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Michal Šumbera, CSc.

A Thesis presented for the degree of
Doctor of Sciences

Center for Physics of Ultra-Relativistic Nuclear Collisions

Nuclear Physics Institute
Academy of Sciences of the Czech Republic
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Abstract

In this thesis selected results from four heavy ion experiments: TAPS at GSI SIS, WA98

and CERES at CERN SPS and STAR at BNL RHIC are reviewed. In addition to this

physics capabilities of newly build ALICE experiment at CERN LHC and results of

phenomenological analysis of multiparticle production in high-energy hadron-hadron

collisions are presented. Enormous c.m.s. energy region covered – from 2.3 GeV to

5.4 TeV per nucleon-nucleon pair – allows me to discuss in a unified way several im-

portant phenomena characterizing novel trends in high energy nuclear physics: elliptic

flow, sub-threshold particle production, thermalization, search for the disoriented chi-

ral condensate and discovery of a new state of matter created in high-energy nuclear

collisions.
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Chapter 1

Introduction

1.1 Motivation

High-energy nuclear physics (HENP) studies nuclear matter in energy regimes dele-

gated until recently to particle physics only (see Fig.1.1, left). Aim of this new field of

science [R1] is to apply and extend the Standard Model (SM) of particle physics to com-

plex and dynamically evolving systems of finite size. Its primary goal is to study and

understand how collective phenomena and macroscopic properties, involving many de-

grees of freedom, emerge from the microscopic laws of elementary-particle physics [236].

The most striking case of a collective bulk phenomenon affecting crucially our current

understanding of both the structure of the SM at low energy and of the evolution of

the early Universe are the phase transitions in quantum fields at characteristic energy

densities [R23–R25]. HENP thus fulfills part of the important mission of nuclear sci-

ence – to explain the origin, evolution, and structure of the baryonic matter of the

universe.

Since quarks discovery in the 1960s, the basic landscape of nuclear and particle

physics has evolved dramatically. The nucleus – long viewed as a densely packed

assembly of neutrons and protons bound together by a strong force carried by pions

and other mesons – is not anymore in its centre. Protons, neutrons, pions, and the

elaborate array of other hadrons discovered in the last half-century are now understood

to be rather complicated systems which must be explained in terms of their fundamental

pointlike constituents: quarks (and antiquarks) bound together through interactions

mediated by gluons quarks and gluons. Quantum chromodynamics (QCD), the current

theory of the strong interactions, is a field theory of quarks and gluons. It forbids the

appearance of free quarks or gluons which otherwise play a fundamental role in the

nature of matter.

The study of the fundamental theory of the strong interaction - QCD - under

extreme conditions of temperature, density and parton momentum fraction (low-x) has

attracted an increasing experimental and theoretical interest during the last 20 years

1
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Figure 1.1: Left: ’Livingston plot’ for (anti)proton and ion accelerators in the period

1960- 2008 [R2]. Right: Second harmonics of the azimuthal emission anisothropy v2

(near midrapidity, integrated over pT ) as a function of the beam kinetic energy for

semi-central collisions of Pb or Au nuclei [90].

[236,R1]. In addition to being a quantum field theory with an extremely rich dynamical

content - such as asymptotic freedom, infrared slavery, (approximate) chiral symmetry,

non-trivial vacuum topology, strong CP violation problem, UA(1) axial-vector anomaly,

color superconductivity, . . . - QCD is the only sector of the SM whose full collective

behavior - phase diagram, phase transitions, thermalization of fundamental fields - is

accessible to scrutiny in the laboratory [236,R1]. The study of the many-body dynamics

of high-density QCD covers thus a vast range of fundamental physics problems.

Let us give one example [R74] of the bulk phenomena which has been driving physics

of heavy ion collision for the last two decades [R1,R3,R4]. In non-zero impact parameter

(b > 0) collisions of two nuclei the overlap region is not azimuthally symmetric. The

circular symmetry breaking almond shape manifests itself via reaction plane defined

by the direction of the impact parameter and the direction of the beam axis. It is

customary to quantify particle emission with respect to this reaction plane via the

Fourier coefficients vn [R74]:

E
d3N

dp3
=

1

2�

d3N

pTdpTdy

(
1 +

∑

n

2vn cos(n�)
)

(1.1)

where the reaction plane is approximated by the vector
−→
Q ≡∑� w�

−→pT (�) where pT (�)

is the transverse momentum and w� being an appropriately chosen weight for the

individual particle in an event. The azimuthally symmetric coefficient v0 is generally

called transverse radial flow, v1 is called directed or sidewards flow and v2 is called

elliptic flow.

The beam energy dependence of elliptic flow of charged particles is displayed on

Fig.1.1. Its rich structure, including two changes of sign, has a simple meaning [R74].
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At very low energies (not shown on this figure), due to the rotation of the compound

system generated in the collision, the emission is in-plane (v2 > 0). At around 100

MeV/nucleon, the preferred emission turns into out-of-plane and v2 becomes negative

[43, 46]. Since the slowly moving spectator matter prevents the in-plane emission of

participating nucleons or produced pions they appear to be sqeezed-out of the reaction

zone. As the spectators move faster at Lorentz 
 ≥ 3 (Ebeam ≈ 6 GeV/nucleon) this

shadowing disappears changing the pattern back to the in-plane emission. Above this

energy v2 increases monotonically [90] up to the highest RHIC energies [171].

Let us note that while at the beam energies below few GeV/nucleon the matter flow

is baryon-dominated above this energy it is dominated by the newly formed particles

- mostly the mesons. Key ingredient of azimuthal asymmetry is thus an interesting

interplay between the formation time of hadrons and the time it takes for colliding

nuclei to pass through each other [R5].

Let us stress that only the interactions among the constituents of the matter formed

in initially spatially deformed overlap can produce v2 > 0 [R4]. Transfer of this spatial

deformation into momentum space provides a unique signature for re-interactions in

the fireball and proves that the matter has undergone significant nontrivial dynamics

between creation and freeze-out [R6]. Moreover, the rapid degradation of initial spatial

deformation due to rescattering causes the ‘self-quenching’ of elliptic flow: if elliptic

flow does not develop early, when the collision fireball was still spatially deformed, it

does not develops at all [R6]. v2 thus reflects the pressure due to rescattering induced

expansion and stiffness of the equation of state (EOS) during the earliest collision

stages.

Let us note that elliptic flow affects all final state particles and so in contrast to

many other early fireball signatures, it can be easily measured with high statistical

accuracy (see Fig.1.1). Its continuous rise with the energy up to its highest value at

RHIC indicates that the early pressure increases too. Since near to a phase transition

the EOS becomes very soft preventing the generation of flow [R21] the anisotropic

flow generation is concentrated to even earlier times, when the system is still entirely

partonic and has not even begun to hadronize [R6]. At highest RHIC energy this

means that almost all of the finally observed elliptic flow is created during the first 3-4

fm/c [171].

The second topic of this thesis is soft hadron production in hadron-hadron collisions

[R9]. This field of strong interaction physics is historically older than HENP but

has a substantial overlap with it [R73]. Its origin dates back to pioneering works of

Heisenberg [R7], Fermi [R8] and Landau [R8]. Final states produced in collisions of

two hadrons are highly complex multiparticle systems and theory only rarely provides

experimentalist with a clear guidance [R9]. The main question in this field therefore is

how can one usefully look at the data without being seduced by a model? One of the

goal of this thesis is therefore to discuss simple phenomenological approach developed
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by the author and his collaborators [30, 33, 40, 42] in order to extract a maximum

amount of information from experimental data. This information can then be used

to make some robust predictions about the properties of the multiparticle final states

produced at higher energies.

With the start up of the Large Hadron Collider at CERN both topics discussed in

this thesis – the heavy ion and hadron-hadron collisions – will, very likely, merge into

a single one. At LHC energies both the incident protons and lead nuclei will be just a

densely packed parton beams and that’s where the HENP and multiparticle dynamics

will find its climax!
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1.2 History

The basic hopes and goals, associated with investigations of heavy ion collisions were

first formulated in mid-seventies [R10–R12]. It was the experience with astrophysical

objects like supernovae and neutron stars, and with thermonuclear ignition, which

led the authors to an idea that nuclear matter shock compression of about five-fold

normal nuclear density should be accomplished in violent head-on collisions of heavy

nuclei [R1]. The goal was to find out the response of the nuclear medium under

compression by pressure resisting that compression, i.e. to study the nuclear matter

equation of state (EOS). The original question was: is such a bulk nuclear matter

EOS accessible within the dynamics of relativistic heavy ion collisions? [R20]. The

prospect to observe phase transition at highly compressed nuclear matter [R13] was

lurking behind.

The interest in collisions of high-energy nuclei as a possible route to a new state

of nuclear matter was substantially strengthened with the emergence of QCD. Shortly

after the idea of asymptotic freedom was introduced by Gross, Wilczek [R14] and

Politzer [R15], two groups [R16, R17] realized independently that it has a fascinating

consequence. When temperatures or densities become very high [R72], strongly inter-

acting quarks and gluons become free and transform themselves into a new, de-confined

phase of matter [R70, R71, R77]. For the latter the term quark gluon plasma (QGP)

was coined [R18]. The big theoretical problems concerning the early history of the

universe and its composition at temperatures above 100 MeV [R19] were thus solved.

Since mid-seventies the particle physics community began to adapt existing high-

energy accelerators to provide heavy-ion nuclear beams (see Fig.1.1). The Berkeley Be-

valac and JINR Synchrophasotron started to accelerate nuclei to kinetic energies from

few hundreds of MeV to several GeV per nucleon [R1,R20]. By the mid-1980s, the first

ultra-relativistic nuclear beams became available. Silicon and gold ions were acceler-

ated to 10 GeV/nucleon at Brookhaven’s Alternating Gradient Synchrotron (AGS).

The first nuclear collisions took place at CERN in early eighties when alpha parti-

cles were accelerated to
√
sNN = 64 GeV at ISR collider. The proposal by L. van Hove

and few others to continue this programme using heavy nuclei was rejected, the exper-

iments never went beyond the alpha-particles, and then this first hadronic collider was

physically destroyed. As we know now, QGP could have been discovered and studied

at ISR 20 years prior to RHIC [R21].

The new era of HENP begun at CERN in fall 1986 when oxygen and later on (in

summer 1990) sulphur ions were injected into the SPS and accelerated to energy of

200 AGeV (
√
sNN = 19.6 GeV [R1]. However, genuine heavy ion programme started

only in 1994, after the CERN accelerator complex has been upgraded with a new

lead ion source which was linked to pre-existing, interconnected accelerators, the Pro-

ton Synchrotron (PS) and the SPS. The seven large experiments involved (NA44,

NA45/CERES, NA49, NA50, NA52, WA97/NA57 and WA98) have studied different
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aspects of Pb+Pb and Pb+Au collisions at
√
sNN = 17.3 GeV and

√
sNN = 8.6 GeV.

In the meantime at the Brookhaven National Laboratory (BNL) Relativistic Heavy

Ion Collider (RHIC) rose up from the ashes of ISABELLE/CBA p̄p collider project

abandoned in 1983 by the particle physicist. In 1984 the first proposal for the dedi-

cated nucleus-nucleus machine accelerating gold nuclei up to
√
sNN = 200 GeV was

submitted. Funding to proceed with the construction was received in 1991 and on June

12th, 2000 first Au+Au collisions at
√
sNN = 130 GeV were recorded by the BRAHMS,

PHENIX, PHOBOS and STAR experiments.

The idea of the Large Hadron Collider (LHC) dates even further back - to the early

1980s. Although CERNs Large Electron Positron Collider (LEP), which ran from 1989

to 2000, was not built yet, scientists considered re-using the 27-kilometer LEP ring

for an even more powerful p+ p machine running at highest possible collision energies√
s = 14 TeV and intensities. The ion option (

√
sNN = 5.4 TeV per nucleon-nucleon

pair for Pb+Pb collisions) was considered since the beginning [228]. The LHC was

approved in December 1994, its official inauguration took place in October 2008 at

CERN.

Moreover in 1990, SchwerIonenSynchrotron (SIS) was inaugurated at GSI Darm-

stadt. This dedicated heavy ion accelerator delivers nuclear beams up to uranium at

energy of 1 AGeV. The goal of this nuclear research facility is to provide a continuation

of the Bevalac programme.



1.3 M.Šumbera: High energy nuclear physics and multiparticle dynamics 7

1.3 Theoretical Basis

1.3.1 QCD phase transitions

The known matter appears in a variety of phases, which can be transformed into

each other by modifying external conditions. Transitions between the phases are often

accompanied by a dramatic change in their physical properties, such as density, heat

conductivity, light transmission etc. A famous example is water where changes in

external pressure and temperature result in a rich phase diagram (see left panel of

Fig.1.2). Let us note that in addition to well understood liquid and gaseous phases

plentiful spectrum of solid phases exists in which the H20 molecules arrange themselves

in spatial lattices of certain symmetries. Famous points in the phase diagram are the

triple point where the solid, liquid and gas phases coexist and the critical point where

no distinction between the liquid and gas phase can not be found.

Figure 1.2: Left: The phase diagram of water [R22]. Right: The QCD phase diagram in

the temperature vs. baryon chemical potential (T, �B) plane [R2]. The arrows indicate

the expected crossing through the de-confinement transition during the expansion phase

in heavy-ion collisions at different accelerators. The (dashed) freeze-out curve indicates

where hadro-chemical equilibrium is attained in the final stage of the collision. The

ground-state of nuclear matter at T = 0 and �B = 0.93 GeV and the approximate

position of the QCD critical point at �B ≈ 0.4 GeV are also indicated.

During the evolution of the Universe several particle-physics related transitions

took place [R23]. Although there are now strong indications of an inflationary period

[R24], not much is known about its effect on possible transitions of our known physical

model. To understand the consequences, clear picture of these cosmologically relevant

transitions is needed first.
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Figure 1.3: The pressure (a) and energy density (b), in QCD with 0, 2 and 3 degenerate

quark flavors as well as with two light and a heavier (strange) quark [236]. The nf = 0

calculations were performed on a Nt = 4 lattice using improved gauge and staggered

fermion actions. In the case of the SU(3) pure-gauge theory the continuum extrapolated

result is shown. The arrows on the right-side ordinates show the value of the SB limit

(1.2) for an ideal quark-gluon gas.

The SM predicts two such transitions [R23]. One transition occurs at temperatures

of a few hundred GeV. This transition is responsible for the spontaneous breaking

of the electroweak (EW) symmetry giving the masses to elementary particles. This

transition is also related to the EW baryon-number violating processes, which had a

major influence on the observed baryon-asymmetry of the Universe. Lattice results

have shown that the EW transition in the SM is an analytic crossover [R25].

The second transition happens at T < 200 MeV and is related to the spontaneous

breaking of the chiral symmetry of QCD. The nature of this transition affects substan-

tially our understanding of the Universes evolution [R23]. For instance in a strong first-

order phase transition the QGP supercools before bubbles of hadron gas are formed.

Since the hadronic phase is the initial condition for nucleosynthesis the inhomogeneities

in this phase could have a strong effect on nucleosynthesis [R23]. Knowing that typical

baryon chemical potentials are much smaller than the typical hadron masses (� ≈ 45

MeV at RHIC [171] and negligible in the early Universe) we can use QCD lattice cal-

culations performed at � = 0. The results [R26] provide a strong evidence that also

the QCD transition is a crossover, and thus the above mentioned scenarios – and many

others – are ruled out. Numerical simulations on the lattice also indicate that at � ≈ 0

MeV the two phase transitions which are possible in the QCD – deconfining and chiral

symmetry restoring – occur at essentially the same point [R27].

Situation at � ≫ 0 MeV and T ≫ 0 MeV is more complicated (see the right

panel of Fig.1.2). Here the wealth of novel QCD phases is predicted to exist [R28]

including so called quarkyonic phase [R29]. At T ≈ 0 MeV and � ≥ 1GeV a variety
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of color superconducting phases occur [R28,R30]. Somewhere on the phase boundary

at �B ≈ 400 MeV critical point separating first and second order phase transition

is predicted [R28]. Let us note that Cabibbo and Parisi in their seminal 1975 paper

[R17] predicting the QCD deconfinement phase transition argued that: The true phase

diagram may actually be more complex, due to other kinds of phase transitions....

Thermodynamical properties of QCD plasma are shown on Fig.1.3 where pressure

p and energy density " normalized to T 4 are plotted as a function of temperature T .

Hadron gas to QGP phase transition shows up as an order of magnitude change in �

in a narrow range of temperatures ΔT ≈ 10 − 20 MeV around T ≈ Tc ≈ 160 MeV.

Let us note that if the deconfined phase would comply with original expectations [R16]

and behave as a gas of weakly interacting quarks and gluons with Nc = 3 colors and

Nf = 3 quark flavors, the Stefan-Boltzmann (SB) limit:

P

T 4
= g

�2

90
,

"

T 4
= g

�2

30
, g = 2(N2

c − 1) + 7
2
NcNf = 47.5 (1.2)

would be reached soon after the phase transition. This is at variance with the lattice

QCD calculations shown on Fig.1.3. p/T 4 rises rapidly above Tc, then begins to satu-

rate by about 2Tc, but at values substantially below the SB limit indicating substantial

remaining interactions among the quarks and gluons in the QGP phase. Let us note

that it was not these theoretical calculations but the correct interpretation [R31] of

experimental data [171] which led to the fall of 30 years old paradigm of weakly in-

teracting QGP controlled by perturbative QCD (pQCD) and to the rise of a new one

based on strongly coupled Quark–Gluon Plasma (sQGP) [R21,R31].

By definition, plasmas are states of matter in which charged particles interact via

long range (massless) gauge fields. This distinguishes them from neutral gases, liquids

or solids in which the inter-particle interaction is of short range. So plasmas themselves

can be gases, liquids or solids depending on the value of plasma parameter Γ which

is the ratio of interaction energy to kinetic energy [R32]. Strongly coupled classical

electromagnetic plasmas Γ > 1, are not exotic objects at all. For example, table

salt NaCl can be considered a crystalline plasma made of permanently charged ions

Na+ and Cl− [R21]. At T ≈ 103 K (still too small to ionize non-valence electrons) it

transforms into a molten salt, which is liquid plasma with Γ ≈ 60. Current estimate

of this parameter for the sQGP at RHIC energies Γ = 1.5 − 6 [R33] corresponds also

to the liquid plasma.

1.3.2 Transport models

One of the main tasks of the theory is to link experimental observables to the different

phases and manifestations of the QCD matter. To achieve this goal, a detailed un-

derstanding of the dynamics of heavy ion reactions is essential. This is facilitated by

transport theory which helps to interpret or predict the quantitative features of heavy

ion reactions. It is particularly well suited for the non-equilibrium situation, finite
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size effects, non-homogeneity, N-body phase space, particle/resonance production and

freeze-out as well as for collective dynamics. Microscopic [R34–R36] and macroscopic

(hydrodynamical) [R3,R6] transport models attempt to describe the full time-evolution

from the initial state of the heavy ion reaction up to the freeze-out of all initial and

produced particles after the reaction.

Hadronic cascade models, some with mean-field interactions, have succeeded in re-

producing the gross and many detailed features of the nuclear reactions measured at

Dubna Synchrophasotron [8] and GSI SIS [48, 49,R34,R35]. They have become indis-

pensable for experimentalists who wish to identify interesting features in their data or

to make predictions to plan new experiments (see Sec. 3 and 4 of this thesis). However,

the general success of these models at lower energies can easily lead to misconceptions

at higher energies. For instance all models based on the hadronic dynamics are fun-

damentally inconsistent at high particle densities. This makes their application to

collisions of heavy systems at the SPS and above quite controversial. Asking the ques-

tion, which fraction of the energy is contained in known hadrons and which fraction is

temporarily stored in much less certain to exist objects, such as pre-hadronized strings,

it was found [R35] that up to a time of 8 fm/c most of the energy density resides in

strings and other high-mass continuum states that have not fully decayed. Physical

properties of these objects are poorly known even when they occur in isolation, not to

speak about their interactions (or even their existence) in a dense environment. The

application of these models to the early phase of collision of two heavy nuclei at the

SPS and above is therefore ill-founded.

The idea to use the laws of ideal hydrodynamics to describe the expansion of the

strongly interacting matter formed in high energy hadronic collisions was first formu-

lated by Landau in 1953 [R8]. The phenomenological success of his model of multi-

particle production was for decades big challenge to high energy physics [R73]. First

because hydrodynamics is a classical theory, second that it assumes local equilibrium.

Both these assumptions imply a large number of degrees of freedom and it is by no

means clear that the highly excited, but still small systems produced in violent nuclear

collisions satisfy the criteria justifying treatment in terms of a macroscopic theory [R6].

Therefore the Landau model (and other statistical models of strong interactions [R72])

were considered up to the mid-seventies as exotic approaches, outside mainstream

physics. Then the authors of [R11, R12, R37] realized that exploitation of hydrody-

namics in the interpretation of data is their only chance of proving in the laboratory

the existence of a new state of matter. This is a trivial corollary of the well known

fact that a state of matter is defined by its EOS, and there is no other way to get

information about the EOS than by using the hydrodynamics [R3,R6].

It is important to stress here the emergent nature of the hydrodynamics [R38]. The

hydrodynamical laws are universal, exact mathematical relationships among measured

quantities that develop at long length scales in liquids and gases and cannot be de-



1.4 M.Šumbera: High energy nuclear physics and multiparticle dynamics 11

duced from the underlying equations of motion of their constituents. It is a physical

phenomenon - one we know to be exactly true because it is measured to be true. Indeed,

the history of using hydrodynamics for high-energy phenomenology is checkered, with

qualitative successes overshadowed by quantitative failures [R6]. Only recently, with

data from the RHIC [171], came striking evidence for a strong collective expansion that

is, for the first time, in good quantitative agreement with hydrodynamic predictions.

1.4 This thesis

In this work, HENP and multiparticle dynamics are studied extensively. Starting from

a simple phenomenological description of the multiparticle production in high energy

hadron-hadron collisions the author proceeds to the relativistic nuclear collisions at

1 AGeV studied in early 1990 at GSI SIS by experiment TAPS, continuing with the

ultra-relativistic lead beam experiments WA98 and NA45/CERES at 158 and 40 AGeV

which were performed between 1994-2001 at the CERN SPS, ending up with the collider

experiments STAR at RHIC and ALICE at LHC, first running from 2000 till now,

second at the time of writing this thesis still awaiting its first beams.

The thesis consists of 14 publications dealing with various aspects of HENP. The

papers collected in the thesis cover the period since 1986 till 2007. Most of the pa-

pers were published in the well-known international physical journals, based on the

experimental data measured and analyzed within large international collaborations.

The complete list of authors publication can be found in section 7.1. The list other

references is at section 7.2.

The general outline of this thesis consists of four topics.

The first theme – the study of multiparticle production in high energy hadron-

hadron collisions 2.1.2, 2.2, 2.3 ( [30,33,40]) – is discussed in Chapter 2.

The second theme, presented in Chapter 3, is devoted to the early heavy ion pro-

gramme at GSI SIS. Its two main themes are the discovery of azimuthal anizothropy

of neutral pions 3.1.2, 3.1.5 ( [43, 46]) and the near threshold and subthreshold par-

ticle production 3.1.2, 3.2, 3.3, 3.4.2, 3.4.3 ( [43, 48, 49, 52]). The major part of the

material presented in this section was obtained by the author during his stay at KVI

Groningen within the TAPS experiment. The results from [52] are due to a smaller

Rez-GSI-Bratislava collaboration.

