
quantum elsctrodynamics, see QED
quark coalescence, 160

quark number scaling, 5, 160
quark-gluon plasma, see QGP

radial flow, 157

rapidity, 93, 212

rapidity distribution, 93, 206

Relativistic Heavy lon Collider, see
RHIC

relativistic hydrodynamics, 3, 4, 209

relativistic particle, 211

RHIC, 2, 30

rho-meson, 86, 175, 176

RICH, 40, 49

Ring Imaging Cherenkov Counter, see
RICH



224 Introduction to Relatvostie Heavy lon Physies

Saturne, 26, 28

Saxon-Woods distribution, 18, 170

scaled variables, 213

second order phase transition, 13

silicon detectors, 41, 45, 49

SIS, 28

soft collisions, 207

sound velocity, 195

spinning plasma, 197

SPS, 2, 29

STAR experiment, 43, 47

statistical-thermal model, 1, 86, 87,
114

Stefan-Boltzmann limit, 15

strangeness enhancement, 114

strangeness undersaturation factor,
116

streamer chamber, 36

string breaking, 8

string models, 8

Super Proton Synchrotron, see SPS

synchrophasotron, 26, 28

temperature, 87, 99
thermal photons, 179
thermalization, 3

time-of-flight detectors, 37, 42, 44, 47,

49

time projection chamber, see TPC
TPC, 33, 37, 38, 40, 47, 49
transverse energy distribution, 21
transverse expansion, 100, 138
transverse mass, 99, 212
transverse mass spectrum, 100
transverse momentum, 1, 99

ultrarelativistic particle, 211
virtual photons, 59

WAB0/WA93/WA98 experiment, 33,
39, 200

weakly coupled system, 201

Weizsaecker-Williams method, 59

Wilson loop, 10

wounded nucleon model, 57

zero-degree calorimeter, 44, 47, 49