The third topic (Chapter 4) covers selected topics from the ultra-relativistic heavy

ion programme at CERN SPS. Results on production of equilibrated system 4.1 ( [63]),

particle flow 4.3.2 ( [90]) and search for the chiral phase transition 4.3.2, 4.2 ( [59,90])

are presented. In both international collaborations (WA98, NA45/CERES) the author

was a team leader of the NPI ASCR group.

The last topic (Chapter 5) concentrates on HENP at the nuclear colliders - the RHIC

and LHC. Results presented in sections 5.1.1 and 5.2.2 are based on the data collected
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by thy STAR experiment during its first four years of operation at RHIC. They cover

the discovery of ideal strongly interacting liquid at RHIC [171] and selected results

from femtoscopy [200]. The chapter is closed with the section 5.3.2 devoted to original

expectations for the heavy ion collisions at the LHC ( [228]) and their confrontation

with today’s expectations for the QCD matter created in most central Pb+Pb collisions

to be studied soon by the ALICE experiment.



Chapter 2

Multiparticle production in

high-energy hadron-hadron

collisions

Basic quantity characterizing high-energy inelastic collisions is multiplicty distribution

(MD) of produced hadrons P (N). Even though the information about multiparticle

correlations is contained in MD in an integrated form it provides a general and sensitive

means to probe the dynamics of the interaction [R9,R39]. In e+e− → q̄q → X despite

uncertainties in the modeling of hadronization - the transition of quarks and gluons

to hadrons at the final stage of the shower evolution - main characteristics of the MD

can be understood quantitatively from the dynamics of the perturbative parton shower

evolution [R39]. In contrast to this, hadronic collisions are dominated by processes

involving non-perturbatively small momentum transfers. So there are many MD models

[R9] but the first principles understanding is missing.

Lattice calculations imply that hadronization is an inherent property of QCD [R39].

Due to its confinement-induced character parton-hadron transition provides an exam-

ple of highly non-perturpative phenomenon . Phenomenologically, the distributions of

partons and hadrons are often found to be remarkably similar, implying that the prop-

erties of high-energy multihadronic events are primarily determined at the partonic

level. This is supported by the simplified estimates suggesting [R9] that hadronization

does not drastically alter the parton level results or that its effects can be estimated

from the energy dependence of experimental observables. Hence in the process of

hadronization the parton distributionsare simply renormalized without changing their

shape [R39]. This property - called local parton-hadron duality (LPHD) - has its orogin

in the idea of soft pre-confinement, when partons group into colorless clusters without

disturbing the initial spectra [R9]. The LPHD is frequently used to make a contact

between results of pQCD calculations and measured hadrons. Phenomenological mod-

els of hadronization (see e.g. [R36] and the models used in 2.3) are incorporated into

Monte Carlo simulations of inelastic processes [R35] and in most cases they support

the approximate property of LPHD [R39].

13
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2.1 Energy Independent Number of Clusters

and Multiplicity Distribution at Collider

and Beyond

2.1.1 Introductory notes

In the analysis of various count distributions occurring in nature the so-called infinitely

divisible distributions [R40] play a distinguished role. In multiparticle dynamics their

importance was discovered independently by Giovannini and Van Hove [R41] and by

Šimák and Šumbera [30]. A discrete distribution P (N) is said to be infinitely divisible

if ∀ integer k > 0 there exists k independent identically distributed random variables

N1, . . . , Nk whose sum is distributed as P (N). In terms of its generating function (g.f.)

Q(w) ≡ ∑N P (N)wN this means that ∀k > 0 integer k
√
Q(w) is again the g.f. of a

certain distribution. Moreover, any infinitely divisible distribution can be written as a

Compound Poisson Distribution (CPD) [R40]:
Q(w) = f [g(w)] , where f(w) = e−⟨�⟩(w−1) (2.1)

where f(w) is g.f. of Poisson distribution and g(w) is g.f. of some other discrete

distribution.

To illustrate this property let us assume that we want to describe the ensemble of

interacting particles occupying volume V at temperature T and chemical potential �

using grand canonical partition function Z(T, V, �). Since the particles are in mutual

interactions they have to be correlated. So we do not expect that their number dis-

tribution P (N) = ∂ lnZ/∂ ln� will correspond to an ideal gas. Nonetheless it may

turn out that the P (N) is with a good accuracy some infinitely divisible distribution.

From (2.1) it then follows that the ensemble of interacting particles can be looked at

as an ideal (i.e. non-interacting) gas of quasi-particles whose number distribution is

Poissonian with g.f. f(w). Number of particles n corresponding to the fixed number

� = 1 of quasi-particles does not have a sharp value and is distributed according to

some probability distribution p(n) with g.f. g(w).

Notwithstanding the fact that such quasi-particle/hierarchical clustering models

are nowadays quite popular in the high-energy physics [R9, R39, R84, R85] as well

as in the astrophysics [R44], they were not very common at mid-eighties when the

UA5 Collaboration published their results on MD of charged particles from non-single

diffractive p̄p events at Sp̄pS collider at CERN [R45].



ENERGY INDEPENDENT N U M B E R  OF CLUSTERS AND 
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Multiplicity distributions up to the Collider energies could be described by various two- 
parameter compounded distributions having in common Poisson distributed number  of clusters. 
Among them the logarithmic distribution for hadronizat ion via decaying clusters leads to energy- 
independent  number  of clusters above the ISR energies, replacing the previous KNO-scaling. 

I. I N T R O D U C T I O N  

Recent result from the study of non-single diffractive ,~p interactions at x/(s) = 
= 540 GeV [1] has shown the violation of  KNO scaling. The experimental distribu- 
tions of multiplicity of  charged particles in/Sp and pp collisions at x/(s) > 10 GeV 
was approximated by negative binomial distribution [2] 

(1) P(N) = ( N  + k -  1) qN(1_  q)k, q _  (N5 
k - l k + (N5 

where k -1 = ( -0 ' 098  _+ 0.008) + (0.0282 + 0.0009)In s is the parameter describ- 
ing the KNO-scaling violation. The distribution (1) has been widely used for descrip- 
tion of multiplicity distributions at high energies (sec [3] and references cited therein). 
The interpretation of  (1) as a result of k independently produced clusters decaying 
according to Bose-Einstein distribution (BE) bas been naturally considered [4]. 
The experimental non integer value of k = 3-69 + 0.09 together with decrease 
of k with energy and its increase with the width of pseudorapidity interval [5] makes 
this interpretation discutable. 

In this note a randomization in the number of particle sources inside of two 
parameter compound distributions are considered. Among them the compound 
Poisson and logarithmic distribution provides a new asymptotic regularity. 

IL N E G A T I V E  BINOMIAL DISTRIBUTION WITH I N C R E A S I N G  N U M B E R  
OF SOURCES 

The generating function (g.f.) of the distribution (1) is 

(2) Q(w) = ~ PiN)w u= (_!__- q ~k 
N=0 \1 -- qwJ 

*) D.zdicated to the 30th anniversary of the Joint  Insti tute for Nuclear Research. 
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where the expression in brackets is g.f. of  BE distribution in accordance with the 
interpretation mentioned above. An alternative way of  expressing (2) in the form 
of the compound distribution is [6] 

(3a) 
Q(w) = f [g (w) ]  

(3b) 

f(w) = exp [<v> (w - I)]  

g(w) - In (1 -- qw) 
ln(1 - q) 

where f,  g i s  the g.f. of the Poisson and logarithmic distribution, respectively. There- 
fore, the negative binomial distribution (1) can be also interpreted as the sure of  
Poisson distributed clusters [7, 8] with average number value 

(4) <v> = k . l n ( l  + <Nk> ) 

each of them decaying according to the logarithmic distribution 

(5) p ( , )  l q" = . - - ,  n_-->l. 
- l u  (l - q )  n 

I0- 

. /  
/ 40 TeV 

9- I ' / "  Jt 
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/( 
5- / 

4- / '  
<.> . , /  

3- "/./.~//) 
�87 ™  

1o Ioo moo fo ooo 
GeV 

Fig. 1. Average number  of clusters <v> and average number  of decay particles in one cluster 
from compound Poisson-logarithmic distribution, eq. (4) and (6)�9 Dashed lines represent the 

�99 corrccted to the neutral  particles. 
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Each cluster thus consists of at least one particle, with average number of  particles 
in a cluster 

<N) 
(6) (n) = 

k .  in (1 + <N>/k) " 

The energy dependence of  ( v )  and ( n )  is presented in fig. 1. In this interpretation 
average number of  clusters is an increasing function of  energy and moreover saturates 
at the ISR energies ( v )  ~ 8. Curves correspond to the parametrizations of k and 
( N )  [2]. The shaded region in extrapolation of the (v )  reflects an uncertainty 
in two different parametrizations of  ( N ) .  
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Fig. 2. N o r m a l i z e d  stat is t ical  m o m e n t s  predic ted for h igh  energies  u n d e r  the  a s s u m p t i o n  o f  

c o n s t a n t  n u m b e r  o f  c lus ters  ( v )  - -  8. Fu l l  curves  c o r r e s p o n d  to  the  c o m p o u n d  Po i s son- loga -  
r i t hmic  d i s t r ibu t ion  and  curves  a, b, c, d are ca lcula ted  f r o m  d is t r ibu t ions  d iscussed in chap te r  III. 

Fig. 3. Ave rage  n u m b e r  o f  c lus ters  as a f unc t i on  o f  rap id i ty  in terva l  ~/e centered  at  ~/--  0. Circle  

c o r r e s p o n d s  to the  full  phase  space.  D a s h e d  l ine represen ts  the  change  o f  the  s lope o f  ( v )  a n d  

dot ted l ines co r r e spond  to tbe  m o v i n g  w i n d o w  A f / a c c o r d i n g  to  [3]. 

Czech. J. Phys. B 36 [1986] 1269 
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In terms of variables (v> and k the average number of charged particles and (N>[D 
ratio of distribution (1) are 

(7) (N> = k[exp ((v>/k) - 1] ~ k .  exp (8/k), 

(8) (N> = { k [ 1 -  exp(-(v>/k)]} ~/2 -~ x/k. 
D 

Corresponding energy dependence of normalized moments C, for r = 3, 4, 5 is 
plotted in fig. 2. 

The constant number of clusters at high energies actually means that the evolution 
of the shape of multiplicity distribution is governed by the logarithmic distribution 
which is also obtained as limit k -+ 0 of distribution (l) (truncated in accordance 
with experimental condition N > 0). 

At fixed energy x/(s) = 540 GeV (v> is a rising function of the width of pseudo- 
rapidity window t/r (fig. 3). The increase is, however, n o t a  linear one as in the case 
of k-dependence [5]. This possibly means that the distribution of number of the 
clusters is not uniform in pseudorapidity. The constant number of clusters is also 
a natural source of observed increase of long-range correlations of particles with 
the energy. 

i i i .  C OMPOUND D I S T R I B U T I O N S -  ALTERNATIVES 

It was pointed out [5] that (1) may be only an approximation to the experimental 
data. To the check the information content of experimentally data we have considered 
several other two-parameter compound distributions: 

a) Poisson distributed clusters decaying according to Poisson distribution (Ney- 
mann type A - contagious distribution) 

(9) P,N) = (n>~ e -<v> ~, jN ((v)e-<">) ' ,  
�9 N !  s=oj! 

b) Poisson distributed BE clusters, 

c) Poisson distributed BE clusters with n > 1 (TBE) 

(~o) 

with 

(11) 
< . > / j ™  - ~ / j !  \<.> - l)'" 

The average number of clusters <v> in a), b), c) equals to k, 2k, 2k<N>I(2k + (N>) 
respectively. While in the a) and b) the (v> is entirely function of k, and thus falling 
with energy, distribution (11) has a nontrivial behaviour: after the initial rise it 

1270 Czech. J. Phys. B 36 [1986] 
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reaches a maximum around the ISR energies ((v) ~ 7.1) and then it falls down 
to the value (v) ~ 6.1 at Collider energies. 

Above distributions have in common with negative binomial distribution an 
assumption that the correlations between particles are entirely due to their grouping 
into clusters. Thus the clusters are produced independently according to the Poisson 
distribution [7, 8]. We have also considered an oposite scenario: 

d) Clusters distributed according to the TBE distribution (10) and Poisson distribu- 
tion of its decay products. In this case the particle correlations are due to the correla- 
tions between the clusters with average number of clusters (v)  = k I ( k  - 1). 

Taking as an input experimental values of the first two moments of multiplicity 
distributions in the energy range f f ( s ) =  ( 1 0 . 5 -  540) GeV as compiled in [2] 
we have calculated C3, C�98 and C 5 for the alternative compound distributions a ) - d ) .  
The result of these calculations together with the extrapolarion based on k-para- 
metrization and (v) = 8 is presented on fig. 2. Only the distribution d) is excluded 
by the present experimental d a t a -  confirming the importance of independent 
cluster emission. On the other hand the mechanism of cluster decay is not determined 
by experiment and we have to wait for the data at higher energies. This leaves the 
space for other more parametric distribution [9], e.g. Glauber-Lachs-Pefina-McGill 
distribution, which can be also written into the form of Poisson distributed BE, 
clusters. 

IV. D I S C U S S I O N  

Several models have bern proposed to explain the KNO-violation by different 
mechanism ofparticle production: e.g. DTU scheme [10], leading particle effect [11], 
preasymptotic behaviour [12], energy-statistics balance [13], additive quark model 
[14] etc. Some of their results are similar in spite of their physical assumption. 

We bave examined more modest approach to evaluate informational contents 
of experimental data. Comparing them with the two-parameter compound distribu- 
tions we have found that the data prefer an independent cluster emission, suggested 
also by QCD in LLA calculations [8]. An attractive candidate describing the cluster 
decay we have found the logarithmic distribution which has no KNO limit. The 
compound Poisson and logarithmic distribution with constant average number 
of clusters is most economical way to incorporate both the observed KNO scaling 
violation and long-range correlations. It enables with single parameter k to predict 
multiplicity distributions above the ISR energies. 

We should like to point out that the limiting value (v)  = 8 has been obtained 
only from charged particle data. Inclusion of neutral particles ((N)T = 3(N)12) 
leads to an increase in (v), and (n )  (fig. 1). 

After completion of this work we become aware that some our results have been 
recently obtained by A. Giovannini and L. Van Hove [15]. We are grateful to W.-Q. 
Chao for paying our attention to this paper. 

Received  28. 1. 1986. 
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The entropy S= - ZP( n ) In P(n ) of multiplicity distributions of charged particles in hadron-hadron collisions is investigated. 
The observed linear increase of S with maximum possible CMS rapidity Y~,, S= (0.417 + 0.009 )Ym, may be a special case of a 
more general scaling S/Ym = F(yc/Ym ), found in (pseudo) rapidity windows l Yl < Yc. We predict an ultimate multiplicity scaling 
in the few TeV region. 

Experimental results from the CERN SppS Colli- 
der have considerably changed our understanding of 
asymptotic behavior of multiparticle production [ 1 ]. 
Multiplicity distributions of  particles in full phase 
space and also in different rapidity windows are usu- 
ally analysed using the statistical moments [ 1-4],  
their energy dependence being interpreted in terms 
of KNO-scaling [5] and its possible violation 
[1,2,6,7]. 

In this note we would like to point out and exploit 
a different strategy [ 8 ]. We introduce a new quantity 
characterizing charged particle multiplicity distribu- 
tions P(n  )-entropy [ 9 ]: 

S =  - Z P ( N )  In P ( N ) ,  X P ( N )  = 1.  ( 1 ) 

Let us mention some properties of  S: 
(i) The entropy describes a general pattern of  in- 

dependent particle emission. The total entropy pro- 
duced from u statistical independent phase regions 
(e.g. Poisson distribution clans or superclusters [6] 
is equal to the sum of entropies of  individual sources: 

S=S, +$2 +$3 + . . .+S~ .  (2) 

(ii) The entropy is invariant under an arbitrary 
distorsion of multiplicity scale. Insertion of zeros be- 
tween two points on the multiplicity scale, or mutual 
permutation of different bins can influence both the 

shape and statistical moments of  P(n  ), but not its en- 
tropy. In particular, the entropy calculated from 
charged particles and negative ones or produced pairs 
in full phase space give the same S. 

(iii) The simple relation (4) between S, the aver- 
age multiplicity <n> and the KNO function ~u(z) 
follows from the identity 

1 
S - I n < n > = -  <n> ~[<n>P(n)]ln[<n)P(n)]. 

(3) 

For < n)  large enough the RHS of ( 3 ) can be approx- 
imated by the entropy of the ~u(z) function 

'i S - l n  < n > =  ~ ~'(z) ln[~ , (z ) ]dz ,  (4a) 
o 

with ~,(z) for charged particles normalized as 

f ~'(z) dz= f zv(z ) d z = 2 .  

The corresponding S for produced pairs reads 

S= ln<N> - i  ~(z)  ln [~(z )  ]dz ,  (4b)  
0 

with f~(z) dz=fz~(z) dz=  1. 

0370-2693/88/$ 03.50 © Elsevier Science Publishers B.V. 
( North-Holland Physics Publishing Division ) 
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(iv) An upper bound on the entropy of the ~(z)  
function, 

S - l n < N )  = S - I n  ½ ( n )  ~< 1. (5) 

is reached for the KNO function of the geometrical 
distribution V(z) = exp ( - z). 

The experimental situation concerning the evolu- 
tion of entropy with CMS energy x/~ for pp, p~, x+p, 
x-p ,  K+p, and K - p  inelastic interactions [ 1-3,7 ] is 
presented in fig: 1. The increase of entropy with en- 
ergy seems to be similar for all hadron-proton inter- 
actions. For x/~> 20 GeV this behaviour reveals a 
universal asymptotic linearity with maximum rapid- 
ity of the hadrons produced Ym = In (x/~/m~): 

S=  (0.417 + 0.009) Y~, 

x 2 / N D = 6 . 6 / 1 3 .  (6) 

This suggests that in hp collisions the entropy per unit 
of rapidity S~ Ym is an energy-independent quantitity. 

The observed behavior of entropy together with the 
limiting property (5) puts severe restrictions on the 
energy dependence of both ( n )  and ~v(z). We illus- 
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Fig. 1. The entropy o f  charged particle mul t ip l ic i ty  distributions 
( 1 ) for ~p, pp, 7t+p, ~-p ,  K+p, K - p  inelastic (compi led in ref. 
[ 7 ] and pp non-single-diffractive interactions [ l ,  [ 2 ] together 
with data on high enePgy nuclear collisions [ 10,11 ] (a). The ra- 
t io S/Ym versus Y,~ for pp and l~p above x ~ = 2 0  GeV (b) .  The 
lines correspond to the fit (6). 
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Fig. 2. Energy dependence of the entropy of the KNO function 
V(z) (calculated from S - I n  ( ( n ) / 2  ). The shaded corridor cor- 
responds to parametrizations of S and ( n )  given by (6) and of 
ref. [ 1 ], respectively. The bent part indicates our prediction of 
the onset of ultimate multiplicity sealing. 

trate this statement in fig. 2. The approximate energy 
independence of ¥(z)  (early KNO scaling) is vio- 
lated by Collider data. The experimental data up to 
x/~ = 900 GeV are yet far from saturation of the bound 
( 5 ). Nevertheless, the behavior of multiplicity distri- 
butions at still higher energies must be governed by 
(5): either the entropy Smust  slow down, or the av- 
erage charged multiplicity ( n ) must grow faster with 
energy than the present parametrization of the data 
indicates [2]. In the latter case the extrapolation of 
(6) to the asymptotic region gives ( n )  ~ s  (°21 +_0.02) 
Furthermore, the onset of ultimate multiplicity scal- 
ing is expected in the few TeV region (fig. 2), unless 
some new mechanism of particle production emerges, 
which would force the entropy to decrease. 

Using the FNAL [ 10 ] and ISR [ 11 ] data on mul- 
tiplicities of charged or negative secondaries from pd, 
ap and a~t inelastic interactions we try to extend the 
observed regularity to the case of high energy colli- 
sions of the lightest nuclei (fig. 1 ). The agreement 
with the universal hadron-nucleon curve is surpris- 
ingly good and helps to fill the gap between the pp 
ISR and pp Collider data (we have used the total CMS 
nucleus-nucleus energy for calculation of  x/s). 

Data on multiplicity distributions in the central in- 
tervals of (pseudo) rapidity [y[ <Yc [3,4,12] allow 
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us to study the evolution of entropy with Yc starting 
from very small central windows up to Ym. Let us first 
examine the following general condition: 

S -  (Yc) +S + (Yc) =S(yc ) = S -  (y~) , (7) 

relating the entropies S - ,  S + and S of negative, po- 
sitive and charged secondaries in the same window 
y~. If no correlations between positive and negative 
particles are present we have S = S -  +S +. On the op- 
posite extreme, the charge conservation condition at 
Yc = Ym as a particular example, a lower bound satu- 
ration takes place. In addition to this 
S + (Yc)=S-(y~)  is expected to hold in these phase 
space regions where the leading charge contribution 
can be neglected (e.g. at small y~). 

At present only one set of experimental data is 
available on multiplicity distributions of both nega- 
tive and charged secondaries (at x /~=22GeV 
[3,4] ). In terms of the reduced rapidity variable 
~=Y~/Ym these data show monotonous increase of 
both S +, S -  and S u p  to ~=0.5. While a further in- 
crease o f S  + and S -  seems to be negligible, S starts 
to decline to reach at last its final full phase space 
value S(~= 1 ) = S -  (~= 1). 

The non-monotonic behavior of the entropy of a 
charged particle is illustrated in fig. 3a, where also 
pp Collider data are included. The extension of the 
linear proportionality between S and Ym as observed 
at ~= 1 (6) into smaller rapidity subintervals has been 
tested by plotting the quantity S~ Ym instead of S. 
Apart from the region of smal ~( < 0.2) one observes 
a violation of the suggested scaling behaviour 
S/Ym=F(~). On the other hand, by supposing par- 
ticles to be produced via neutral clusters each con- 
sisting of two oppositely charged hadrons [ 13,14 ], 
this sealing can be restored (fig. 3a). 

The multiplicity distributions of pairs (clusters) 
P(N) produced serving as an input for the evaluation 
of the corresponding entropies, were estimated from 
the multiplicity distributions of charged secondaries 
P(n), either by assuming that the clusters are not af- 
fected by cuts in rapidity [8] or, what is more real- 
istic, by taking into account the effect of finite 
extensions of clusters in rapidity space. Assuming that 
the form of P(N) does not change when going from 
Ym into smaller windows we were able, with the help 
of information from the first three moments of the 
charged multiplicity distribution P(n), to extract 
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Fig. 3. The entropy of  the multiplicity distribution of  charged 
particles and clusters (rescaled by Y,~ ) as a function of~ (S, S -  ). 
The curve corresponds to the fit (8) (a). The ratio 
Si-/S~ (S~ =-S-) of entropies for two different assumptions 
concerning extensions of  neutral clusters in rapidity (b).  

P(N) from the Collider data. Let us add that for the 
p15 case the first approach suggests P ( n - )  =P(½n) 
independently of ~, while the second one assumes only 
that ( n - ) =  (½n).  As follows from fig. 3b, both 
methods are equivalent for ~> 0.2. 22 GeV pp data 
were used to compare the entropy of negative parti- 
cles with the entropy obtained by the second method 
for the clusters. In spite of  large uncertainties due to 
the exclusion of leading (positive) charges, we have 
obtained within statistical errors the same value of 
the entropy for negatives and clusters. 

From fig. 3 it follows that the entropy of pairs pro- 
duccd (negative particles) reaches its full phase space 
value quite early, for ~> 0.5. Thus entropy produc- 
tion in the fragmentation region seems to be negligi- 
ble. This could be expressed by the following 
parametrization of the scaling function F(~): 

S(yc ) / Ym = (0.407_+0.009) 

× { 1 - e x p [ -  (8.6_+ 0.6)~]}, (8) 

fitting the data with xE/ND= 45/30. Given the val- 
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ues of  Yc and Ym, one can use the scaling (8)  to pre- 
dict the energy evolut ion o f  the part icle densi ty  in the 
central region [ 15,16 ]. 

For  the semiinclusive dis t r ibut ion the scaling in re- 
duced rapid i ty  ~has been proposed  long ago [ 17 ]. Its 
connect ion with the observed viola t ion of  K N O  scal- 
ing has been reviewed recently [ 18 ]. Original  argu- 
ments  in favour  o f  this scaling law were based on 
Feynman ' s  analogy between the statist ical  proper t ies  
of  a (one-d imens iona l )  fluid conta ined inside a fi- 
nite volume and the dis t r ibut ion o f  the produced  
part icles in rapidi ty  space. The longi tudinal  geomet-  
ric scaling states [ 17 ] that  this d is t r ibut ion  of  part i -  
cles does not  change with external  volume Ym 
provided we use instead of  rapidi ty  y its reduced value 

to label the particle posit ion inside the volume. Such 
a type of  self-similari ty need not  be generally true for 
any fluid. Nevertheless,  the extensive character  of  
both  the volume Yc and the ent ropy of  the fluid guar- 
antees that  the ent ropy of  the mul t ip l ic i ty  dis tr ibu-  
t ion should be always a homogeneous  function o f  its 
volume: S ( 2 y c ) = 2 S ( y c ) .  Taking 2 =  1/Ym the scal- 
ing ( 8 ) and regularity (6 )  follow. 

We thank J. Dias de Deus, G. Ekspong, K. 
Fialkowski,  L. Van Hove and Meng Ta-Chung for 
valuable conversations.  
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2.2.3 Further developments

As already mentioned in the previous section the energy dependence of the entropy is

strongly correlated with that of average multiplicity. As the bounding value

S − ln <n>≤ (1+ <n>) ln(1 +
1

<n>
) = 1 +O(<n>−1) (2.2)

tends to unity, the observed monotonous increase of the entropy S ∼ ln(
√
s/m�), if

valid at higher energies, will also govern the energy dependence of <n>:

< n >≈ exp(S) = (
√
s/m�)D1 . (2.3)

where D1 ≡ S/Ym. Such asymptotic power-law behavior of the average multiplicity

should be contrasted with other approaches to multiparticle production. In particular

in [R79], <n> was predicted to increase as a second order polynomial in ln s. Dif-

ference between these two predictions will be substantial at the top energy of LHC,

because according to Eq. (2.3) <n>≈ 110 at
√
s = 14 TeV, while according to the

parametrization used in [R79] <n>≈ 70 at this energy.

Simple interpretation of the value of coefficient relating entropy with maximum ra-

pidity of produced pions S = (0.417± .009)Ym was given in [38] 2.2. Using Feynman-

Wilson fluid approach to multiparticle production [R76] which is based on the analogy

between statistical properties of a one dimensional fluid contained inside a finite vol-

ume and distribution of produced particles in rapidity space T.D. Lee has made the

following remark [R43]:

Usually, a thermodynamical system has three extensive variables: the number of par-

ticles N , the length (or volume) L and energy E; corresponding to these are three in-

tensive variables: the fugacity z, the pressure p, and the temperature T . In the present

case there are only two extensive variables: N and L ∽ ln(s/m2); correspondingly,

there are also only two intensive variables: z and p. Hence, kT can be chosen to be

unity.

Under this assumption the entropy density S/L of a one dimensional massless Boltz-

mann or Bose-Einstein gas with one degree of freedom which is contained inside the

volume L = Ym equals (see e.g. [R70]):

http://www.slac.stanford.edu/spires/find/hep/www?irn=2768798
http://www.slac.stanford.edu/spires/find/hep/www?irn=3717291
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It is quite amusing to note that both values are within 3�-range from the experi-

mental value (0.417± .009).

  Figure 2.1: Entropy production in hadron-nucleus collisions relative to pp-collisions

[38]

Finally, let us comment on the entropy production in hadron-nucleus collisions. In

addition to the case of hadron-hadron inelastic interactions an extra contribution to

the entropy of negative particle multiplicity distributions is expected to come from

the fluctuating number of participating nucleons. Since the latter are supposed to be

energy-independent, it is expected that the ratio SℎA/Spp will be energy independent

too [38]. This is illustrated on Fig.2.1. The proportionality SℎA = Spp[(0.97±0.030) +

(0.085± 0.005)lnA] holds over surprisingly large energy interval.

Recently CERN heavy ion experiment NA36 has measured entropy of the negative

particle multiplicity distribution in S+Pb collisions at 200AGeV [R80]. The measured

value of the entropy in full phase space was S = (4.266± .026). Generalizing the above

equation to SAB ≈ Spp[(1. + (0.085 ± 0.005)lnA][(1. + (0.085 ± 0.005)lnB] we obtain

2.056∗ [1+(0.295±0.16)]∗ [1+(0.454±0.23)] = 3.87±0.12. This value is pnly by 10%

smaller then the measured one. This may indicate some additional contribution to the

total entropy not present neither in the proton-proton nor in hadron-nucleus collisions.

Very likely candidate for this piece is the multiple nucleon-nucleon scattering.
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2.3.2 Further developments

Recently published Tevatron data [R57] extend the validity of these findings up to√
s = 1.8 TeV. The experimental situation is shown in Fig.2.2 where the published

errors of multiplicity distributions have been taken into account. Value of D1 is within

±2% error band consistent with the predicted one D1 ≡ S/Ym = 0.417 ± 0.009 [33]

shown by the full/dashed lines in Fig.2.2. On closer inspection, however, one can

see that D1 calculated form E735 data is systematically above the UA5 values. It

is connected with higher tails of the E735 multiplicity distribution as compared to

the UA5 data. The discrepancy might be due to the sizable systematic uncertainty

in both E735 and UA5 measurements since in both experiments the full phase space

distributions were obtained by computer simulation from data measured in a restricted

range of rapidity.

Let us note that multifractality besides predicting Dq to be decreasing functions

of q does not, in general, provide any further information about the q-dependence of

the spectrum of the generalized dimensions Dq. In particular knowledge of say D1 and
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Figure 2.2: The energy dependence of the entropy dimension D1 and the multifrac-

tal specific heat c for charged particles. The triangles correspond to data form E735

experiment. [42]

D2 is insufficient to predict scaling behaviour of the higher q correlation integrals. It

is thus gratifying to find out that this could be, at least in principle, achieved within

interpretation of multifractality in thermodynamical terms [R86]. Latter is based on

analogy between l.h.s. of Eq. (2.5)

∑
(Pn)q ∼ �−(1−q)D. (2.5)

and partition function Z(q) ≡
∑

(Pn)q (2.6)

with q playing the rôle of inverse temperature q ≡ T−1 and V ≡ − ln � representing
volume. The thermodynamic limit of infinite volume V →∞ is then equivalent to the

limit of increasing resolution � → 0. In the constant specific heat approximation the

q-dependence of the generalized dimensions Dq acquires particularly simple form [R86]

Dq ≃ (a− c) + c
ln q

(q − 1)
. (2.7)

The coefficient c represents multifractal specific heat and a = D1. Regular behaviour

of this type is expected to occur for multifractals for which, in classical analogy with

specific heat of gases and solids, the multifractal specific heat c is independent of

temperature in a wide range of q.
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Figure 2.3: The generalized dimensions Dq as function of ln(q)/(q-1) for charged parti-

cles. Data are taken (a) from E735 experiment [R57] and (b) from Refs. [R87–R90]. [42]

We have examined validity of the approximation given by Eq. (2.7). The q-

dependence of generalized dimensions Dq calculated from the Tevatron data [R57] at√
s = 300, 546, 1000, and 1800 GeV is presented in Fig.2.3a. One can see from the fig-

ure that the values of Dq reveal indeed linear increase as a function of ln(q)/(q−1). This

behavior makes it possible to define the slope parameter c in the region q ≥ 1. Similar

Dq dependencies for data from CERN ISR and Spp̄S Collider experiments [R87–R89]

are shown in Fig.2.3b. The dashed line coincides with the full line in Fig.2.3a indi-

cating position of Dq values calculated from E735 data. Both data sets obtained by

Tevatron and CERN experiments reveal approximately the same slope while their in-

tercepts are mutually shifted. The shift is due to larger values of D1 for E735 data,

as already shown in Fig. 2. As pointed in the previous section, the discrepancy in

intercepts is connected with systematically larger high multiplicity tails of the data

from Tevatron when compared to the data from the CERN Spp̄S Collider. This might

be connected with the mutual systematic uncertainties of the experimental procedures

when extending measured data into the full phase space region.

Fitting the slope parameters for q ≥ 1 at each separate energy, we have determined

the values of multifractal specific heat c. The results are presented in the lower part

of Fig.2.2. For
√
s ≥ 20 GeV, the multifractal specific heat is within the estimated

errors approximately energy independent and reaches the value c ≈ 0.08 which is vert

close to the slope obtained from the electron-positron multiplicity data [R90] what is

indicated by the full line in Fig.2.3b. Since our study concerns the full phase space and

it is performed in a different sense than the usual intermittency analysis, we obtain

smaller value of c in comparison with the specific heat (c ∼ 0.26) determined from
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multifractal properties of the factorial moments [R91]. While the multifractal specific

heat reported in Ref. [R92] reveals some kind of universality with respect to various

interactions, energy dependence of Dq obtained with the same method [R93] seems to

be significant. Contrary to this, our method gives smaller values of the generalized

dimensions Dq which are approximately energy independent for
√
s ≥ 20 GeV.
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Chapter 3

Heavy ion collisions at GSI SIS

Meson production in heavy ion collisions has been extensively studied in 80. at LBL

Bevalac [R20]. While these experiments concentrated on charged mesons a program

to study neutral meson production has been initiated [43, 46, 48, 49] by Two Arm

Photon Spectrometer (TAPS) Collaboration at the heavy ion synchrotron SIS which

was inaugurated in early 90. at GSI Darmstadt.

TAPS detector system [51] is a modular electromagnetic calorimeter consisting of 4

(later on of 6) blocks of 64 modules. Each module represents one BaF2 crystal - scintil-

lator of hexagonal shape equipped with a separate NE102 plastic scintillator positioned

in front of the crystal and serving as a Charged Particle Veto (CPV) detector. The

blocks are mounted in two movable towers positioned symmetrically with respect to

the beam direction allowing the simultaneous measurement of �0’s and �’s over a small

window at midrapidity (∣y − yc.m.∣ ≤ 0.1 − 0.2) independent of the meson transverse

momentum.

Particle identification is done in a two step process. First, neutral particles are sep-

arated from charged particles by requiring the absence of a signal in the CPV modules

in front of the BaF2 modules that have fired. Second, the time-of-flight information

and the BaF2 pulse shape analysis is used to separate photons from neutrons.

Forward Wall (FW) of the FOPI detector measuring charged particle multiplicity

was used for event characterization. The FW comprising 512 plastic strips grouped

into 8 sectors covers laboratory angles between 7∘ and 30∘.

3.1 Neutral Pion Production in Heavy Ion Colli-

sions at SIS-energies

3.1.1 Introductory notes

The theoretical analysis of the global event structure of heavy ion reactions was ini-

tiated by the hydrodynamical models [R3] at late seventies. Both macroscopic [R3]

45
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and microscopic [R34, R35] approaches have indicated that the elliptic and directed

flow observables are sensitive to the mean field and to the EOS. Soon after that effect

of collective sideward emission (flow) of light charged baryons was established experi-

mentally [R53], followed by observation of the out-of-plane emission ”squeeze-out” of

charged baryons [R54,R55].

The start up of GSI SIS heavy ion programme provided a good opportunity to test

whether this novel behavior of high-density matter is unique to the baryons only or

could be observed also for a newly created particles - the �-mesons.

In 1993 the pion squeeze-out was simultaneously discovered by the KAOS [R56]

and TAPS [46] experiments. While the KAOS measurements covered the out-of-plane

emission of charged pions, TAPS with rather poor azimuthal coverage and setup con-

sisting of only 4 blocks (!) was able to prove existence of the squeeze-out effect for the

neutral pions.



3.1 M.Šumbera: High energy nuclear physics and multiparticle dynamics 47

Article reprint
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The production of neutral pions has been studied in the reactions 4°Ar+ natCa, 86Kr+natzr and 197Au+ 197Au at 1 A 
GeV. For high energy pions emitted from the heavier systems a steeper than linear rise of the pion multiplicity with the 
centrality of the reaction is observed, indicating a pion production process other than binary nucleon-nucleon collisions. 
At low transverse momenta an enhancement of the n°-multiplicity increasing with the mass of the collision system 
is found. Systematic discrepancies between the experimental results and recent BUU, QMD and Cascade calculations 
are discussed. 

Theoretical descriptions of relativistic heavy ion 
collisions [ 1-3 ] indicate that at bombarding energies 

of the order of 1 A GeV nuclear matter can be com- 
pressed as in stellar processes to 2-3 times the nor- 
mal density. Simultaneously some 10% of the nucle- 
ons are excited to baryon resonances like A(1232) 
and higher states. Relativistic heavy ion collisions ap- 
pear to provide the only access to the properties of 
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such compressed and intrinsically excited hadronic 
matter under controlled conditions in the laboratory. 
Experimentally, two approaches have been pursued 
in these investigations. Emission patterns of nucle- 
ons and complex fragment formation in central heavy 
ion collisions have been measured and studied in a 
global analysis. Phenomena such as sideward flow [4], 
squeeze-out [5] of baryons and an explosion-like ex- 
pansion of the collision zone [6] have been observed, 
providing information on the dynamics of the heavy 
ion reaction. A complementary approach is to inves- 
tigate the production of particles [7] not present in 
the entrance channel, such as photons, mesons and 
antiprotons. These particles have been studied with 
respect to their abundancies, momentum spectra and 
their distribution relative to the reaction plane [8,9]. 

So far panicle production in heavy ion reactions 
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has mainly focussed on charged pions [7 ,10-15] .  
Inclusive product ion cross sections show a l inear rise 
with the number  of  par t ic ipant  nucleons which is 
explained by pion product ion via A(1232) excita- 
t ion in binary nucleon-nucleon collisions [10,11 ]. 
Pion spectra exhibit  a steep fall as a function of  the 
transverse momentum pt with an increasing con- 
cavity for higher bombarding  energies and larger 
masses of  the collision system [ 12,15 ]. Various pos- 
sible explanations for the concave shape of  pion 
spectra like collective flow, directly produced pions 
or higher resonance contributions have been sug- 
gested [15]. Presently there is no convincing proof  
for any of  these interpretations.  The excitation of  
higher baryon resonances in heavy ion collisions has, 
however, been demonstra ted by the observat ion of  
r/-mesons [16] which arise predominant ly  from the 
decay of  the $11(1535) resonance. Consequently, low 
lying baryon resonances as N(1440)  and N(1520)  
are very likely also excited. A more refined anal- 
ysis is required to establish their  contr ibut ions to 
the pion spectra. Recent BUU-simulat ions  [ 17 ] sug- 
gest that higher baryon resonances are populated in 
multi-step processes which become more impor tant  
in very heavy collision systems. A characteristic fea- 
ture would be a deviat ion from a l inear dependence 
of  the n-mult ipl ici ty on the number  of  par t ic ipant  
nucleons for high transverse momenta.  

Contrary to charged pions which can only be de- 
tected above a certain pt-threshold the measurement  
of  neutral mesons offers the advantage that they can 
be detected via their  two-photon decay down to trans- 
verse momentum pt = 0 MeV/c ,  moreover  their  spec- 

tra are not distorted by Coulomb effects. A large body 
of  n°-data exists only at bombarding  energies below 
the product ion threshold in free nucleon-nucleon col- 
lisions (280 MeV) [18,19]. This has mot ivated  a se- 
ries of  experiments  at higher energies performed at 
the new heavy ion synchrotron SIS at Gesellschaft 
f'fir Schwerionenforschung in Darmstadt .  Part  of  this 
work has recently been published [16,8]. 

In the present paper  we report  on a first system- 
atic study of  n°-production in three approximately  
mass-symmetric  systems of  different total mass 
(4°Ar+natca, 86Kr-4-natzr  and 197Au-q-197Au) at the 

same incident  energy of  1 A GeV. Pion product ion 
cross sections and transverse momentum spectra 
were determined.  In addi t ion to earlier charged pion 
measurements the mass dependence of  neutral pion 
product ion was studied for the first t ime for differ- 
ent bins in transverse momentum.  Such an analysis 
offers the opportuni ty  to distinguish between various 
product ion mechanisms for pions of  different energy. 

The beam intensity was 105-106 particles per spill 
with a duty factor of  ~ (30-40)%. The targets corre- 
sponded to reaction probabil i t ies  of  3.9% ( A r + C a )  
and 0.45% for the two heavier systems, respectively. 
The n°-decay photons were detected with the pho- 
ton spectrometer  TAPS (Two Arm Photon Spectrom- 
eter) [20]. Charged particles escaping from the re- 
action zone at laboratory angles between 1 ° and 30 ° 
with respect to the beam were observed in the For- 
ward Wall (FOPI)  of  the 4n detector system [21]. 
Only the total charged particle mult ipl ici ty measured 
in the polar  angle range from 70-30 ° has been used 
in the present analysis. 

Table 1 
Geometrical setups and detection efficiencies of the TAPS detector system in the different experiments. In the Au+Au 
experiment two different detector setups have been used in order to cover a larger kinematical range. ~ denotes the angle 
of the TAPS blocks with respect to the horizontal plane, d is the distance between the blocks and the target. The angle of 
the TAPS towers with respect to the beamline (O) has been adjusted to 4-52.0 ° in all experiments, e ge° is the geometrical ~t 0 
efficiency for pions emitted from an isotropic thermal source with temperatures T (T1 and T2 for the heavier systems) from 
table 2 while en0 includes photon and n°-reconstruction efficiencies. The error in the detection efficiencies arising from an 
uncertainty in the temperature parameters amounts to less than 5%. 

geo Experiment d (cm) • (deg.) en0 en0 

4°Ar+na tCa  120 +12.1 1.8 x 10 -3  
S6K.r+natzr  160 4-16.0/-i-  9.5 7.4 x 10 -4  
197Au+197Au (A) 200 -4-23.0 4.4 x 10 - 4  
197Au+I97Au (B) 200 4- 7.3 2.5 x 10 - 4  

3.5 x 10 -4 
2.9 × 10 - 4  

2.2 x 10 -4 
1.2 x 10 - 4  
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TAPS is a modular  detector system consisting of  
256 BaF2 detectors arranged in 4 identical blocks with 
individual  Charged Particle Veto detectors (CPV) 
mounted in front of  each module. The blocks were ar- 
ranged in two movable towers posi t ioned symmetri-  
cally with respect to the beam direction to detect pi- 
ons emit ted in the mid-rapidi ty  region (Ylab = 0.52-  
0.84). Within each tower the blocks were posi t ioned 
symmetrically with respect to the horizontal  plane 
containing the beam axis. All geometrical settings are 
listed in table 1. The main trigger required two coin- 
cident photon candidates in TAPS corresponding to 
a min imum bias condit ion for pion detection. 

Charged particles were discr iminated by requiring 
an anti-coincidence between a BaFz- and the corre- 
sponding CPV-module.  Photons and hadrons were 
separated via pulse-shape and time-of-flight analysis. 
A linear energy calibration of  the BaF2-modules was 
based on the energy-loss signals deposited by cosmic 
muons (~38 MeV). Photon energies deposited in ad- 
jacent  modules were summed in order to reconstruct 
the electromagnetic shower. The point  of  impact  was 
determined from the shower distr ibution using loga- 
r i thmic energy weights [22 ]. 

Neutral  pions were identif ied via their  invariant  
mass deduced from the measured photon energies and 
angles with a resolution in A m ( F W H M ) / m  ~ 15%. 
The combinatorial  background from uncorrelated 
photon pairs was obtained by event mixing. This 
background, which can be determined with high sta- 
tistical accuracy, was subtracted from the invariant  
mass and pion momentum distributions. In order 
to correct the measured distr ibutions the acceptance 
of  TAPS was simulated as a function of  the pion 
transverse momentum Pt and the lab rapidi ty y using 
the detector-response package GEANT3 [23]. The 

resulting efficiencies are listed in table 1. The experi- 
mental  transverse momentum resolution amounts to 
Apt ( F W H M ) / P t  ~ (7-16)  % depending on the value 
of  pt. 

All measured cross sections and multiplicit ies for 
neutral pions emit ted at mid-rapidi ty  are listed in ta- 
ble 2. In addi t ion the results of  an extrapolat ion to the 
full solid angle assuming an isotropic thermal source 
with the measured slope parameters  (see below) are 
given. The inclusive pion cross section (see table 2) 
can be factorized [2] 

ffnO = qRMno = GR(Apart)bPr:o (1) 

where oR denotes the reaction cross section. M~0 de- 
fines the measured pion multiplici ty per reaction, Pn0 
is the pion product ion probabil i ty  per part icipant  nu- 
cleon and (Apa~t)b is the number  of  part icipant  nucle- 
ons averaged over the impact  parameter  b taken from 
a geometrical model  [24]. The derived values for P~0 
are (3 .0+0 .3 )% for A r + C a ,  (4 .6+0 .7 )% for K r + Z r  
and (3.7 ± 0.4 ) % for Au + Au. Although an addit ional  
systematic error of  30% has to be taken into account 
in the direct comparison of  the three target-project i le  
combinat ions the pion production probabil i ty  seems 
to be somewhat higher in the heavier systems. Because 
of  pion absorption one would naively expect the op- 
posite trend, i.e. P~0 to decrease with increasing mass. 
The experimental  result indicates that pion absorp- 
t ion is compensated or even overcompensated in the 
heavy systems by addit ional  production mechanisms 
discussed below in an analysis of  the differential pion 
multiplicity.  Harris  et al. [10,11] observed a l inear 
increase of  the n -  mult ipl ici ty with the number  of  
part icipant  nucleons within a given collision system 
corresponding to a constant pion emission probabil i ty 

Table 2 
Cross section a~0 and multiplicity per reaction Mn0 for neutral pions emitted at mid-rapidity (Ylab = 0 . 5 2 - 0 . 8 4 ) .  (Pt} and 
the fitted temperature parameters (T for one and TI,T2 for two-component fits) refer to the pion transverse momentum 
spectra. The results of an extrapolation to the full solid angle taking the experimental temperatures into account are also given. 

System In rapidity range Ay Extrapolation to 4n 

an~0 y (b) Mna0Y (Pt) (MeV/c) T (MeV) T 1 (MeV) T 2 (MeV) an0 (b) M.0 

Ar+Ca 0.31 ±0.03 0.12+0.01 198±9 64±1  - - 1.5-4-0.2 0.65:0.1 
Kr+Zr  2.1 -t-0.3 0.43-t-0.06 183+7 605:1 484-8 76+ 10 9.4-t- 1.3 1.95:0.3 
Au+Au 6.5 ±0.7 0.83+0.08 180+7 60 -4-3 3 8 ± 4  7 8 ± 4  28.0 -4- 3.0 3.7d:0.4 
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per par t ic ipant  nucleon. Stock [ 7 ] interpreted this ob- 
servation as evidence for a chemical  equil ibr ium be- 
tween A's and nucleons established via the AN ~ NN 
channel. The present result on neutral pions obtained 
in a comparison of  different systems is consistent with 
these earlier observations and interpretat ion.  

Fig. I shows the measured zc°-transverse momen- 
tum pt distr ibutions for pions emit ted at mid-rapidi ty.  
The average transverse momentum decreases system- 
atically with the mass of  the collision system (see ta- 
ble 2). In case of  the lightest system ( A r + C a )  the 
measured shape can be well described (dashed curve) 
with the distr ibution 

1 d a  
- - - -  o~  m t e x p ( - m t / T ) ,  (2) 
Pt dpt 

where m t  = ~/p2 + m 2 ~o and T is a fit parame- 

ter [25]. Only at high Pt a slight enhancement is 
noticeable. In contrast, the reproduct ion of  the spec- 
tra of  the heavier systems (Kr + Zr  and Au + Au) re- 
quires the assumption of  two components  with tem- 
perature parameters  TI and T2 (solid curves).  The 

10 0 • ' I ' I ' I ' I ' I" 

1AGeV 
1 1  

10 -1 

. ~ ~ o Kr+Zr 
~- ~ % ~. * Ar+Ca 

v Y=0.52-0.84 x . . , , ~ . ~ ~  104 

l°S one cornp, fit " ~ ~,q't~k ~ ,'~ 

10 ~s ~ 
0 200 400 600 800 1000 

Pt (MeV/c) 

Fig. 1. Transverse momentum spectra for neutral pions at 
y = 0.52-0.84 measured for three systems with different 
total mass at a bombarding energy of 1 A GeV. The dashed 
and solid lines represent one- and two-component fits to the 
spectra, respectively, using eq. (2) (parameters see table 2). 

difference in the temperature parameters  increases 
with the total mass of  the collision system, reflecting 
an increasing concavity of  the spectral shape. All fit 
results are summarized in table 2. 

In an a t tempt  to identify possible contributions of  
higher baryon resonances to the spectra the differ- 
ential pion mult ipl ici ty dM~/dMch, has been deter- 
mined for different bins in Pt ( a - d )  as a function 
of  the charged-particle mult ipl ici ty Mcha observed in 
the FW. This dependence has been parametr ized as 
dMno/dMch a ~ Me'ha (fig. 2). Hereby, Mcha is taken 
as proport ional  to the number  of  part icipant  nucle- 
ons Apart determined by the centrality of  the reac- 
t ion [6]. I f p ion  product ion occurs in independent  bi- 
nary nucleon-nucleon collisions a l inear dependence 
on the number  of  par t ic ipant  nucleons is expected 
(a  = 1). In the lightest system ( A r + C a )  the expo- 
nent a does not depend on the pion momentum.  In 
contrast  to [ 10,11 ], we observe a steeper increase of  
the pion mult ipl ici ty for high energetic pions (Pt > 

600 MeV/c )  in the heavier  systems. This behaviour  
indicates a different product ion process and might be 
related to higher-order ( = multi-step) processes such 
as multiple collisions leading to the populat ion of  
heavier resonances. Such processes may involve the 
excitation of  a A-resonance in a first nucleon-nucleon 
collision followed by a collision of  the A with a third 
nucleon in which the A-mass is exploited for the ex- 
citation of  a higher lying resonance. Thereby the en- 
ergy of  3 nucleons can be pooled to populate a heav- 
ier baryon resonance which subsequently decays into 
pions of  higher energy, leading to the observed en- 
hancement  in pion spectra at high momenta.  BUU 
calculations [26] also indicate that the high Pt part  
of  the pion momentum spectra is enhanced by an in- 
creasing contr ibut ion of  pions from N (1440) decays. 
The probabi l i ty  for two-step processes is proport ional  
to the third power of  the baryon density. Their  ob- 
servation is thus a signature for the high compres- 
sion reached in heavy ion collisions. The multi-step 
reaction mechanism is expected to be more favored 
in heavier  systems where the high baryon density is 
mainta ined over a longer t ime period [ 17] 

The overall change of  the spectral shape for the in- 
vestigated systems is also reflected by the ratio of  the 
transverse momentum distr ibut ions of  the two heavier  
systems divided by that of  the system Ar + Ca (fig. 3). 
Here, an enhancement at low and high transverse mo- 
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Fig. 2. Differential n ° multiplicity per reaction for the three 
systems as a function of the charged particle multiplicity in 
the FW for different bins in Pt: 0-200 MeV/c (a), 200-400 
MeV/c (b), 400-600 MeV/c (c) and 600-800 MeV/c (d). 
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Fig. 3. Ratio of the measured transverse momentum spectra 
of the two heavy systems relative to the spectrum of the sys- 
tem Ar + Ca. For comparison the results of various theoret- 
ical calculations are shown (a: BUU [26], b: IQMD [27], 
c: RQMD [28], d: Cascade based on QGSM [29] ). 

menta is observed. For  comparison,  the results of  var- 
ious theoretical calculations are included, made avail- 
able to us for the relevant rapidi ty ranges. Obviously, 
the mass dependence cannot be reproduced by any 
of  these models. This is mainly caused by an overes- 
t imat ion of  the cross section for light systems. Fur- 
thermore the spectral shape is not described quanti-  
tatively, in part icular  in the low pt part which is un- 
derest imated for all systems. Models which include 
heavier baryon resonances but  not the mean field 
(RQMD [28], QGSM [29])  predict an increase in 
the region above the free nucleon-nucleon kinemati-  
cal l imit  where mult iple collisions become important ,  
in agreement with the observation. At low transverse 
momenta  a large discrepancy between experiment and 
all models is found. This low-pt enhancement of  pion 
spectra, now established down to transverse momenta  
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Pt = O, is still not quanti tat ively understood in cur- 
rent t ransport  model  calculations. At these pion ener- 
gies a quantal  descript ion of  meson propagat ion may 
be needed a n d / o r  medium effects may have to be in- 
cluded as proposed in [30]. It appears that current 
theoretical t reatments are still lacking essential in- 
gredients. Moreover,  improved calculations will have 
to include a proper  momentum dependence of  pion- 
absorpt ion and rescattering. Pion absorption requires 
at least two correlated nucleons and is thus very sensi- 
tive to the baryon density and its rapid variat ion in the 
expansion phase of  the heavy ion collision. A satisfac- 
tory understanding of  pion spectra will consequently 
require a simultaneous and consistent descript ion of  
particle product ion data as well as nucleon and frag- 
ment  emission patterns. 

In conclusion, a first systematic study of  the mass 
dependence of  N ° product ion at 1 A GeV projectile 
energy has been reported. The pion spectra exhibit an 
increasing concavity with the total mass of  the collid- 
ing system. The mass dependence of  high energy pi- 
ons shows a deviat ion from a purely l inear behaviour  
which is a t t r ibuted to higher-order processes like mul- 
tiple collisions leading to an increased populat ion of  
higher baryon resonances. There is no generally ac- 
cepted explanation for the enhanced 7r°-yield at low 
transverse momenta.  None of  the presently available 
theoretical descriptions reproduces the mass depen- 
dence o fp ion  product ion quanti tat ively,  emphasizing 
the need for more refined calculations. 
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3.4 Neutron Emission in Bi + Pb Collisions at 1GeV/u

3.4.1 Introductory notes

A novel phenomenological approach to subthreshold particle production was proposed
in [R46]. Let us consider inclusive nuclear reaction A+B → C+X, where X stands for
all undetected particles. At high energies the invariant cross section for this reaction
exhibits generally a smooth dependence on kinematical variables of particle C. This
fact suggests that over a wide kinematical range, in particular near and beyond the
free nucleon-nucleon kinematical limit, production of C can be interpreted as the scale-
invariant threshold process when some part of the nucleus A interacts with other part
of the nucleus B forming a cluster of minimal mass M . By introducing the fractions
xA and xB of the colliding nuclei 4-momenta pA and pB the value of M can be found
by minimizing M2 ≡ s = (xApA + xBpB)2 under the additional energy-momentum
conservation constraint:

(xApA + xBpB − pC)2 = m2
X . (3.1)

Here m2
X = (

∑
i pi)

2 is the invariant mass squared of the system X and pC is the
4-momentum of particle C. Note that for M to be minimal mX has to be minimal
too. Hence the group X has to consist of the lightest particles compatible with the
quantum number conservation needed to produce particle C which has to move with
zero relative velocities. min(m2

C) = (xamA + xBmB +MQN)2 (3.2)
where mA,B are the masses of colliding nuclei and MQN is the total mass of particles
needed for quantum number conservation. For example when particle C is nucleon
MQN = −mN , when it is K+ then MQN = mΛ0 −mN etc.

An explicit, though rather complicated, relation between xA and xB follows in-
serting (3.2) into (3.1). Equation ds/dxA = 0 then leads to the 4-th order algebraic
equation:

xA(xA − C)3m2
A + (xA − C)2(AxA − ℬ)G +

xA(xA − C)(ℬ −AC)G + (AxA − ℬ)(ℬ −AC)m2
B = 0

(3.3)

Here A,ℬ, C and G are known scalars constructed from pA, pB, pC and MQN [R46]. In
particular G = pA ⋅ pB.

Solution of (3.3) can be used to construct
√
smin ≡ min

√
s(xA, xB) on which in

addition to mass numbers A and B of colliding nuclei according to the self-similarity
hypothesis [R46] the invariant spectrum for inclusive process A+B → C+X depends.

E
d�

d3p
∼ A

�1(�1)
1 A

�2(�2)
2 f(Π), Π ≡ √smin/2mN , �i =

2

3
+
�i
3
, �i ≡

ximi

mN

, i = 1, 2 (3.4)

the new variables, when �1 > 1 or �2 > 1, formally define the subthreshold production.
The fit to the experimental data at 9 GeV with function f(Π) ∼ exp(Π/Π0) gave
Π0 = 0.13 for A+A subthreshold production in the projectile/target fragmentation
region [R46] and Π0 = 0.16 for p+p data [R47].

Numerical solution of (3.3) was used in [52] to interpret the neutron spectra from
Bi+Pb collisions at 1 GeV/nucleon.
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The experimental study of the neutron emission from Bi+Pb collisions at 1 GeV/u was 
done using BaF2 detector. The heavy-ion collision dynamics was investigated through 
genuine collective phenomena: nuclear flow effects and production of neutrons near and 
beyond free NN ldnematica~ limit. 

1 Experimental setup 

The analyzed data  were taken at experiments [1] performed on the Heavy Ion 
Synchrotron SIS at GSI Darmstad t  during the TAPS runs in summer  1991. The 
1 G e V / n  2~ beam and 2~ target were used. The main par t  of the used neutron 
detector (BAF) was formed by a block of seven hexagonal BaF:  scintillator modules, 
each with the inscribed diameter  of 59 m m  and length of 250mm.  The BAF was 
equipped in front by a common charged particle veto (CPV) detector f rom 9 m m  
plastic scintillator. The da ta  were recorded for polar angles (relative to the beam) 
0 = 23.5 ~ 0 = 40 ~ and ~ = 60 ~ The individual positions were selected to cover 
projectile-like, center of mass and target like rapidity regions. The detector distance 
from the target was 4.3 m in all cases, the energy of neutrons was derived from their 
t ime of flight. The individual achieved energy resolution was o'(En)/En -,~ 2% for 
neutrons with kinetic energy En = 100 MeV and increases up to 16% for neutrons 
with kinetic energy 2 GeV. 

Hits in neutron detector were recorded together with the charged particle multi-  
plicity Meh in the outer part  of the forward wall (OPW) of the FOPI  collaboration 
[2]. The  O P W  covered polar angles from 7 ~ to 30 ~ and was divided into eight equal 
segments in azimuth.  Thus O P W  sector multiplicity provided information on the 
centrality of the collision and on the orientation of the reaction plane. Multiplic- 
ity values Mch = 3, 30, 60, 80, which were chosen as points dividing the whole 

*) Presented at the International School-Workshop "Relativistic Heavy-Ion Physics", Prague 
(Czech Republic), 19-23 September 1994. 
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multiplicity spectrum into several intervals, were using model predictions found 
as corresponding to averag e impact parameter values (b) ~ 12, 10, 7, 5fro, respec- 
tively. The accuracy of reaction plane determination method (described in Sect. 3) 
was tested according [12]i i.e. dividing each event randomly into two subevents and 
then extracting corresponding azimuthal angles. The resolution of o" = 314 ~ was 
achieved in that way. 

2 Ene rgy  spec t r a  

Measured energy spectra of neutrons are illustrated for non-peripheral events in 
Figure 1. 

Comparison with IQMD [3], QGSM [4,5] and BUU [6,7] model predictions shows 
that the data are described by all three models with the same quality. The shapes 
of neutron energy spectra are not sensitive enough to distinguish among various 
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Fig. 1, The neutron energy spectra for non-peripheral events together with their model 
predictions. The theory results are normalized to the experimental data obtained at 8 = 

23.5 ~ for each model independently. 

reaction mechanisms implemented in tested models. To study simple principles 
roughly determining the shapes of spectra, two phenomenological approaches were 
applied. 
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In the first scenario it was assumed that observed particle comes from equili- 
brated fireball. The data plotted in Figure 2 were fitted using relativistic Boltzmann 
distribution [8] of the form 

d 3 ~ T  
d E d ~ 2  '~ p i n T  cosh(y - YFB)e - r o t  c o s h ( y - y F B ) / T  (1) 

where p, mT and y are the particle momentum, transverse mass and rapidity, 
respectively, YFB is rapidity of the fireball and T is its Boltzmann ' temperature'  
parameter. 

To fit the data it is clearly necessary to use angle-dependent temperature pa- 
rameter. This fact however contradicts the basic assumption of simple thermalized 
fireball. Furthermore, the spectra are well described in their middle parts only. The 
more parameters fit allowing fireball rapidity to be a free parameter was tested as 
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Fig. 2. The energy neutron spectra and their thermal fits for a) non-peripheral and 
b) peripheral events. The kinematical limits for N coming from the free NN collision 
are indicated by arrows for individual detector positions. The full lines correspond to a 
Boltzmann fireball fit with fixed fireball rapidity YFB = YCMS = 0.68 and fitted values 
of temperature parameter T per = 75, 61, 60MeV and T n~ = 98, 97, 93MeV for t? - 
23.5, 40, 60 ~ respectively. The averaged normalized X 2 of the fit is 3.3 and 2.2 in the case 
of peripheral and non-peripheral spectra respectively. The dotted line correspond to the 

fit with YFB being a free parameter. 
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coming from the free NN collision corresponds to the value of H ~ 1.1. 

well, but  the corresponding values of fitted parameters are more strongly dependent 
on polar angle. 

In the second tested scenario it is assumed that emission of the neutron proceeds 
in such a way that  the number of collaborating nucleons needed is the minimal one. 
Therefore a unified description of all spectra was searched under the assumption 
that  the production invariant cross section depends only on the minimum invariant 
mass 8mi n necessary to produce the neutron with a given momentum. This relatively 
new method, so called minimum invariant mass (MIM) scaling [9], was applied to 
the multiplicity selected events separately. The data on EdN/dp  3 for various polar 
angles r as a function of dimensionless variable H -- svr/m-~min/2mN are plotted in 
Figure 3. 

The MIM scaling especially for peripheral events is surprisingly good, generally 
it holds within an range given by a factor of 3. 
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3 Flow analysis 

When discussing observables sensitive to the EOS, one may start with the so- 
called directivity :D [10, 11]. In discussed experiment only the charged particle 
multiplicity information from the eight OPW sectors was available and therefore 
some approximation had to be used. First, the vector Q defined as 

8 

Q = E M,:'n, (2) 
i = l  

was determined from the number of hits in each segment of the OPW. The sum 
in Eq. 2 runs over all eight OPW segments, ni is a unit vector perpendicular to 
the beam direction pointing to the center of the i-th segment, Mi is the charged 

8 particle multiplicity registered in the i-th segment, i.e., Mch : Ei=l  Mi" Using Q 
the directivity can be approximated as 

Mch (3) 
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Fig. 4. The approximated directivity distribution in Bi+Pb 1 GeV/u collisions. The 
IQMD, QGSM and BUU calculation results are shown as well. The dotted line corre- 
spond to the modified experimental data, when the azimuthal angles of particles in the 
OPW sector were not taken from the experiment, but were chosen as random (all three 

models give in this case distributions which are very close to that one). 

Czech. J. Phys. 45 (1995) 667 
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The non-trivial behaviour of directivity can indicate the collective nuclear flow 
effects. This is illustrated in Figure 4, where the distribution of approximated di- 
rectivity is plotted together with that one obtained from experimental data, which 
were modified by randomizing hits uniformly over the whole OPW (i.e., the azi- 
muthal angles of all particles in the OPW were chosen randomly) with the aim 
to destroy expected flow effects. Further analysis of the modified data was already 
the same as for the original ones. The figure shows that the experimental values 
and the predictions of IQMD and BUU models (with compressibility 380 MeV and 
380 MeV respectively) behave similarly, while the QGSM predicts much narrower 
directivity distribution closely followed by the 'randomized' one, i.e., QGSM gives 
effectively too soft EOS, which is close to the EOS of ideal gas. 

To study the flow effect for individual event in more detail, the reaction plane 
was defined by the beam direction and the vector Q (Eq. 2). Only events with 
IQi > 5 and Mch > 60 were considered to ordinary reconstruct the reaction plane. 

Azimuthal distributions d a N/dOdYrel d~ of neutrons relative to the reaction plane 
at the detector positions 0 = 23.5 ~ and 40 ~ are shown in Figure 5. There ~ is the 
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the react ion plane for different relative rapidities obtained for a) 0 = 23.5 ~ and b) 0 = 40 ~ 
The  numbers  above each of the exper imenta l  his tograms are the relevant values of Y~ei. 

The  his tograms are f i t ted by the function 5.12 which is p lot ted  as a smooth  curve. 
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reaction plane azimuthal angle ~ introduced as the angle between the horizontal 
plane containing beam and BAF detector and the reaction plane, 0 is its polar angle 
and Yrel is neutron relative rapidity defined by relation Yrel = ( Y  - YCMS)/YCMS 
(YcMs and Y are the rapidities of the CMS system and of the detected neutron, 
respectively). 

Fig. 6. Definition of the multiplicities Nn, NL, Nm, NOUT. 

The azimuthal distributions were fitted by second-order Fourier series. Only the 
even terms are allowed, since the odd ones correspond to the top-down asymmetry. 
Hence, obtained distributions were approximated with the function 

N 
F(~) = ~ ( 1  + S~cos~, + S2cos2~) (4) 

keeping N, $I and $2 as free parameters. 

Interpretation of coefficients 5:1 and S~ is straightforward. If NR, NL, NIN, NouT 
are the numbers of particles in azimuthal angle regions shown in Figure 6 and 
assuming that the corresponding probability distribution is of the form 4, then 

~r N L -  NR 

$ 1 -  2 N ~ o T  ' (5) 

~VIN - N o u T  
s 2 =  2 N, r o T  ' (6) 

where NTOT is the total number of particles, i.e. Mch in studied case. 

Hence, $1 is sensitive to the collective sidewards flow only, while S2 measures 
the particle emission perpendicular to the reaction plane. 

Let us concentrate first on the projectile-like region case, i.e. spectra at 0 = 
23.5 ~ (Fig. 5a). The single-humped structures visible for Yrel < -0 .3  indicate the 
emission of particles opposite to the direction of the charged particles detected 
in the OPW. Since the polar angle is small, this corresponds to small transverse 
neutron momenta, PT < 200 MeV/c. The corresponding values of parameter $1 are 
negative and the values of parameter $2 are small. Similarly, positive values of the 
parameter $1 with small values of the parameter 5:2 correspond to the observation 
of particle flow for YF~I > 0.1, i.e., in the projectile fragmentation region, where the 
transverse neutron momenta are PT > 300 MeV/c. 
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Fig. 7. Flow and squeeze-out parameters for 8 = 23.5 ~ Bi+Pb collisions 1 GeV/u. The 
full line is an eyeball fit. 

The spectra at ~ = 40 ~ concern dominantly neutrons from the CMS mid- 
rapidity fireball. This position of the detector allowed to study the squeeze-out 
effect. The double-humped structures visible on figure 5b for - 0 . 2  < Yrel < 0.3 
indicate enhanced emission of high transverse momenta  neutron near midrapidity 
(PT > 400 MeV/c).  The emission occurs perpendicularly to the reaction plane. For 
rapidities Yrel < --0.2 the spectra are again dominated by a single-humped struc- 
ture, what indicates the emission of particles opposite to the direction of the charged 
particles detected in the OPW, but now with up to two times higher neutron PT 
than for the 23.5 ~ case. 

The experimental values and the model predictions of $1 and $2 parameters are 
plotted as functions of Yrr in Figures 7 and 8. The predictions of $1 parameter  for 
23.5 ~ confirm already mentioned conclusion, that BUU and IQMD agree with the 
data  substantially better  then the QGSM with its very soft effective EOS. 

In the case of 40 ~ where the experiment does not exhibit substantial side flow 
effect this leads to apparent advantage of QGSM, while IQMD and BUU seem to be 
too hard at the low rapidity region. Nevertheless, according GEANT3 simulation 
the influence of neutrons rescattered off the floor is important  in this case and can 
explain (at least partially) observed difference between data  and IQMD or BUU 
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prediction. Of course, the same effect will cause additional discrepancy of QGSM. 
In the case of $2 parameter the predictions of all tested models agree within the 
error bars with the experimental data. 

4 Conclus ions  

Inclusive energy distributions of neutrons at polar angle 0 = 23.5 ~ 40.0 ~ and 
60.0 ~ were measured up to the region far beyond the free NN kinematical limit. 
The comparison of the shape of spectra with IQMD, QGSM and BUU models 
shows, that the data are approximately described by all models with the same 
accuracy. For the peripheral events all three models disagree with experiment for 
the 23.5 ~ data. The simple picture of Boltzmann source without no implicit flow 
effects included is not compatible with data, nevertheless the unified description 
could be achieved on the base of MIM scaling. 

Manifestation of the flow effects at directivity distribution was found. Reac- 
tion plane was determined with accuracy cr ~ 31 ~ Triple differential distributions 
of emitted neutrons exhibit neutron side-flow and squeeze-out effects. Significant 
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squeeze-out was found for the high PT neutrons with rapidities close to the CMS re- 
gion. Negative side-flow was observed for the neutrons with projectile-like rapidities 
and small and medium PT. Strong positive flow was observed for the neutrons with 
projectile-like rapidities and middle and high PT. The measured results agree with 
the predictions of BUU and IQMD models with non trivial EOS (compressibility 
K = 308 MeV and 380 MeV, respectively). 
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3.4.4 Citations

1. Birgit Rotters; Protonenemission in die rückwärtige Hemispäre bei ultrarelativistischen
Schwerionenreaktionen, Disertation, Fachbereich Physisk der J.W. Goethe Universität,
Frankfurt am Main 1994.

3.4.5 Further developments

In 1996 the author used the formula (3.4) to analyze existing data on production of
charged pions and kaons from Au+Au collisions at 1 AGeV [R56]. The results are
presented in Fig.3.1. Note that with increasing transverse momenta of the particles
data from Au+Au collisions closely approach the p+A data taken at 9× bigger energy
per incident nucleon.

Figure 3.1: Invariant cross section for �+ and K+ production in Au+Au (GSI SIS)
and p+A (JINR Synchrophasontron) collisions as a function of dimensionless variable
Π =

√
smin/2mN . Dash-dotted line represents the exponential exp(Π/Π0), Π0 = 0.16

obtained in [R47] when fitting the p+A Dubna data only. [239]
.
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Chapter 4

Experiments with ultra-relativistic
lead ion beams at CERN SPS
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Figure 4.1: Left: schematic view of Cherenkov Ring Electron Spectrometer of
NA45/CERES experiment at CERN SPS [90]. Right: cylindrical silicon drift detector(SDD).
The detector, CD-like structure inside the motherboard, has 100 mm in diameter and 55 cm2

active area. Horizontal structure going across it is a high-voltage bridge biasing the SDD.
Achieved drift field of 700V/cm corresponds to the maximal drift time of 4 �s. Signal elec-
trons created by ionization of charged particles drifted radially outward to an array of 360
anodes, at the periphery of the detector. Charged particles produced in the collision gener-
ate first signal in the two SDD (SDD1, SDD2), then cross the radiators of two ring imaging
Cherenkov detectors (RICH1, RICH2) and in between them they are azimuthally deflected
in the magnetic field produced by a superconducting magnet, and enter the TPC which is
operated inside an inhomogeneous magnetic field generated by two opposite polarity coils.
The electric field inside the TPC is radial, pointing from the readout chambers to the high
voltage cylinder.

The author of this thesis and his team have joined the WA98 and NA45/CERES
collaborations in 1993 and 1998, respectively. The experiments took data at the SPS
in 1994-6 (WA98) and in 1999-2001 (NA45/CERES). The WA98 and NA45 detectors
are shown in Fig.4.2 and Fig.4.1, respectively. In both experiments the main responsi-
bility of the team revolved around preparation, maintenance and calibration of silicon
drift detector(SDD) (Fig.4.1, right). In both experiments the SDDs was designated
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to measure the charged particle multiplicity. In addition to this in NA45 experiment
doublet of SDDs was used to reconstruct the interaction vertices originating from the
thin distributed Au target.

 21.5 m
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b
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charged particles)
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Figure 4.2: Schematic view of Large Acceptance Photon and Hadron Spectrometer of WA98
experiment at CERN SPS [59]. Charged particles produced in the target fragmentation region
(−1.7 < � < 0.5) are detected via Plastic Ball. Charged particles at mid-rapidity (2 < � <
3.75) are measured by two types of silicon detectors, the Silicon Pad Multiplicity Detector
(SPMD) and the Silicon Drift Detector (SDD). The Photon Multiplicity Detector (PMD)
is a pre-shower detector which measures photon multiplicity from 2.8 < � < 4.4. Photons
produced in 2. < � < 3. are measured in the LEadglass Detector Array (LEDA). Charged
Particle Veto (CPV) is positioned directly in front of LEDA. The produced transverse energy
flow in 3.5 < � < 5.8 is measured in the MIRAC calorimeter, located 24 meters downstream
of the target. The Zero-Degree Calorimeter (ZDC) is positioned 30 meters downstream of the
target. Tracking system is composed of two spectrometer arms and the large Goliath dipole
magnet. Time-of-Flight (TOF) detector allows the calculation of the mass of the tracked
particle.
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The production of neutral pions in158A GeV 208Pb 1 208Pb collisions has been studied in the WA98
experiment at the CERN Super Proton Synchrotron (SPS). Transverse momentum spectra are studied
for the range0.3 # mT 2 m0 # 4.0 GeVyc. The results for central collisions are compared to various
models. The centrality dependence of the neutral pion spectral shape and yield is investigated. An
invariance of the spectral shape and a simple scaling of the yield with the number of participating
nucleons is observed for centralities with greater than about 30 participating nucleons. This is most
naturally explained by assuming an equilibrated system. [S0031-9007(98)07532-2]
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Ultrarelativistic heavy-ion collisions produce dense
matter which is expected to be in the form of a de-
confined phase of quarks and gluons, or quark gluon
plasma (QGP), at sufficiently high energy densities. The
transverse momentum spectra of produced pions can
provide information on both the initial and the final state
properties of the hot hadronic matter. The lowpT pion
production would dominantly reflect the temperature of
the hadronic system at the freeze-out stage occurring late
in the reaction. It is strongly influenced by rescattering
among the final state hadrons. The highpT pion produc-
tion is expected to be dominated by hard scattering of the
partons. In pA collisions the highpT region is known to
be enhanced (Cronin effect [1]) due to initial state scatter-
ing of the incident partons leading to a broadening of their
incoming pT . In AA collisions, many of the scattered
partons must traverse the excited matter to escape and
therefore may undergo additional rescatterings and energy
loss [2]. In the case of significant parton rescattering, the
parton distributions may approach thermal distributions
with a temperature reflecting the initial state of the excited
matter. The intermediatepT region of the pion spectrum
might then reflect this initial temperature. Indeed, one
of the earliest signatures of QGP formation, proposed
by Van Hove [3], was the observation of a saturation of
the average transverse momentum with increasing energy
(or entropy) density for systems excited just above the
critical energy density. With increasing energy density,
the initial temperature would not rise above the critical
temperature until all of the latent heat of the QQP phase
transition had been extracted.

For these reasons it is of interest to study the cen-
trality dependence of the pion production. It is gener-
ally believed that the initial energy density increases with
increasing centrality, due to the many overlapping inter-
actions. Also, the volume of the excited matter increases
with centrality, as well as the amount of rescattering.
Since rescattering is the feature which distinguishesAA
collisions nontrivially frompp collisions, and since sig-
nificant rescattering is a prerequisite for thermalization,
it is imperative to demonstrate an understanding of the
centrality dependence of theAA results in order to un-
derstand the effects of rescattering. While those effects
may be minor on extensive observables, like the particle
multiplicity or transverse energy, they should be most evi-
dent on the momentum distribution of the produced par-
ticles. Recently it has been argued that a parton cascade
description could successfully describe many of the fea-
tures of central Pb1 Pb collisions at the CERN Super
Proton Synchrotron (SPS) energies [4]. Surprisingly, low
momentum transfer soft parton collisions were found to
have little influence on the final observables. Similarly,
recent perturbative QCD calculations were able to repro-
duce the preliminary WA98 neutral pion result for central
collisions [5,6] without need for the effects of parton en-
ergy loss or rescattering [7]. In this Letter we present

neutral pion spectra for158A GeV 208Pb 1 208Pb colli-
sions and investigate in detail the centrality dependence
of the spectral shape and yield.

The CERN experiment WA98 [5,8] consists of large
acceptance photon and hadron spectrometers together
with several other large acceptance devices which allow
one to measure various global variables on an event-by-
event basis. The results presented here were obtained
from an analysis of the data taken with Pb beams in
1995 and 1996. The minimum bias (min-bias) reactions
ssmin -bias ø 6300 mbd are divided into eight centrality
classes using the transverse energyET measured in the
MIRAC calorimeter. In total,ø9.6 3 106 reactions have
been analyzed.

Neutral pions are reconstructed via theirgg decay
branch using the WA98 lead-glass photon detector,
LEDA, which consisted of 10 080 individual modules
with photomultiplier readout. The detector was located
at a distance of 21.5 m from the target and covered the
pseudorapidity interval2.35 , h , 2.95. The measure-
ment of neutral pions, though difficult at low transverse
momenta, is superior to those of charged pions at high
momenta because of the improving energy resolution of
the calorimetric measurement.

The general analysis procedure is similar to that used
in the WA80 experiment and described in [9]. Hits in
the lead-glass detector are combined in pairs to provide
distributions of pair mass vs pair transverse momentum
(or transverse mass) for all possible combinations. Sub-
traction of the combinatorial background is performed us-
ing mixed event distributions. The resulting momentum
distributions are corrected for geometrical acceptance and
reconstruction efficiency. The efficiency depends on the
particle occupancy in the detector and therefore has been
calculated independently for each centrality bin. The sys-
tematic error of the pion yields is mainly due to errors in
the reconstruction efficiency for central collisions and to
corrections for nontarget interactions for peripheral colli-
sions. The systematic error on the absolute yield isø10%
and increases sharply belowpT ­ 0.4 GeVyc. An ad-
ditional systematic error originates from the uncertainty
of the momentum scale of 1%. The influence of this
rises slowly for higherpT and leads to an error of 15%
at pT ­ 4 GeVyc. A detailed discussion of the analysis
procedure and the error contributions will be given in a
forthcoming publication.

The measured neutral pion spectrum from central
Pb 1 Pb reactions (10% of min-bias cross section) as a
function of mT 2 m0 is shown in Fig. 1. The data are
compared to predictions of the string model Monte Carlo
generatorsFRITIOF 7.02 [10] and VENUS 4.12 [11]. As
already observed in S1 Au reactions [9], both generators
fail to describe the data well at largemT . The FRITIOF

prediction is more than an order of magnitude lower
at high mT while VENUS significantly overpredicts the
data. Alternatively, it has recently been shown that
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FIG. 1. Transverse mass spectra of neutral pions in central
collisions of 158A GeV Pb1 Pb. Invariant yields per event
are compared to calculations using theFRITIOF 7.02 [10] and
VENUS 4.12[11] Monte Carlo programs. Predictions of a pQCD
calculation [7] are included as a solid line. The inset shows
the ratios of the results of the Monte Carlo codes to the
experimental data.

perturbative QCD (pQCD) calculations, including initial
state multiple scattering and intrinsicpT [7], are able
to describe the preliminary WA98 data at intermediate
and highpT . This prediction is included in Fig. 1 as a
solid line. (The results shown have been corrected for
a small numerical error by the author of [7] and have
changed byø10% 30% compared to the publication.)
The pQCD calculation shows a very good agreement in
the highmT region. This surprising agreement has been
interpreted as an indication for unexpectedly small effects
of parton energy loss [7]. On the other hand, the parton
cascade Monte Carlo code,VNI, which provides a more
detailed pQCD description, overpredicts the measured
WA98 result by more than a factor of 10 at largepT [4].
In an alternative picture, hydrodynamical descriptions
(see, e.g., [12]) with properly adjusted parameters can
describe the momentum spectra reasonably well.

In view of the above discussion and the difficulty to
describe the details of the neutral pion spectrum, it is
apparent that the theoretical description of ultrarelativistic
nucleus-nucleus collisons remains uncertain. In order to
demonstrate a consistent description of nuclear effects it is
important to investigate the details of the pion production
as a function of the system size. To study the centrality
dependence of the spectral shape in a manner which is

independent of model or fit function we have used the
truncated mean transverse momentumkpT spmin

T dl, where

kpT spmin
T dl ­

√Z `

pmin
T

pT
dN
dpT

dpT

, Z `

pmin
T

dN
dpT

dpT

!
2 pmin

T . (1)

The lower cutoff pmin
T ­ 0.4 GeVyc is introduced to

avoid systematic errors from extrapolation to lowpT and
has been chosen according to the lowestpT of the present
data where systematic uncertainties imposed by the nec-
essary corrections are still small. In general, the value of
kpT spmin

T dl differs from the true averagepT , except in the
case of a purely exponential distributiondsydpT . For
a purely exponential invariant cross section,d2sydp2

T ,
kpT spmin

T dl decreases with increasingpmin
T .

Figure 2 showskpT spmin
T dl as a function of the aver-

age number of participantsNpart for 158A GeV 208Pb 1

Pb collisions. For comparison,kpT spmin
T dl values for

200A GeV S1 Au [9] and from a parametrization ofpp
data [13] are also included.Npart is extracted by the
assumption of a monotonic relation between impact pa-
rameter and transverse energy and using the resulting cor-
respondence between measured cross section and impact
parameter. The average number of participants is calcu-
lated from nuclear geometry using the extracted impact pa-
rameter. Together these data show the general trend of a
rapid increase ofkpT spmin

T dl compared topp results for
small system sizes. ForNpart greater than about 30 the
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FIG. 2. Truncated mean transverse momentumkpT spmin
T dl of

p0 mesons as defined by Eq. (1) plotted as a function of
the average number of participantsNpart. The solid circles
correspond to the 8ET based centrality selections for Pb1

Pb. The open square showskpT spmin
T dl extracted from a

parametrization ofpp data scaled to the same c.m. energy [13],
the open circles the results for S1 Au collisions at200A GeV
[9]. For comparison, results fromVENUS 4.12[11] are included
as histograms for Pb1 Pb collisions and as a star forpp. A
cut parameterpmin

T ­ 0.4 GeVyc was used.
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mean transverse momentum appears to attain a limiting
value ofø280 MeVyc2. [The variation ofkpT spmin

T dl has
been studied for values ofpmin

T ­ 0.2 1.0 GeVyc. The
saturation is always observed; the statistical significance,
however, decreases with increasing threshold.]VENUS 4.12

[11] calculations show a qualitatively similar behavior, but
underpredict the present data, as well as thepp data. The
simple implementation of rescattering which is used in this
model seems to be strong enough to lead to a saturation for
semiperipheral collisions as in the experimental data. One
should, however, keep in mind thatVENUS 4.12does not
correctly describe pion production at highpT (see Fig. 1).

Earlier investigations of the dependence ofkpT l of
pions on system size [9,14,15] at SPS energies have
suggested such a saturation for large systems. The present
study is the first investigation of the dependence with Pb
ions at the SPS. Preliminary results from the AGS have
indicated a weak increase in the averagemT of pions with
the number of participants for Au1 Au collisions [16].

It is important to note that the observed limiting
behavior is very different from the observations inpp
or pp collisions. For very high energieskpT l rises with
the pseudorapidity density of charged particles [17–20].
In that case, more violent parton scatterings presumably
result in a harder spectrum of leading particles together
with a greater multiplicity of fragmentation products.
This would lead to the observed correlation betweenkpT l
and multiplicity. At lower

p
s, comparable to the data

presented here,kpT l decreases for increasing multiplicity
[21], most likely due to energy conservation. In the case
of nuclear reactions, this anticorrelation is lost due to
the large number of binary collisions. Instead, the initial
increase ofkpT spmin

T dl with Npart is interpreted as a result
of multiple scattering. Initial state multiple scattering, as
suggested as an explanation for the Cronin effect [1],
would imply a continuing increase ofkpT spmin

T dl for
more central collisions. Here, however, the surprising
observation is that additional multiple scattering, implied
by increasingNpart, does not alter the pion distributions.
This is most easily understood as a consequence of final
state rescattering and is, of course, the behavior expected
for a thermalized system.

More detailed information about the centrality depen-
dence of the pion spectral shape and yield is shown in
Fig. 3 where the neutral pion yield per event has been pa-
rametrized asEd3Nydp3 ~ N

as pT d
part s0spT d. The results

for Npart . 30 are well described by this scaling with an
exponentaspT d ø 1.3, independent ofpT . Consistent
with the previous discussion, the results indicate a con-
stant spectral shape over the entire interval of measure-
ment from 0.5 , pT , 3 GeVyc. The observedN

4y3
part

scaling for symmetric systems implies a scaling with the
number of nucleon collisions, as confirmed by a simi-
lar analysis. However, this scaling does not extrapolate
from the pp results. On the contrary, when comparing
semiperipheral Pb1 Pb collisions withpp the exponent
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FIG. 3. The exponentaspT d of the dependence of thep0

yield on the average number of participantsNpart plotted as a
function of the transverse momentum for158A GeV Pb1 Pb.
The solid circles are calculated based on a fit to the centrality
selections withNpart $ 30. The open circles are calculated
based on the ratio of the semiperipheral datasNpart ø 45d to a
parametrization ofpp data.

a varies over the entirepT interval, confirming the very
different spectral shapes.

In summary, we have analyzed the centrality depen-
dence of high precision transverse momentum spectra of
neutral pions from158A GeV Pb1 Pb collisions. The
neutral pion spectra are observed to show increasing
deviation frompp results with increasing centrality, indi-
cating the importance of multiple scattering effects. How-
ever, for centralities with more than about 30 participating
nucleons, the shape of the transverse momentum spec-
trum becomes invariant over the interval0.5 , pT ,

3 GeVyc. In this interval the pion yield scales likeN1.3
part,

or like the number of nucleon collisions, for this range
of centralities. Since the amount of rescattering increases
with centrality, the invariance of the spectral shape with
respect to the number of rescatterings, most naturally sug-
gests a dominantly thermal emission process. It will be
important to determine whether cascade models which re-
produce the observed invariant spectral shape will support
the interpretation as an “effective” thermalization due to
significant rescattering.
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Erratum: Centrality Dependence of Neutral Pion Production
in 158A GeV 208Pb 1 208Pb Collisions

[Phys. Rev. Lett. 81, 4087 (1998)]

M. M. Aggarwal, A. Agnihotri, Z. Ahammed, A. L. S. Angelis, V. Antonenko, V. Arefiev, V. Astakhov, V. Avdeitchikov,
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K. B. Bhalla, V. S. Bhatia, C. Blume, R. Bock, E.-M. Bohne, Z. K. Böröcz, D. Bucher, A. Buijs, H. Büsching, L. Carlen,
V. Chalyshev, S. Chattopadhyay, R. Cherbatchev, T. Chujo, A. Claussen, A. C. Das, M. P. Decowski, V. Djordjadze,
P. Donni, I. Doubovik, M. R. Dutta Majumdar, K. El Chenawi, S. Eliseev, K. Enosawa, P. Foka, S. Fokin, V. Frolov,

M. S. Ganti, S. Garpman, O. Gavrishchuk, F. J. M. Geurts, T. K. Ghosh, R. Glasow, S. K. Gupta, B. Guskov,
H. A. Gustafsson, H. H. Gutbrod, R. Higuchi, I. Hrivnacova, M. Ippolitov, H. Kalechofsky, R. Kamermans,

K.-H. Kampert, K. Karadjev, K. Karpio, S. Kato, S. Kees, H. Kim, B. W. Kolb, I. Kosarev, I. Koutcheryaev, T. Krümpel,
A. Kugler, P. Kulinich, M. Kurata, K. Kurita, N. Kuzmin, I. Langbein, A. Lebedev, Y. Y. Lee, H. Löhner, L. Luquin,

D. P. Mahapatra, V. Manko, M. Martin, A. Maximov, R. Mehdiyev, G. Mgebrichvili, Y. Miake, D. Mikhalev,
G. C. Mishra, Y. Miyamoto, D. Morrison, D. S. Mukhopadhyay, V. Myalkovski, H. Naef, B. K. Nandi, S. K. Nayak,

T. K. Nayak, S. Neumaier, A. Nianine, V. Nikitine, S. Nikolaev, P. Nilsson, S. Nishimura, P. Nomokonov, J. Nystrand,
F. E. Obenshain, A. Oskarsson, I. Otterlund, M. Pachr, A. Parfenov, S. Pavliouk, T. Peitzmann,* V. Petracek,*

W. Pinanaud, F. Plasil, M. L. Purschke, B. Raeven, J. Rak, R. Raniwala, S. Raniwala, V. S. Ramamurthy, N. K. Rao,
F. Retiere, K. Reygers, G. Roland, L. Rosselet, I. Roufanov, C. Roy, J. M. Rubio, H. Sako, S. S. Sambyal, R. Santo,

S. Sato, H. Schlagheck, H.-R. Schmidt, G. Shabratova, I. Sibiriak, T. Siemiarczuk, D. Silvermyr, B. C. Sinha, N. Slavine,
K. Söderström, N. Solomey, S. P. Sørensen, P. Stankus, G. Stefanek, P. Steinberg, E. Stenlund, D. Stüken, M. Sumbera,
T. Svensson, M. D. Trivedi, A. Tsvetkov, C. Twenhöfel, L. Tykarski, J. Urbahn, N. v. Eijndhoven, G. J. v. Nieuwenhuizen,

A. Vinogradov, Y. P. Viyogi, A. Vodopianov, S. Vörös, B. Wysłouch, K. Yagi, Y. Yokota, and G. R. Young

(WA98 Collaboration)

In this paper, the absolute cross section determination associated with the different centrality selections was made with
a limited data set which was not representative of the full analysis. This resulted in a systematic overestimate of the
number of participantsNpart (or the number of collisions). The relative magnitude of this correction is significant for
the most peripheral centrality class and nearly negligible for the most central event class. The neutral pion transverse
momentum spectra are unchanged. As a result of this correction, the data points of Fig. 2 should be shifted by varying
degrees towards the origin on the number of participants scale. However, the conclusion of a saturation of the average
transverse momentum with increasing centrality drawn from this figure remains unchanged.

Similarly, the major conclusion of Fig. 3 remains unchanged: In the region of centralities where the saturation of the
average transverse momentum is observed, the scaling of the pion yield is independent of the transverse momentum; i.e.,

FIG. 1. The exponenta�pT � of the dependence of thep0 yield on the average number of participantsNpart plotted as a function of
the transverse momentum for158A GeV Pb1 Pb. The solid circles are calculated based on the centrality selections withNpart $ 21.
The open circles are calculated based on the ratio of the semiperipheral data�Npart � 30� to a parametrization ofpp data. The
brackets indicate the estimated systematic error on the exponenta.
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the spectral shape does not change. However, with the corrected assignment of the number of participants the scaling
exponent is reduced to a � 1.1 from the value of a � 1.3 given previously. The corrected version of Fig. 3 is displayed
in Fig. 1. In addition to the correction of the cross section determination, the event generator VENUS 4.12 [1] has been used
to relate the measured cross section to the number of participants Npart. The differences in Npart from this calculation
compared to various Glauber calculations are used to estimate the systematic error on the exponent a shown in Fig. 1. The
values for the exponents a of the scaling from pp data compared to semiperipheral Pb 1 Pb data are slightly higher than
before, while the fit using semiperipheral up to very central Pb 1 Pb data yields a significantly smaller value. A further
conclusion can be drawn from this corrected analysis: At high transverse momentum the increase in pion production
going from pp to peripheral heavy ion reactions is much stronger than in going from semiperipheral to central heavy
ion reactions.

*The names of these authors were misspelled in the original publication.
[1] K. Werner, Phys. Rep. 232, 87 (1993).
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4.1 M.Šumbera: High energy nuclear physics and multihadron dynamics 114

25. Rozental, I L; Snigirev, A M Hydrodynamic interpretation of the interaction of high-energy
particles and cosmic gamma-ray bursts PHYSICS OF PARTICLES AND NUCLEI, 34 (1):
73-93 JAN-FEB 2003 ISSN: 1063-7796.

26. Bass, S A; Muller, B; Srivastava, DK Semihard scattering of partons at root s=17 vs 200 GeV:
A study in contrast PHYSICAL REVIEW C, 66 (6): Art. No. 061902 DEC 2002 ISSN:
0556-2813.

27. Vitev, I; Gyulassy, M High-p(T) tomography of d+Au and Au+Au at SPS, RHIC, and LHC
PHYSICAL REVIEW LETTERS, 89 (25): Art. No. 252301 DEC 16 2002 ISSN: 0031-9007.

28. Cai, X; Zhou, D M Experimental status of ultra-high energy induced nuclear reactions HIGH
ENERGY PHYSICS AND NUCLEAR PHYSICS-CHINESE EDITION, 26 (9): 971-990 SEP
2002 ISSN: 0254-3052.

29. Kvasnikova, I; Gale, C; Srivastava, D K Production of intermediate-mass dileptons in relativistic
heavy ion collisions PHYSICAL REVIEW C, 65 (6): Art. No. 064903 JUN 2002 ISSN: 0556-
2813.

30. Drees, A First hints of jet quenching at RHIC NUCLEAR PHYSICS A, 698: 331C-340C FEB
11 2002 ISSN: 0375-9474.

31. Srivastava, DK; Sinha, B; Kvasnikova, I; Gale, C Emission of single photons, hadrons, and
dileptons in Pb plus Pb collisions at CERN SPS and quark hadron phase transition NUCLEAR
PHYSICS A, 698: 432C-435C FEB 11 2002 ISSN: 0375-9474.

32. Srivastava, D K Scaling of hadronic transverse momenta in a hydrodynamic treatment of rel-
ativistic heavy ion collisions PHYSICAL REVIEW C, 64 (6): Art. No. 064901 DEC 2001
ISSN: 0556-2813.

33. Dumitru, A; Frankfurt, L; Gerland, L; Stocker, H; Stikman, M Nuclear broadening effects on
hard prompt photons at relativistic energies PHYSICAL REVIEW C, 64 (5): Art. No. 054909
NOV 2001 ISSN: 0556-2813.

34. M. V. Tokarev, Asymptotic properties of high-p(T) particle production in hadron hadron, hadron
nucleus and nucleus nucleus collisions at high energies arXiv:hep-ph/0111202.

35. G. Hering [CERES Collaboration], Dielectron production in heavy ion collisions at 158-GeV/c
per nucleon arXiv:nucl-ex/0203004.

36. Aphecetche, L; Bacelar, J; Delagrange, H; d’Enterria, D; Hoefman, M; Huisman, H; Kalantar-
Nayestanaki, N; Lohner, H; Martinez, G; Matulewicz, T; Messchendorp, J; Mora, MJ; Os-
tendorf, R; Schadmand, S; Schutz, Y; Seip, M; Taranenko, A; Turrisi, R; Van Goethern, MJ;
Volkerts, M; Wagner, V; Wischut, HW Hard photon and neutral pion production in cold nuclear
matter PHYSICS LETTERS B, 519 (1-2): 8-14 OCT 25 2001 ISSN: 0370-2693.

37. Quercigh, E Strangeness production in ultra relativistic heavy-ion collisions NUCLEAR PHYSICS
A, 691 (1-2): 407C-415C AUG 13 2001 ISSN: 0375-9474.

38. Srivastava, D K Single photons, dileptons and hadrons from relativistic heavy ion collisions
and quark-hadron phase transition PRAMANA-JOURNAL OF PHYSICS, 57 (2-3): 235-249
AUG-SEP 2001 ISSN: 0304-4289.

39. Wang, E; Wang, X N Interplay of soft and hard processes and hadron p(T) spectra in pA and
AA collisions PHYSICAL REVIEW C, 64 (3): Art. No. 034901 SEP 2001 ISSN: 0556-2813.

40. Srivastava, D K; Sinha, B Radiation of single photons from Pb+Pb collisions at relativistic
energies and the quark-hadron phase transition PHYSICAL REVIEW C, 64 (3): Art. No.
034902 SEP 2001 ISSN: 0556-2813.

41. Wang, X N Jet quenching and azimuthal anisotropy of large p(T) spectra in noncentral high-
energy heavy-ion collisions PHYSICAL REVIEW C, 63 (5): Art. No. 054902 MAY 2001 ISSN:
0556-2813.

42. I. Vitev and M. Gyulassy, Anomalous antiproton to negative pion ratio as revealed by jet quench-
ing at RHIC arXiv:hep-ph/0108045.

43. M. Gyulassy, Lectures on the theory of high energy A + A at RHIC Lect. Notes Phys. 583
(2002) 37. [arXiv:nucl-th/0106072].

44. Blaizot, J P; Dinh, P M; Ollitrault, J Y Transverse energy fluctuations and the pattern of J/psi
suppression in Pb-Pb collisions PHYSICAL REVIEW LETTERS, 85 (19): 4012-4015 NOV 6
2000 ISSN: 0031-9007.

45. Borghini, N; Dinh, P M; Ollitrault, J Y Is the analysis of flow at the CERN Super Proton
Synchrotron reliable? PHYSICAL REVIEW C, 62 (3): Art. No. 034902 SEP 2000 ISSN:
0556-2813.



4.1 M.Šumbera: High energy nuclear physics and multihadron dynamics 115

46. Antinori, F; Bakke, H; Beusch, W; Bloodworth, IJ; Caliandro, R; Carrer, N; Di Bari, D; Di
Liberto, S; Elia, D; Evans, D; Fanebust, K; Fini, RA; Ftacnik, J; Ghidini, B; Grella, G; Gulino,
M; Helstrup, H; Holme, AK; Huss, D; Jacholkowski, A; Jones, GT; Kinson, JB; Knudson, K;
Kralik, I; Lenti, V; Lietava, R; Loconsole, RA; Lovhoiden, G; Manzari, V; Mazzoni, MA; Meddi,
F; Michalon, A; Michalon-Mentzer, ME; Morando, M; Norman, PI; Pastircak, B; Quercigh,
E; Rohrich, D; Romano, G; Safarik, K; Sandor, L; Segato, G; Staroba, P; Thompson, M;
Thorsteinsen, TF; Torrieri, GD; Tveter, TS; Urban, J; Baillie, OV; Virgili, T; Votruba, MF;
Zavada, P (WA97 Collaboration) Transverse mass spectra of strange and multi-strange particles
in Pb-Pb collisions at 158 A GeV/c EUROPEAN PHYSICAL JOURNAL C, 14 (4): 633-641
JUN 2000 ISSN: 1434-6044.

47. B. V. Jacak, High energy heavy ion collisions: The physics of super-dense matter arXiv:nucl-
ex/0010018.

48. G. Agakishiev et al. [CERES Collaboration], High-p(T) charged pion production in Pb Au
collisions at 158-A-GeV/c arXiv:hep-ex/0003012.

49. U. W. Heinz and M. Jacob, Evidence for a new state of matter: An assessment of the results
from the CERN lead beam programme arXiv:nucl-th/0002042.

50. M. V. Tokarev, O. V. Rogachevsky and T. G. Dedovich, A-dependence of pi0 meson production
in proton nucleus and nucleus nucleus collisions at high energies preprint JINR-E2-2000-90.

51. Kolb, P F; Sollfrank, J; Ruuskanen, P V; Heinz, U Hydrodynamic simulation of elliptic flow
NUCLEAR PHYSICS A, 661: 349C-352C DEC 27 1999 ISSN: 0375-9474.

52. Sandor, L Group (WA97 Collaboration) Transverse mass spectra of strange and multiply-strange
particles in Pb-Pb collisions at 158 A GeV/c NUCLEAR PHYSICS A, 661: 481C-484C DEC
27 1999 ISSN: 0375-9474.

53. Srivastava, DK; Geiger, K Scaling of particle production with number of participants in high-
energy A plus A collisions in the parton-cascade model NUCLEAR PHYSICS A, 661: 592C-
595C DEC 27 1999 ISSN: 0375-9474.

54. Spieles, C; Vogt, R; Gerland, L; Bass, SA; Bleicher, M; Stocker, H; Greiner, W Modeling J/psi
production and absorption in a microscopic nonequilibrium approach PHYSICAL REVIEW C,
60 (5): Art. No. 054901 NOV 1999 ISSN: 0556-2813.

55. Kolb, P F; Sollfrank, J; Heinz, U Anisotropic flow from AGS to LHC energies PHYSICS
LETTERS B, 459 (4): 667-673 JUL 29 1999 ISSN: 0370-2693.

56. Bass, SA; Gyulassy, M; Stocker, H; Greiner, W Signatures of quark-gluon plasma formation
in high energy heavy-ion collisions: a critical review JOURNAL OF PHYSICS G-NUCLEAR
AND PARTICLE PHYSICS, 25 (3): R1-R57 MAR 1999 ISSN: 0954-3899.

57. D. K. Srivastava and K. Geiger, Scaling of particle production with number of participants in
high-energy A + A collisions in the parton-cascade model arXiv:nucl-th/9808042.

58. M. Gyulassy and P. Levai, High p(T) phenomena in heavy ion collisions at s**(1/2) = 20-A-
GeV and 200-A-GeV arXiv:hep-ph/9809314.

4.1.2 Conference presentations

1. M. Šumbera, Ultra-relativistic nucleus-nucleus collisions: past, present and future
(from CERN to BNL and back) . Czech-Taiwan workshop on the intermediate
and high energy physics, Prague, March 3.-5. 2003. Czechoslovak Journal of
Physics, Volume 53, Number 8 / August, 2003.

4.1.3 Further developments

In [81] we have studied transverse energy, charged particle pseudorapidity distributions
and photon transverse momentum spectra of particles produced in 158⋅A GeV Pb+Pb
collisions. The data covered a wide impact parameter range which allowed us to study
the dependence of the above quantities on the number of participants (Npart) and
the number of binary nucleon-nucleon collisions (Ncoll). A scaling of the transverse
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energy pseudorapidity density at midrapidity as ∼ N1.08±0.06
part and ∼ N0.83±0.05

coll was
observed. We have also determined the average transverse energy per charged particle
at midrapidity

⟨ET ⟩/⟨Ncℎ⟩∣mid ≡ ⟨dET/d�∣mid⟩/⟨dNcℎ/d�∣mid⟩, (4.1)

a quantity that can be seen as a measure of the global mean transverse momentum
averaged over all particle species. ⟨ET ⟩/⟨Ncℎ⟩∣mid appears to increase up to a system
size of Npart ≈ 100 which corresponds to an impact parameter of b ≈ 9 fm. For
more central collisions ⟨ET ⟩/⟨Ncℎ⟩∣mid levels off at a value of 0.80 GeV. Similarly to
the analysis performed in 4.1 we conclude that the most natural explanation of such
a behavior would be the assumption that thermalization is reached once the system
exceeds a certain minimum size.
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4.2.2 Conference presentations

1. M. Šumbera Search for the chiral phase transition at CERN SPS. Proceedings
of the scientific conference of nuclear branch, Faculty of Nuclear Science and
Physical Engineering, Prague,9.-10.9.1998. Acta Polytechnica, 38 [3] 45-46
(1998).

4.2.3 Further developments

It is important to note that the above results concern fluctuations which extend over
a large region of phase space. Logical follow-up was the DCC search in localized
phase space regions [83]. Analyzing the charged versus neutral correlations in common
phase space regions of varying azimuthal size the presence of non-statistical fluctuations
in both charged particle and photon multiplicities in limited azimuthal regions were
found. However, no correlated charge-neutral fluctuations were observed. Within the
simple DCC model, upper limits on the presence of localized non-statistical DCC-like
fluctuations of 10−2 for Δ� between 45− 90∘ and 3× 10−3 for Δ� between 90− 135∘

were extracted.
Centrality dependence of localized fluctuations in the multiplicity of charged par-

ticles and photons produced 158A GeV/c Pb+Pb collisions was studied in [93]. For
four different centrality classes the charged versus neutral particle multiplicity correla-
tions in common phase space regions of varying azimuthal size were analyzed by two
different methods. The first analysis method studied the magnitude of the N
 -like
versus Ncℎ multiplicity fluctuations in decreasing phase space regions. The second
analysis employed the discrete wavelet transformation technique to investigate the rel-
ative magnitude of the N
 -like versus Ncℎfluctuations in adjacent phase space regions.
Using the results from the data, mixed events, and a simple model of DCC formation,
an upper limit on DCC production in 158 AGeV Pb+Pb collisions has been set. The
result is presented in Fig.4.3.
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Figure 4.3: The 90% confidence level upper limit on DCC production for central Pb+Pb
collision at 158⋅ A GeV/c, as a function of the DCC domain size in azimuthal angle
[93]. The solid line corresponds to data from the top 5% and dashed line to top 5−10%
of the minimum bias cross section as determined by selection on the measured transverse
energy distribution.
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4.3 Study of Pb+Au collisions at 40 AGeV

4.3.1 Introductory notes

The masses of hadrons are created dynamically by the strong interaction [R28], when
confinement forces quarks and gluons to form color-neutral bound states. The gen-
eration of hadronic masses is connected to spontaneous chiral symmetry breaking, a
basic feature of the vacuum structure of QCD [R52]. However, the quantitative un-
derstanding of the dynamics in this non-perturbative regime of QCD is still rather
incomplete, and additional information from experiment is essential. In collisions of
ultra-relativistic heavy nuclei energy densities far exceeding those needed for the decon-
fining phase transition are exceeded significantly and there is by now strong evidence
for the formation of a QGP [171, R1]. Simultaneously with deconfinement transition,
chiral symmetry is expected to be restored. On the way to chiral symmetry restoration
in such matter, significant modifications of the properties of hadrons are expected, such
as of their mass and width or more generally of the hadronic spectral function [R28].

The � meson is an ideal probe to investigate modifications of such in-medium prop-
erties. In a hot hadronic medium close to the phase boundary, � mesons are abundantly
produced by annihilation of thermal pions. Due to its short lifetime (c� = 1.3 fm),
the decay of the � meson occurs inside the medium, and spectral modifications may
be observable via the kinematic reconstruction of the decay products. Finally, its de-
cay into lepton pairs provides essentially undisturbed information from the hot and
dense phase, because leptons are not subject to final state rescattering in the strongly
interacting medium.
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4.3 M.Šumbera: High energy nuclear physics and multihadron dynamics 136
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4.3.4 Conference presentations

1. M. Šumbera,Ultra-relativistic nucleus-nucleus collisions: past, present and future
(from CERN to BNL and back) Czech-Taiwan workshop on the intermediate and
high energy physics, Prague, Czech Republic, 3.-5.3.2003. Czechoslovak Journal
of Physics, Volume 53, Number 8 / August, 2003.

4.3.5 Further developments

Enhanced production of dileptons

Final results on enhanced production of low-mass e−e+ pairs in 40-AGeV Pb+Au
collisions were published in [97]. The observed pair yield integrated over the range of
invariant masses 0.2 < m ≤ 1 GeV/c2 is enhanced over the expectation from neutral
meson decays by a factor of 5.9± 1.5(stat)± 1.2(systdata)± 1.8(systmesondecays).

In [110] we have present a measurement of e+e− pair production in central Pb+Au
collisions at 158A GeV/c. The improved mass resolution of the data set, recorded with
the upgraded CERES experiment, allowed for a comparison of the data with different
theoretical approaches. The data clearly favor a substantial in-medium broadening
of the � spectral function over a density-dependent shift of the � pole mass. The
in-medium broadening model implies that baryon induced interactions are the key
mechanism to in-medium modifications of the �-meson in the hot fireball at SPS energy.

In 2002 we have submitted proposal to continue the study of electron pair and
hadron production with In and Pb beams at the CERN SPS [99]. The proposal was
rejected because the new NA60 experiment with much better dilepton mass resolution
was already approved. The NA60 has studied low-mass dimuon production in 158
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AGeV In-In collisions. The unprecedented sample size of 360 000 dimuons and the
good mass resolution of about 2% allow them to isolate the excess by subtraction
of the decay sources [R94]. The shape of the resulting mass spectrum was found to
be consistent with a dominant contribution from �+�− → � → �+�− annihilation.
The associated space-time averaged � spectral function showed a strong broadening,
but essentially no shift in mass. The results on the associated transverse momentum
spectra [R95] have shown that the slope parameter Teff rises with dimuon mass up
to the mass of � meson, followed by a sudden decline above. While the initial rise is
consistent with the expectations for radial flow of a hadronic decay source, the decline
signals a transition to an emission source with much smaller flow. This may well
represent the first direct evidence for thermal radiation of partonic origin in nuclear
collisions. This result was confirmed in [R96]. Using the Collins-Soper reference frame,
the NA60 has found that the structure function parameters �, � and � are zero. The
projected distributions in polar and azimuth angles were found to be uniform. The
absence of any polarization was interpreted as consistent with the interpretation of the
excess dimuons as thermal radiation from a randomized system. All these results are
compatible with our previous findings.

Elliptic flow

Let us note that even at the SPS energies the v2 of identified particles needs not
to be necessarily a positive number. The WA98 measurement of semi-central Pb+Pb
collisions at the top SPS energy [67], [68] have shown that while �+ mesons, as expected,
are emitted in the reaction plane, K+ mesons are found to be preferentially emitted
out of the reaction plane. The results suggest that even at such high energies the
kaon emission is influenced by in-medium potential effects in addition to collective
flow effects. This interpretation is supported by a simple model calculation in which
K+ mesons propagate through a static anisotropic distribution of nucleons with a
repulsive K+N potential. The final out-of-plane elliptic emission pattern emerges from
an initially isotropic azimuthal distribution of K+.

Fluctuations

Comparison between the event-by-event fluctuations of the mean transverse momentum
in Pb + Au collisions at three different energies 40 AGeV, 80 AGeV and 158 A-GeV
was studied in [103]. Significant excess of mean pT fluctuations at mid-rapidity over
the expectation from statistically independent particle emission was observed. The
results are somewhat smaller than observed at

√
sNN = 130 GeV at RHIC [147]. A

possible non-monotonic behavior of the mean pT fluctuations as function of collision
energy, which may have indicated that the system has passed the critical point of the
QCD phase diagram in the range of �B under investigation, has not been observed.
A comparison to results from the RQMD and URQMD models [R35] indicates that
secondary rescattering, if enabled, tends to decrease the fluctuation strength, while
calculations without rescattering show reasonable agreement with the data. Such a
scenario is supported by the observation of high densities and a short mean free path
at thermal freeze-out, as derived from a recent analysis of pion interferometry data [95],
which point to a short lifetime of the hadronic phase. Further result on this topic were
published in [105] and [115].



Chapter 5

Heavy ion collider physics at BNL
RHIC and CERN LHC

5.1 Experiment STAR at RHIC

Figure 5.1: Cutaway side view of the Solenoidal Tracker at RHIC (STAR) detector as
configured in 2001 [126]. Embeded into solenoidal magnet (outer diameter 7m) with a uniform
magnetic field of maximum value 0.5 T are Silicon Vertex Tracker (SVT), a large volume
Time Projection Chamber (TPC), central trigger barrel (CTB) detector, radial-drift TPC
(FTPC), a ring imaging Cherenkov detector (RICH), a time-offlight (TOF) patch, barrel
electromagnetic calorimeter (EMC) and an endcap electromagnetic calorimeter (EEMC). The
fast detectors that provide input to the trigger system are CTB and zero-degree calorimeters
(ZDC) located in the forward direction at � < 2 mrad. SVT, TPC, FTPC and CTB provide
a full azimuthal acceptance.
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5.1 M.Šumbera: High energy nuclear physics and multiparticle dynamics 146



Nuclear Physics A 757 (2005) 102–183

Experimental and theoretical challenges in
the search for the quark–gluon plasma:

The STAR Collaboration’s critical assessment of the
evidence from RHIC collisions

STAR Collaboration

J. Adamsc, M.M. Aggarwalac, Z. Ahammedaq, J. Amonettt,
B.D. Andersont, D. Arkhipkinm, G.S. Averichevl, S.K. Badyals,

Y. Bai aa, J. Balewskiq, O. Barannikovaaf, L.S. Barnbyc, J. Baudotr,
S. Bekeleab, V.V. Belagal, A. Bellingeri-Laurikainenal,

R. Bellwiedat, J. Bergern, B.I. Bezverkhnyav, S. Bharadwajag,
A. Bhasins, A.K. Bhatiac, V.S. Bhatiaac, H. Bichselas, J. Bielcikav,

J. Bielcikovaav, A. Billmeierat, L.C. Blandd, C.O. Blythc,
B.E. Bonnerah, M. Botjeaa, A. Bouchamal, J. Bouchetal,

A.V. Brandiny, A. Bravard, M. Bysterskyk, R.V. Cadmana,
X.Z. Caiak, H. Cainesav, M. Calderón de la Barca Sánchezq,

J. Castillou, O. Catuav, D. Cebrag, Z. Chajeckiab, P. Chaloupkak,
S. Chattopadhyayaq, H.F. Chenaj, Y. Chenh, J. Chengao,
M. Cherneyj, A. Chikanianav, W. Christied, J.P. Coffinr,

T.M. Cormierat, J.G. Crameras, H.J. Crawfordf, D. Dasaq, S. Dasaq,
M.M. de Mouraai, T.G. Dedovichl, A.A. Derevschikovae,

L. Didenkod, T. Dieteln, S.M. Dogras, W.J. Dongh, X. Dongaj,
J.E. Draperg, F. Duav, A.K. Dubeyo, V.B. Duninl, J.C. Dunlopd,

M.R. Dutta Mazumdaraq, V. Eckardtw, W.R. Edwardsu,
L.G. Efimovl, V. Emelianovy, J. Engelagef, G. Eppleyah,

B. Erazmusal, M. Estienneal, P. Fachinid, J. Faivrer, R. Fatemiq,
J. Fedorisinl, K. Filimonovu, P. Filipk, E. Finchav, V. Fined,

0375-9474/$ – see front matter 2005 Published by Elsevier B.V.
doi:10.1016/j.nuclphysa.2005.03.085
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Abstract

We review the most important experimental results from the first three years of nucleus–nucleus
collision studies at RHIC, with emphasis on results from the STAR experiment, and we assess their
interpretation and comparison to theory. The theory-experiment comparison suggests that central
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Au + Au collisions at RHIC produce dense, rapidly thermalizing matter characterized by: (1) initial
energy densities above the critical values predicted by lattice QCD for establishment of a quark–
gluon plasma (QGP); (2) nearly ideal fluid flow, marked by constituent interactions of very short
mean free path, established most probably at a stage preceding hadron formation; and (3) opacity
to jets. Many of the observations are consistent with models incorporating QGP formation in the
early collision stages, and have not found ready explanation in a hadronic framework. However, the
measurements themselves do not yet establish unequivocal evidence for a transition to this new form
of matter. The theoretical treatment of the collision evolution, despite impressive successes, invokes
a suite of distinct models, degrees of freedom and assumptions of as yet unknown quantitative con-
sequence. We pose a set of important open questions, and suggest additional measurements, at least
some of which should be addressed in order to establish a compelling basis to conclude definitively
that thermalized, deconfined quark–gluon matter has been produced at RHIC.
 2005 Published by Elsevier B.V.

PACS:25.75.-q

1. Introduction

The relativistic heavy ion collider was built to create and investigate strongly interact-
ing matter at energy densities unprecedented in a laboratory setting—matter so hot that
neutrons, protons and other hadrons are expected to “melt”. Results from the four RHIC
experiments already demonstrate that the facility has fulfilled its promise to reach such
extreme conditions during the early stages of nucleus–nucleus collisions, forming matter
that exhibits heretofore unobserved behavior. These results are summarized in this work
and in a number of excellent recent reviews [1–5]. They afford RHIC the exciting scien-
tific opportunity to discover the properties of matter under conditions believed to pertain
during a critical, though fleeting, stage of the universe’s earliest development following the
big bang. The properties of such matter test fundamental predictions of quantum chromo-
dynamics (QCD) in the non-perturbative regime.

In this document we review the results to date from RHIC experiments, with emphasis
on those from STAR, in the context of a narrower, more pointed question. The specific
prediction of QCD most often highlighted in discussions of RHIC since its conception is
that of a transition from hadronic matter to a quark–gluon plasma (QGP) phase, defined
below. Recent theoretical claims [6–8] that a type of QGP has indeed been revealed by
RHIC experiments and interest in this subject by the popular press [9,10] make it especially
timely to evaluate where we are with respect to this particular goal. The present paper has
been written in response to a charge (see Appendix A) from the STAR Collaboration to
itself, to assess whether RHIC results yet support a compelling discovery claim for the
QGP, applying the high standards of scientific proof merited by the importance of this
issue. We began this assessment before the end of the fourth successful RHIC running
period, and we have based our evaluation on results from the first three RHIC runs, which
are often dramatic, sometimes unexpected, and generally in excellent agreement among
the four RHIC experiments (and we utilize results from all of the experiments here). Since
we began, some analyses of data from run 4 have progressed to yield publicly presented
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results that amplify or quantify some of our conclusions in this work, but do not contradict
any of them.

In addressing our charge, it is critical to begin by defining clearly what we mean by the
QGP, since theoretical expectations of its properties have evolved significantly over the 20
years since the case for RHIC was first made. For our purposes here, we take the QGP to
bea (locally) thermally equilibrated state of matter in which quarks and gluons are decon-
fined from hadrons, so that color degrees of freedom become manifest overnuclear, rather
than merely nucleonic, volumes. In concentrating on thermalization and deconfinement,
we believe our definition to be consistent with what has been understood by the physics
community at large since RHIC was first proposed, as summarized by planning documents
quoted in Appendix B. In particular, thermalization is viewed as a necessary condition to
be dealing with a state of matter, whose properties can be meaningfully compared to QCD
predictions or applied to the evolution of the early universe. Observation of a deconfine-
ment transition has always been a primary goal for RHIC, in the hope of illuminating the
detailed mechanism of the normal color confinement in QCD. For reasons presented be-
low, we do significantly omit from our list of necessary conditions some other features
discussed as potentially relevant over the years since RHIC’s conception.

• We do not demand that the quarks and gluons in the produced matter be non-
interacting, as has been considered in some conceptions of the QGP. Lattice QCD
calculations suggest that such an ideal state may be approached in static bulk QGP
matter only at temperatures very much higher than that required for the deconfinement
transition. Furthermore, attainment of thermalization on the ultra-short timescale of a
RHIC collision must rely on frequent interactions among the constituents during the
earliest stages of the collision—a requirement that is not easily reconcilable with pro-
duction of an ideal gas. While the absence of interaction would allow considerable
simplifications in the calculation of thermodynamic properties of the matter, we do not
regard this as an essential feature of color-deconfined matter. In this light, some have
suggested [6–8] that we label the matter we seek as the sQGP, for strongly-interacting
quark–gluon plasma. Since we regard this as the form of QGP that should be normally
anticipated, we consider the ‘s’ qualifier to be superfluous.

• We do not require evidence of a first- or second-order phase transition, even though
early theoretical conjecture [11] often focused on possible QGP signatures involving
sharp changes in experimental observables with collision energy density. In fact, the
nature of the predicted transition from hadron gas to QGP has only been significantly
constrained by quite recent theory. Our definition allows for a QGP discovery in a
thermodynamic regime beyond a possible critical point. Most modern lattice QCD
calculations indeed suggest the existence of such a critical point at baryon densities
well above those where RHIC collisions appear to first form the matter. Nonetheless,
such calculations still predict a rapid (but unaccompanied by discontinuities in thermo-
dynamic observables) crossover transition in the bulk properties of strongly interacting
matter at zero baryon density.

• We consider that evidence for chiral symmetry restoration would be sufficient to
demonstrate a new form of matter, but is notnecessaryfor a compelling QGP dis-
covery. Most lattice QCD calculations do predict that this transition will accompany
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deconfinement, but the question is certainly not definitively decided theoretically. If
clear evidence for deconfinement can be provided by the experiments, then the search
for manifestations of chiral symmetry restoration will be one of the most profound
goals of further investigation of the matter’s properties, as they would provide the
clearest evidence for fundamental modifications to the QCD vacuum, with potentially
far-reaching consequences.

The above “relaxation” of demands, in comparison to initial expectations before initi-
ation of the RHIC program, makes a daunting task even more challenging. The possible
absence of a first- or second-order phase transition reduces hopes to observe some well-
marked changes in behavior that might serve as an experimental “smoking gun” for a
transition to a new form of matter. Indeed, even if there were a sharp transition as a func-
tion of bulk matter temperature, it would be unlikely to observe non-smooth behavior in
heavy-ion collisions, which form finite-size systems spanning some range of local temper-
atures even at fixed collision energy or centrality. We thus have to rely more heavily for
evidence of QGP formation on the comparison of experimental results with theory. But
theoretical calculations of the properties of this matter become subject to all the complex-
ities of strong QCD interactions, and hence to the technical limitations of lattice gauge
calculations. Even more significantly, these QCD calculations must be supplemented by
other models to describe the complex dynamical passage of heavy-ion collision matter into
and out of the QGP state. Heavy ion collisions represent our best opportunity to make this
unique matter in the laboratory, but we place exceptional demands on these collisions: they
must not only produce the matter, but then must serve “pump and probe” functions some-
what analogous to the modern generation of condensed matter instruments—and they must
do it all on distance scales of femtometers and a time scale of 10−23 seconds!

There are two basic classes of probes at our disposal in heavy ion collisions. In studying
electroweak collision products, we exploit theabsenceof final-state interactions (FSI) with
the evolving strongly interacting matter, hoping to isolate those produced during the early
collision stages and bearing the imprints of the bulk properties characterizing those stages.
But we have to deal with the relative scarcity of such products, and competing origins from
hadron decay and interactions during later collision stages. Most of the RHIC results to
date utilize instead the far more abundant produced hadrons, where one exploits (but then
must understand) the FSI. It becomes critical to distinguishpartonic FSI from hadronic
FSI, and to distinguish both from initial-state interactions and the effects of (so far) poorly
understood parton densities at very low momentum fraction in the entrance-channel nuclei.
Furthermore, the formation of hadrons from a QGP involves soft processes (parton frag-
mentation and recombination) that cannot be calculated from perturbative QCD and are
a priori not well characterized (nor even cleanly separable) inside hot strongly interacting
matter.

In light of all these complicating features, it is remarkable that the RHIC experiments
have already produced results that appear to confirm some of the more striking, and at
least semi-quantitative, predictions made on the basis of QGP formation! Other, unex-
pected, RHIC results have stimulated new models that explain them within a QGP-based
framework. The most exciting results reveal phenomena not previously observed or ex-
plored at lower center-of-mass energies, and indeed are distinct from the observations on
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which a circumstantial case for QGP formation was previously argued at CERN [12]. In
order to assess whether a discovery claim is now justified, we must judge the robustness
of both the new experimental results and the theoretical predictions they seem to bear out.
Do the RHIC datademanda QGP explanation? Can they alternatively be accounted for
in a hadronic framework? Are the theories and models used for the predictions mutually
compatible? Are those other experimental results that currently appear to deviate from the-
oretical expectations indicative of details yet to be worked out, or rather of fundamental
problems with the QGP explanation?

We organize our discussion as follows. In Section 2 we briefly summarize the most
relevant theoretical calculations and models, their underlying assumptions, limitations and
most robust predictions. We thereby identify thecrucial QGP features we feel must be
demonstrated experimentally to justify a compelling discovery claim. We divide the ex-
perimental evidence into two broad areas in Sections 3–4, focusing first on what we have
learned about the bulk thermodynamic properties of the early stage collision matter from
such measures as hadron spectra, collective flow and correlations among the soft hadrons
that constitute the vast majority of outgoing particles. We discuss the consistency of these
results with thermalization and the exposure of new (color) degrees of freedom. Next we
provide an overview of the observations of hadron production yields and angular correla-
tions at high transverse momentum (pT � 4 GeV/c), and what they have taught us about
the nature of FSI in the collision matter and their bearing on deconfinement.

In Section 5 we focus on open questions for experiment and theory, on important
crosschecks and quantifications, on predictions not yet borne out by experiment and ex-
perimental results not yet accommodated by theory. Finally, we provide in Section 6 an
extended summary, conclusions and outlook, with emphasis on additional measurements
and theoretical improvements that we feel are needed to strengthen the case for QGP for-
mation. The summary of results in Section 6 is extended so that readers already familiar
with most of the theoretical and experimental background material covered in Sections 2–5
can skip to the concluding section without missing the arguments central to our assessment
of the evidence.

The STAR detector and its capabilities have been described in detail elsewhere [13],
and will not be discussed.

2. Predicted signatures of the QGP

The promise, and then the delivery, of experimental results from the AGS, SPS and
RHIC have stimulated impressive and important advances over the past decade in the
theoretical treatment of the thermodynamic and hydrodynamic properties of hot strongly
interacting matter and of the propagation of partons through such matter. However, the
complexities of heavy-ion collisions and of hadron formation still lead to a patchwork of
theories and models to treat the entire collision evolution, and the difficulties of the strong
interaction introduce significant quantitative ambiguities in all aspects of this treatment.
In support of a possible compelling QGP discovery claim, we must then identify the most
striking qualitative predictions of theory, which survive the quantitative ambiguities, and
we must look for a congruence of various observations that confirm such robust predic-
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tions. In this section, we provide a brief summary of the most important pieces of the
theoretical framework, their underlying assumptions and quantitative limitations, and what
we view as their most robust predictions. Some of these predictions will then be compared
with RHIC experimental results in later sections.

2.1. Features of the phase transition in lattice QCD

The phase diagram of bulk thermally equilibrated strongly interacting matter should be
described by QCD. At sufficiently high temperature one must expect hadrons to “melt”,
deconfining quarks and gluons. The exposure of new (color) degrees of freedom would
then be manifested by a rapid increase in entropy density, hence in pressure, with increasing
temperature, and by a consequent change in the equation of state (EOS). In the limit where
the deconfined quarks and gluons are non-interacting, and the quarks are massless, the
(Stefan–Boltzmann) pressurePSB of this partonic state, as a function of temperatureT at
zero chemical potential (i.e., zero net quark density), would be simply determined by the
number of degrees of freedom [2]:

PSB

T 4
=

[
2
(
N2

c − 1
) + 7

2
NcNf

]
π2

90
, (1)

whereNc is the number of colors,Nf the number of quark flavors, the temperature is
measured in energy units (throughout this paper), and we have takenh̄ = c = 1. The two
terms on the right in Eq. (1) represent the gluon and quark contributions, respectively.
Refinements to this basic expectation, to incorporate effects of color interactions among
the constituents, as well as of non-vanishing quark masses and chemical potential, and
to predict the location and nature of the transition from hadronic to partonic degrees of
freedom, are best made via QCD calculations on a space–time lattice (LQCD).

In order to extract physically relevant predictions from LQCD calculations, these need
to be extrapolated to the continuum (lattice spacing→ 0), chiral (actual current quark
mass) and thermodynamic (large volume) limits. While computing power limitations have
restricted the calculations to date to numbers of lattice points that are still considered some-
what marginal from the viewpoint of these extrapolations [2], enormous progress has been
made in recent years. Within the constraints of computing cost, there have been important
initial explorations of sensitivity to details of the calculations [2]: e.g., the number and
masses of active quark flavors included; the technical treatment of quarks on the lattice;
the presence or absence of theUA(1) anomaly in the QGP state. Additional numerical
difficulties have been partially overcome to allow first calculations at non-zero chemical
potential and to improve the determination of physical quark mass scales for a given lattice
spacing [2].

Despite the technical complications, LQCD calculations have converged on the follow-
ing predictions:

• There is indeed a predicted transition of some form between a hadronic and a QGP
phase, occurring at a temperature in the vicinity ofTc � 160 MeV for zero chemical
potential. The precise value of the transition temperature depends on the treatment of
quarks in the calculation.
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Fig. 1. LQCD calculation results from Ref. [14] for the pressure divided byT 4 of strongly interacting matter as a
function of temperature, and for several different choices of the number of dynamical quark flavors. The arrows
near the right axis indicate the corresponding Stefan–Boltzmann pressures for the same quark flavor assumptions.

Fig. 2. Temperature-dependence of the heavy-quark screening mass (divided by temperature) as a function of
temperature (in units of the phase transition temperature), from LQCD calculations in Ref. [15]. The curves
represent perturbative expectations of the temperature-dependence.

• The pressure divided byT 4 rises rapidly aboveTc, then begins to saturate by about
2Tc, but at values substantially below the Stefan–Boltzmann limit (see Fig. 1) [14].
The deviation from the SB limit indicates substantial remaining interactions among
the quarks and gluons in the QGP phase.

• AboveTc, the effective potential between a heavy quark–antiquark pair takes the form
of a screened Coulomb potential, with screening mass (or inverse screening length) ris-
ing rapidly as temperature increases aboveTc (see Fig. 2) [15]. As seen in the figure,
the screening mass deviates strongly from perturbative QCD expectations in the vicin-
ity of Tc, indicating large non-perturbative effects. The increased screening mass leads
to a shortening of the range of theqq̄ interaction, and to an anticipated suppression
of charmonium production, in relation to open charm [16]. The predicted suppression
appears to set in at substantially different temperatures forJ/ψ (1.5–2.0Tc) andψ ′
(∼ 1.0Tc) [17].
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Fig. 3. LQCD calculations for two dynamical quark flavors [14] showing the coincidence of the chiral symmetry
restoration (marked by the rapid decrease of chiral condensate〈ψ̄ψ〉 in the upper right-hand frame) and decon-
finement (upper left frame) phase transitions. The lower plot shows that the chiral transition leads toward a mass
degeneracy of the pion with scalar meson masses. All plots are as a function of the bare coupling strengthβ used
in the calculations; increasingβ corresponds to decreasing lattice spacing and to increasing temperature.

• In most calculations, the deconfinement transition is also accompanied by a chiral
symmetry restoration transition, as seen in Fig. 3 [14]. The reduction in the chiral con-
densate leads to significant predicted variations in in-medium meson masses. These
are also affected by the restoration ofUA(1) symmetry, which occurs at higher tem-
perature than chiral symmetry restoration in the calculation of Fig. 3.

• The nature of the transition from hadronic to QGP phase is highly sensitive to the
number of dynamical quark flavors included in the calculation and to the quark masses
[18]. For the most realistic calculations, incorporating two light (u,d) and one heavier
(s) quark flavor relevant on the scale ofTc, the transition is most likely of the crossover
type (with no discontinuities in thermodynamic observables—as opposed to first- or
second-order phase transitions) at zero chemical potential, although the ambiguities in
tying down the precise values of quark masses corresponding to given lattice spacings
still permit some doubt.

• Calculations at non-zero chemical potential(µB), though not yet mature, suggest the
existence of a critical point such as that illustrated in Fig. 4 [19]. The numerical chal-
lenges in such calculations leave considerable ambiguity about the value ofµB at
which the critical point occurs (e.g., it changes fromµB ≈ 700 to 350 MeV between
Refs. [20] and [19]), but it is most likely above the value at which RHIC collision
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Fig. 4. LQCD calculation results for non-zero chemical potential [19], suggesting the existence of a critical point
well above RHIC chemical potential values. The solid line indicates the locus of first-order phase transitions,
while the dotted curve marks crossover transitions between the hadronic and QGP phases.

matter is formed, consistent with the crossover nature of the transition anticipated at
RHIC.

• Even for crossover transitions, the LQCD calculations still predict a rapid temperature-
dependence of the thermodynamic properties, as revealed in all of the figures consid-
ered above. However, in basing experimental expectations on this feature, it must be
kept in mind that the early collision temperature varies slowly with collision energy
and is not directly measured by any of the probes studied most extensively to date.

2.2. Hydrodynamic signatures

In order to determine how the properties of bulk QGP matter, as determined in LQCD
calculations, may influence observable particle production spectra from RHIC collisions,
one needs to model the time evolution of the collision “fireball”. To the extent that the
initial interactions among the constituents are sufficiently strong to establish local ther-
mal equilibrium rapidly, and then to maintain it over a significant evolution time, the
resulting matter may be treated as a relativistic fluid undergoing collective, hydrodynamic
flow [3]. The application of hydrodynamics for the description of hadronic fireballs has
a long history [21,22]. Relativistic hydrodynamics has been extensively applied to heavy
ion collisions from BEVALAC to RHIC [3,22,23], but with the most striking successes at
RHIC. The applicability of hydrodynamics at RHIC may provide the clearest evidence for
the attainment of local thermal equilibrium at an early stage in these collisions. (On the
other hand, there are alternative, non-equilibrium treatments of the fireball evolution that
have also been compared to RHIC data [24].) The details of the hydrodynamic evolution
are clearly sensitive to the EOS of the flowing matter, and hence to the possible crossing
of a phase or crossover transition during the system expansion and cooling. It is critical to
understand the relative sensitivity to the EOS as compared with that to other assumptions
and parameters of the hydrodynamic treatment.
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Fig. 5. Pressure as a function of energy density at vanishing net baryon density for three different equations of
state of strongly interacting matter: a Hagedorn resonance gas (EOS H), an ideal gas of massless partons (EOS I)
and a connection of the two via a first-order phase transition atTc = 164 MeV (EOS Q). These EOS are used in
hydrodynamics calculations in Ref. [3], from which the figure is taken.

Traditional hydrodynamics calculations cannot be applied to matter not in local ther-
mal equilibrium, hence they must be supplemented by more phenomenological treatments
of the early and late stages of the system evolution. These parameterize the initial con-
ditions for the hydrodynamic flow and the transition to freezeout, where the structureless
matter flow is converted into final hadron spectra. Since longitudinal flow is especially
sensitive to initial conditions beyond the scope of the theory, most calculations to date
have concentrated ontransverseflow, and have assumed longitudinal boost-invariance
of the predictions [3]. Furthermore, it is anticipated that hadrons produced at sufficiently
high transverse momentum in initial partonic collisions will not have undergone sufficient
rescatterings to come to thermal equilibrium with the surrounding matter, so that hydrody-
namics will be applicable at best only for the softer features of observed spectra. Within
the time range and momentum range of its applicability, most hydrodynamics calculations
to date have treated the matter as anideal, non-viscous fluid. The motion of this fluid is
completely determined given the three components of the fluid velocity	v, the pressure (P )
and the energy and baryon densities (e andnB ). The hydrodynamic equations of motion
for an ideal fluid are derived from the exact local conservation laws for energy, momentum,
and baryon number by assuming an ideal-fluid form for the energy–momentum tensor and
baryon number current; they are closed by an equation of stateP(e,nB) [21].

The EOS in hydrodynamics calculations for RHIC has been implemented using simpli-
fied models inspired by LQCD results, though not reproducing their details. One example
is illustrated by the solid curve in Fig. 5, connecting an ideal gas of massless partons at high
temperature to a Hagedorn hadron resonance gas [25] at low temperatures, via a first-order
phase transition chosen to ensure consistency with (µB = 0) LQCD results for critical
temperature and net increase in entropy density across the transition [3]. In this implemen-
tation, the slope∂P/∂e (giving the square of the velocity of sound in the matter) exhibits
high values for the hadron gas and, especially, the QGP phases, but has a soft point at the
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Fig. 6. Hydrodynamics calculations for the time evolution of the spatial eccentricityεx and the momentum
anisotropyεp for non-central (7 fm impact parameter) Au+ Au collisions at RHIC [3]. The solid and dashed
curves result, respectively, from use of EOS Q and EOS I from Fig. 5. The gradual removal of the initial spatial
eccentricity by the pressure gradients that lead to the buildup ofεp reflects the self-quenching aspect of elliptic
flow. The time scale runs from initial attainment of local thermal equilibrium through freezeout in this calculation.

mixed phase [3,22]. This generic softness of the EOS during the assumed phase transition
has predictable consequences for the system evolution.

In heavy ion collisions, the measurable quantities are the momenta of the produced par-
ticles at the final state and their correlations. Transverse flow measures are key observables
to compare quantitatively with model predictions in studying the EOS of the hot, dense
matter. In non-central collisions, the reaction zone has an almond shape, resulting in az-
imuthally anisotropic pressure gradients, and therefore a non-trivial elliptic flow pattern.
Experimentally, this elliptic flow pattern is usually measured using a Fourier decompo-
sition of momentum spectra relative to the event-by-event reaction plane, in which the
second Fourier componentv2 is the dominant contribution. The important feature of ellip-
tic flow is that it is “self-quenching” [26,27], because the pressure-driven expansion tends
to reduce the spatial anisotropy that causes the azimuthally anisotropic pressure gradient
in the first place. This robust feature is illustrated in Fig. 6, which compares predictions for
the spatial and resulting momentum eccentricities as a function of time during the system’s
hydrodynamic evolution, for two different choices of EOS [3]. The self-quenching makes
the elliptic flow particularly sensitive to earlier collision stages, when the spatial anisotropy
and pressure gradient are the greatest. In contrast, hadronic interactions at later stages may
contribute significantly to the radial flow [28,29].

The solid momentum anisotropy curve in Fig. 6 also illustrates that entry into the soft
EOS mixed phase during a transition from QGP to hadronic matter stalls the buildup of
momentum anisotropy in the flowing matter. An even more dramatic predicted manifes-
tation of this stall is shown by the dependence ofpT -integrated elliptic flow on produced
hadron multiplicity in Fig. 7, where a dip is seen under conditions where the phase transi-
tion occupies most of the early collision stage. Since the calculations are carried out for a
fixed impact parameter, measurements to confirm such a dip would have to be performed
as a function of collision energy. In contrast to early (non-hydrodynamic) projections of
particle multiplicities at RHIC (represented by horizontal arrows in Fig. 7), we now know
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Fig. 7. Predicted hydrodynamic excitation function ofpT -integrated elliptic (v2, solid curve, left axis) and radial
(〈〈v⊥〉〉, dashed, right axis) flow for non-central Pb+ Pb collisions [30]. The calculations assume a sharp onset for
freezeout along a surface of constant energy density corresponding to temperature≈ 120 MeV. The soft phase
transition stage in EOS Q gives rise to a dip in the elliptic flow. The horizontal arrows at the bottom reflect
early projections of particle multiplicity for different facilities, but we now know that RHIC collisions produce
multiplicities in the vicinity of the predicted dip.

that the multiplicity at the predicted dip is approximately achieved for appropriate central-
ity in RHIC Au + Au collisions at full energy. However, comparisons of predicted with
measured excitation functions for elliptic flow are subject to an overriding ambiguity con-
cerning where and when appropriate conditions of initial local thermal equilibrium for
hydrodynamic applicability are actually achieved. Hydrodynamics itself has nothing to
say concerning this issue.

One can alternatively attain sensitivity to the EOS in measurements for given collision
energy and centrality by comparing to the predicted dependence of elliptic flow strength on
hadronpT and mass (see Fig. 8). The mass-dependence is of simple kinematic origin [3],
and is thus a robust feature of hydrodynamics, but its quantitative extent, along with the
magnitude of the flow itself, depends on the EOS [3].

Of course, the energy- and mass-dependence ofv2 can also be affected by species-
specific hadronic FSI at and close to the freezeout where the particles decouple from the
system, and hydrodynamics is no longer applicable [28,29]. A combination of macroscopic
and microscopic models, with hydrodynamics applied at the early partonic and mixed-
phase stages and a hadronic transport model such as RQMD [31] at the later hadronic
stage, may offer a more realistic description of the whole evolution than that achieved
with a simplified sharp freezeout treatment in Figs. 6, 7, 8. The combination of hydrody-
namics with RQMD [29] has, for example, led to predictions of a substantially different,
and monotonic, energy-dependence of elliptic flow, as can be seen by comparing Fig. 9
to Fig. 7. The difference between the two calculations may result primarily [6] from the
elimination in [29] of the assumption of ideal fluid expansion even in the hadronic phase.
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Fig. 8. Hydrodynamics predictions [32] of thepT and mass-dependences of the elliptic flow parameterv2 for
identified final hadrons from Au+ Au collisions at

√
sNN = 130 GeV. The calculations employ EOS Q (see

Fig. 5) and freezeout near 120 MeV.

Fig. 9. Predictions [29] from a hybrid hydrodynamics-RQMD approach for the elliptic flow as a function of
charged particle multiplicity in Pb+ Pb collisions at an impact parameterb = 6 fm. Curves for different choices
of EOS (LH8 is most similar to EOS Q in Fig. 7) are compared to experimental results derived [29] from SPS
and RHIC measurements. The replacement of a simplified freezeout model for all hadron species and of the
assumption of ideal hadronic fluid flow with the RQMD hadron cascade appears to remove any dip inv2 values,
such as seen in Fig. 7.

In any case, this comparison suggests that the energy dependence of elliptic flow in the
quark–hadron transition region is at least as sensitive to the late hadronic interaction de-
tails as to the softening of the EOS in the mixed-phase region. Flow for multi-strange and
charmed particles with small hadronic interaction cross sections may provide more selec-
tive sensitivity to the properties of the partonic and mixed phases [29,33,34]. There may
be non-negligible sensitivity as well to the addition of such other complicating features
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as viscosity [35] and deviations from longitudinal boost-invariance, studies of the latter
effect requiring computationally challenging(3+ 1)-dimensional hydrodynamics calcula-
tions [36]. Certainly, the relative sensitivities to EOS variations vs. treatments of viscosity,
boost-invariance, and the evolution of the hadronic stage must be clearly understood in
order to interpret agreement between hydrodynamics calculations and measured flow.

In addition to predicting one-body hadron momentum spectra as a function of many
kinematic variables, hydrodynamic evolution of the matter is also relevant for understand-
ing two-hadron Hanbury-Brown-Twiss (HBT) quantum correlation functions [5]. From
these correlation measurements one can extract information concerning the size and shape
of the emitting surface at freezeout, i.e., at the end of the space–time evolution stage treated
by hydrodynamics. While the detailed comparison certainly depends on improving models
of the freezeout stage, it is reasonable to demand that hydrodynamics calculations consis-
tent with the one-body hadron measurements be also at least roughly consistent with HBT
results.

2.3. Statistical models

The aim of statistical models is to derive the equilibrium properties of a macroscopic
system from the measured yields of the constituent particles [37,38]. Statistical models,
however, do not describe how a system approaches equilibrium [38]. Hagedorn [25] and
Fermi [39] pioneered their application to computing particle production yield ratios in high
energy collisions, where conserved quantities such as baryon number and strangeness play
important roles [40]. Statistical methods have become an important tool to study the prop-
erties of the fireball created in high energy heavy ion collisions [37,41], where they succeed
admirably in reproducing measured yield ratios. Can this success be taken as evidence that
the matter produced in these collisions has reached thermal and chemical equilibrium be-
fore hadronization? Can the temperature and chemical potential values extracted from such
statistical model fits be interpreted as the equilibrium properties of the collision matter?

The answer to both of the above questions is “not on the basis of fits to integrated yields
alone”. The essential condition for applicability of statistical models is phase-space dom-
inance in determining the distribution of a system with many degrees of freedom among
relatively few observables [39,42], and this does not necessarily reflect a process of ther-
modynamic equilibration via interactions of the constituents. Indeed, statistical model fits
can describe the observed hadron abundances well (albeit, only by including a strangeness
undersaturation factor,γs < 1) in p + p, e+ + e− andp + A collisions, where thermal
and chemical equilibrium are thought not to be achieved [37]. It is thus desirable to distin-
guish a system driven towards thermodynamic equilibrium from one born at hadronization
with statistical phase space distributions, where “temperature” and “chemical potential”
are simply Lagrange multipliers [43]. In order to make this distinction, it is necessary and
sufficient to measure the extensive interactions among particles and to observe the change
from canonical ensemble in a small system with the size of a nucleon (p+p, e+ + e−) and
tens of produced particles, to grand canonical ensemble in a large system with extended
volume and thousands of produced particles (central Au+ Au) [37,40].

The evolution of the system from canonical to grand canonical ensemble can be ob-
served, for example, via multi-particle correlations (especially of particles constrained by
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conservation laws [42]) or by the centrality dependence of the strangeness suppression
factorγs . The interactions among constituent particles, necessary to attainment ofthermal
equilibrium, can be measured by collective flow of many identified particles [29,44] and
by resonance yields [45] that follow their hadronic rescattering cross sections. (Collec-
tive flow and resonance formation could, in principle, proceed via the dominant hadronic
interactions that do not change hadron species, and hence are not strictly sufficient to es-
tablishchemicalequilibration among hadrons, which would have to rely on relatively weak
inelasticprocesses [43].)

If other measurements confirm the applicability of a grand canonical ensemble, then the
hadron yield ratios can be used to extract the temperature and chemical potential of the
system [37] at chemical freezeout. The latter is defined as the stage where hadrons have
been created and the net numbers of stable particles of each type no longer change in fur-
ther system evolution. These values place constraints on, but do not directly determine, the
properties of the matter when thermal equilibrium was first attained in the wake of the col-
lision. Direct measurement of the temperature at this early stage requires characterization
of the yields of particles such as photons that are produced early but do not significantly
interact on their way out of the collision zone.

2.4. Jet quenching and parton energy loss

Partons from the colliding nuclei that undergo a hard scattering in the initial stage of the
collision provide colored probes for the colored bulk matter that may be formed in the col-
lision’s wake. It was Bjorken [46] who first suggested that partons traversing bulk partonic
matter might undergo significant energy loss, with observable consequences on the parton’s
subsequent fragmentation into hadrons. More recent theoretical studies have demonstrated
that the elastic parton scattering contribution to energy loss first contemplated by Bjorken
is likely to be quite small, but that gluon radiation induced by passage through the matter
may be quite sizable [4]. Such induced gluon radiation would be manifested by a signifi-
cant softening and broadening of the jets resulting from the fragmentation of partons that
traverse substantial lengths of matter containing a high density of partons—a phenomenon
called “jet quenching”. As will be documented in later sections, some of the most exciting
of the RHIC results reveal jet quenching features quite strikingly. It is thus important to
understand what features of this phenomenon may distinguish parton energy loss through
a QGP from other possible sources of jet softening and broadening.

Several different theoretical evaluations of the non-Abelian radiative energy loss of par-
tons in dense, but finite, QCD matter have been developed [47–50]. They give essentially
consistent results, including the non-intuitive prediction that the energy loss varies with the
square (L2) of the thickness traversed through static matter, as a consequence of destruc-
tive interference effects in the coherent system of the leading quark and its first radiated
gluon as they propagate through the matter. The overall energy loss is reduced, and theL-
dependence shifted toward linearity, by the expansion of the matter resulting from heavy
ion collisions. The significant deformation of the collision zone for non-central collisions,
responsible for the observed elliptic flow (hence also for an azimuthal dependence of the
rate of matter expansion), should give rise to a significant variation of the energy loss with
angle with respect to the impact parameter plane. The scale of the net energy loss depends
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on factors that can all be related to the rapidity density of gluons (dNg/dy) in the matter
traversed.

The energy loss calculated via any of these approaches is then embedded in a pertur-
bative QCD (pQCD) treatment of the hard parton scattering. The latter treatment makes
the standard factorization assumption (untested in the many-nucleon environment) that the
cross section for producing a given final-state high-pT hadron can be written as the product
of suitable initial-state parton densities, pQCD hard-scattering cross section, and final-state
fragmentation functions for the scattered partons. Nuclear modifications must be expected
for the initial parton densities as well as for the fragmentation functions. Entrance-channel
modifications—including both nuclear shadowing of parton densities and the introduction
by multiple scattering of additional transverse momentum to the colliding partons—are
capable of producing some broadening and softening of the final-state jets. But these ef-
fects can, in principle, be calibrated by complementing RHICA+A collision studies with
p + A or d + A, where QGP formation is not anticipated.

The existing theoretical treatments of the final-state modifications attribute the changes
in effective fragmentation functions to the parton energy loss. That is, they assume vacuum
fragmentation (as characterized phenomenologically from jet studies in more elementary
systems) of the degraded parton and its spawned gluons [4]. This assumption may be valid
in the high-energy limit, when the dilated fragmentation time should exceed the traversal
time of the leading parton through the surrounding matter. However, its justification seems
questionable for the soft radiated gluons and over the leading-parton momentum ranges
to which it has been applied so far for RHIC collisions. In these cases, one might expect
hadronization to be aided by the pickup of other partons from the surrounding QGP, and not
to rely solely on the production ofqq̄ pairs from the vacuum. Indeed, RHIC experimental
results to be described later in this document hint that the distinction between such recom-
bination processes and parton fragmentation in the nuclear environment may not be clean.
Furthermore, one of the developed models of parton energy loss [48] explicitly includes
energygainvia absorption of gluons from the surrounding thermal QGP bath.

The assumption of vacuum fragmentation also implies a neglect of FSI effects for the
hadronic fragmentation products, which might further contribute to jet broadening and
softening. Models that attempt to account forall of the observed jet quenching via the al-
ternative description of hadron energy loss in a hadronic gas environment are at this time
still incomplete [51]. They must contend with the initial expectation ofcolor transparency
[52], i.e., that high momentum hadrons formed in strongly interacting matter begin their
existence as point-like color-neutral particles with very small color dipole moments, hence
weak interactions with surrounding nuclear matter. In order to produce energy loss con-
sistent with RHIC measurements, these models must then introduce ad hoc assumptions
about the rate of growth of these “pre-hadron” interaction cross sections during traversal
of the surrounding matter [51].

The above caveats concerning assumptions of the parton energy loss models may call
into question some of their quantitative conclusions, but are unlikely to alter the basic
qualitative prediction that substantial jet quenching is anecessaryresult of QGP forma-
tion. The more difficult question is whether the observation of jet quenching can also be
taken as asufficientcondition for a QGP discovery claim? Partonic traversal of matter can,
in principle, be distinguished from effects ofhadronic traversal by detailed dependences
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of the energy loss, e.g., on azimuthal angle and system size (reflecting the nearly quadratic
length-dependence characteristic of gluon radiation), onpT (since hadron formation times
should increase with increasing partonic momentum [53]), or on type of detected hadron
(since hadronic energy losses should depend on particle type and size, while partonic en-
ergy loss should be considerably reduced for heavy quarks [53,54]). However, the energy
loss calculations do not (with the exception of the small quantitative effect ofabsorption
of thermal gluons [48]) distinguish confined from deconfined quarks and gluons in the sur-
rounding matter. Indeed, the same approaches have been applied to experimental results
from semi-inclusive deep inelastic scattering [55] or Drell–Yan dilepton production [56]
experiments on nuclear targets to infer quark energy losses incold, confined nuclear mat-
ter [57]. Baier et al. [58] have shown that the energy loss is expected to vary smoothly
with energy density from cold hadronic to hot QGP matter, casting doubt on optimistic
speculations [53] that the QGP transition might be accompanied by a rapid change in the
extent of jet quenching with collision energy. Thus, the relevance of the QGP can only be
inferred indirectly, from the magnitude of the gluon densitydNg/dy needed to reproduce
jet quenching in RHIC collision matter, vis-à-vis that needed to explain the energy loss
in cold nuclei. Is the extracted gluon density consistent with what one might expect for a
QGP formed from RHIC collisions? To address this critical question, one must introduce
new theoretical considerations of the initial state for RHIC collisions.

2.5. Saturation of gluon densities

In a partonic view, the initial conditions for the expanding matter formed in a RHIC
collision are dominated by the scattering of gluons carrying small momentum fractions
(Bjorkenx) in the nucleons of the colliding nuclei. Gluon densities in the proton have been
mapped down to quite small values ofx ∼ 10−4 in deep inelastic scattering experiments
at HERA [59]. When the measurements are made with high resolving power (i.e., with
large 4-momentum transferQ2), the extracted gluon densityxg(x,Q2) continues to grow
rapidly down to the lowestx values measured. However, at moderateQ2 ∼ few (GeV)2,
there are indications from the HERA data thatxg(x,Q2) begins to saturate, as might be
expected from the competition between gluon fusion (g+g → g) and gluon splitting (g →
g + g) processes. It has been conjectured [60–63] that the onset of this saturation moves to
considerably higherx values (for givenQ2) in a nuclear target, compared to a proton, and
that a QGP state formed in RHIC collisions may begin with a saturated density of gluons.
Indeed, birth within this saturated state might provide a natural mechanism for the rapid
achievement of thermal equilibrium in such collisions [60].

The onset of saturation occurs when the product of the cross section for a QCD process
(such as gluon fusion) of interest (σ ∼ παs(Q

2)/Q2) and the areal density of partons (ρ)
available to participate exceeds unity [66]. In this so-called color glass condensate region
(see Fig. 10), QCD becomes highly non-linear, but amenable to classical field treatments,
because the coupling strength remains weak (αs � 1) while the field strength is large [60–
63]. The borderline of the CGC region is denoted by the “saturation scale”Q2

s (x,A). It
depends on bothx and target mass numberA, because the target gluon density depends
on both factors. In particular, at sufficiently lowx and moderateQ2, ρ is enhanced for
a nucleus compared to a nucleon by a factor∼ A1/3: the target sees the probe as hav-
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Fig. 10. Schematic layout of the QCD landscape inx − Q2 space. The region at the right is the perturbative
region, marked by applicability of the linear DGLAP [64] and BFKL [65] evolution equations for theQ2- and
x-dependence, respectively, of the parton distribution functions. AtQ2 < Λ2

QCD, the coupling constant is large
and non-perturbative methods must be used to treat strongly interacting systems. The matter in RHIC collisions
may be formed in the intermediate region, where gluon densities saturate, the coupling is still weak, but very
strong color fields lead to non-linear behavior describable by classical field methods. The curve separating the
saturation and perturbative regimes sets the saturation scale. Figure courtesy of Y. Kovchegov.

ing a longitudinal coherence length (�c ∼ 1/mNx) much greater, but a transverse size
(∼ 1/Q2) much smaller, than the nuclear diameter. The probe thus interacts coherently
with all the target gluons within a small diameter cylindrical “core” of the nucleus. The
HERA data [59] suggest a rather slow variation—xg(x) ∝ x−λ, with λ ∼ 0.3 atQ2 ∼ few
(GeV)2—of gluon densities withx at lowx. Consequently, one would have to probe a pro-
ton at roughly two orders of magnitude lowerx than a Au nucleus to gain the same factor
growth in gluon densities as is provided byA1/3.

Under the assumption that QGP formation in a RHIC collision is dominated by gluon–
gluon interactions below the saturation scale, saturation models predict the density of
gluons produced per unit area and unit rapidity [60]:

d2N

d2b dy
= C

N2
c − 1

4π2αs(Q2
s )Nc

Q2
s (x,Npart), (2)

whereA has been replaced byNpart, the number of nucleons participating in anA + A

collision at given impact parameterb, andh̄ = c = 1. Thex-dependence of the saturation
scale is taken from the HERA data

Q2
s (x) = Q2

0

(
x0

x

)λ

, (3)

and the same values ofλ ∼ 0.2–0.3 are generally assumed to be valid inside the nucleus as
well. However, the multiplicative factorC above, parameterizing the number of outgoing
hadrons per initially present gluon, is typically adjusted to fit observed outgoing hadron
multiplicities from RHIC collisions. (Variations inC are clearly not distinguishable, in the
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context of Eq. (2), from changes to the overall saturation scaleQ2
0.) Once this parameter is

fixed, gluon saturation models should be capable of predicting the dependence of hadron
multiplicity on collision energy, rapidity, centrality and mass number. Furthermore, the ini-
tial QGP gluon densities extracted can be compared with the independent values obtained
from parton energy loss model fits to jet quenching observations or from hydrodynamics
calculations of elliptic flow.

While it is predictable within the QCD framework that gluon saturation should occur un-
der appropriate conditions, and the theoretical treatment of the CGC state is highly evolved
[60–63], the dependences of the saturation scale are not yet fully exposed by supporting
data. Eventual confirmation of the existence of such a scale must come from comparing
results for a wide range of high energy experiments from deep inelastic scattering inep

andeA (HERA, eRHIC) topA andAA (RHIC, LHC) collisions.

2.6. Manifestations of quark recombination

The concept of quark recombination was introduced to describe hadron production in
the forward region inp + p collisions [67]. At forward rapidity, this mechanism allows
a fast quark resulting from a hard parton scattering to recombine with a slow antiquark,
which could be one in the original sea of the incident hadron, or one excited by a gluon [67].
If a QGP is formed in relativistic heavy ion collisions, then one might expect recombina-
tion of a different sort, namely, coalescence of the abundant thermal partons, to provide
another important hadron production mechanism, active over a wide range of rapidity and
transverse momentum [68]. In particular, at moderatepT values (above the realm of hydro-
dynamics applicability), this hadron production “from below” (recombination of lowerpT

partons from the thermal bath) has been predicted [69] to be competitive with production
“from above” (fragmentation of higherpT scattered partons). It has been suggested [70]
that the need for substantial recombination to explain observed hadron yields and flow may
be taken as a signature of QGP formation.

In order to explain observed features of RHIC collisions, the recombination models [68,
69] make the central assumption that coalescence proceeds viaconstituentquarks, whose
number in a given hadron determines its production rate. The constituent quarks are pre-
sumed to follow a thermal (exponential) momentum spectrum and to carry a collective
transverse velocity distribution. This picture leads to clear predicted effects on baryon and
meson production rates, with the former depending on the spectrum of thermal constituent
quarks and antiquarks at roughly one-third the baryonpT , and the latter determined by
the spectrum at one-half the mesonpT . Indeed, the recombination model was recently re-
introduced in the RHIC context, precisely to explain an anomalous abundance of baryons
vs. mesons observed at moderatepT values [69]. If the observed (saturated) hadronic el-
liptic flow values in this momentum range result from coalescence of collectively flowing
constituent quarks, then one can expect a similarly simple baryon vs. meson relation-
ship [69]: the baryon (meson) flow would be 3 (2) times the quark flow at roughly one-third
(one-half) the baryonpT .

As will be discussed in later sections, RHIC experimental results showing just such sim-
ple predicted baryon vs. meson features would appear to provide strong evidence for QGP
formation. However, the models do not spell out the connection between the inferred spec-
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trum and flow of constituent quarks and the properties of the essentially massless partons
(predominantly gluons) in a chirally restored QGP, where the chiral condensate (hence
most of the constituent quark mass) has vanished. One may guess that the constituent
quarks themselves arise from an earlier coalescence of gluons andcurrent quarks during
the chiral symmetry breaking transition back to hadronic matter, and that the constituent
quark flow is carried over from the partonic phase.

However, alternative guesses concerning the relation of partons to the recombination de-
grees of freedom are also conceivable. Perhaps it is valence current, rather than constituent,
quarks that recombine to determine hadron flow and momentum in this moderate-pT range.
In that case, hadronization might proceed through the formation of “pre-hadrons” (e.g., the
pointlike color singlet objects discussed in connection with color transparency [52]) from
the leading Fock (valence quark only) configurations, giving rise to the same 3-to-2 baryon-
to-meson ratios as for constituent quarks. The internal pre-hadron wave functions would
then subsequently evolve toward those of ordinary hadrons on their way out of the collision
zone, so that the little-modified hadron momentum would in the end be shared substan-
tially among sea quarks and gluons, as well as the progenitor valence quarks. Either of
the above speculative (and quite possibly not orthogonal) interpretations of recombination
would suggest that the hadron flow originates in, but is two steps removed from,partonic
collectivity. But it is difficult to draw firm conclusions in light of the present ambiguity
in connecting the effective degrees of freedom in coalescence models to the quarks and
gluons treated by LQCD.

In addition, it is yet to be demonstrated that the coexistence of coalescence and
fragmentation processes is quantitatively consistent with hadron angular correlations
observed overpT ranges where coalescence is predicted to dominate. These correla-
tions exhibit prominent (near-side) peaks with angular widths (at least in azimuthal
difference between two moderate-pT hadrons) and charge sign ordering characteris-
tic of jets from vacuum fragmentation of hard partons [71]. The coalescence yield
might simply contribute to the background underlying these peaks, but one should
also expect contributions from the “fast-slow” recombination (hard scattered parton
with QGP bath partons) [72] for which the model was first introduced, and these
could produce charge sign ordering. The latter effects—part of in-medium, as opposed
to vacuum, fragmentation—complicate the interpretation of the baryon/meson compar-
isons and, indeed, muddy the distinction between fragmentation and recombination
processes.

Finally, the picture provided by recombination is distinctly different from ideal hydro-
dynamics at a hadronic level, where velocity (mass) of a hadron is the crucial factor deter-
mining flow, rather than the number of constituent (or valence) quarks. At low momentum,
energy and entropy conservations become a serious problem for quark coalescence, plac-
ing an effective lower limit on thepT range over which the models can be credibly applied.
The solution of this problem would require a dynamical, rather than purely kinematic treat-
ment of the recombination process [69]. Such parton dynamics at low momentum might
account for the thermodynamic properties of the macroscopic system discussed earlier, but
we do not yet have a unified partonic theoretical framework.
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3. Bulk properties

The multiplicities, yields, momentum spectra and correlations of hadrons emerging
from heavy-ion collisions, especially in the soft sector comprising particles at transverse
momentapT � 1.5 GeV/c, reflect the properties of the bulk of the matter produced in the
collision. In particular, we hope to infer constraints on its initial conditions, its degree of
thermalization and its equation of state from measurements of soft hadrons.

The measured hadron spectra reflect the properties of the bulk of the matter at kinetic
freezeout, after elastic collisions among the hadrons have ceased. At this stage the system
is already relatively dilute and “cold”. However, from the detailed properties of the hadron
spectra at kinetic freezeout, information about the earlier hotter and denser stage can be
obtained. Somewhat more direct information on an earlier stage can be deduced from the
integrated yields of the different hadron species, which change only viainelasticcollisions.
These inelastic collisions cease already (at so-called chemical freezeout) before kinetic
freezeout.

The transverse momentum distributions of the different particles reflect a random and
a collective component. The random component can be identified with the temperature of
the system at kinetic freezeout. The collective component arises from the matter density
gradient from the center to the boundary of the fireball created in high-energy nuclear col-
lisions. Interactions among constituents push matter outwards; frequent interactions lead
to a common constituent velocity distribution. This so-calledcollective flowis therefore
sensitive to the strength of the interactions. The collective flow is additive and thus accu-
mulated over the whole system evolution, making it potentially sensitive to the equation of
state of the expanding matter. At lower energies the collective flow reflects the properties
of dense hadronic matter [73], while at RHIC energies a contribution from a pre-hadronic
phase is anticipated.

In non-central heavy-ion collisions the initial transverse density gradient has an az-
imuthal anisotropy that leads to an azimuthal variation of the collective transverse flow
velocity with respect to the impact parameter plane for the event. This azimuthal variation
of flow is expected to be self-quenching (see Section 2.2), hence, especially sensitive to
the interactions among constituents in theearly stage of the collision [26,74], when the
system at RHIC energies is anticipated to be well above the critical temperature for QGP
formation.

Study of quantum (boson) correlations among pairs of emerging hadrons utilizes the
Hanbury-Brown-Twiss effect to complement measurements of momentum spectra with
information on the spatial size and shape of the emitting system. The measurement of
more general two-particle correlations and of event-wise fluctuations can illuminate the
degree of equilibration attained in the final hadronic system, as well as the dynamical ori-
gin of any observed non-equilibrium structures. Such dynamical correlations are prevalent
in high-energy collisions of more elementary particles—where even relatively soft hadrons
originate in large part from the fragmentation of partons—but are expected to be washed
out by thermalization processes that produce phase space dominance of the final distribu-
tion probabilities.

In this section, we review the most important implications and questions arising from
RHIC’s vast body of data on soft hadrons. We also discuss some features of the transition
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region (1.5� pT � 6 GeV/c), where the spectra gradually evolve toward the characteristic
behavior of the hard parton fragmentation regime. In the process of going through the
measured features of hadron spectra in the logical sequence outlined above, we devote
special attention to a few critical features observedfor the first timefor central and near-
central Au+ Au collisions at STAR, that bear directly on the case for the QGP:

• hadron yields suggestive of chemical equilibration across theu, d ands quark sectors;
• elliptic flow of soft hadrons attaining the strength expected for an ideal relativistic fluid

thermalized very shortly after the collision;
• elliptic flow results at intermediatepT that appear to arise from the flow of quarks in

a pre-hadronic stage of the matter.

3.1. Rapidity densities

Much has been made of the fact that predictions of hadron multiplicities in RHIC colli-
sions before the year 2000 spanned a wide range of values, so that even the earliest RHIC
measurements had significant discriminating power [7,75]. Mid-rapidity charged hadron
densities measured in PHOBOS [76] and in STAR [77] are plotted in Fig. 11 as a function
of collision centrality, as characterized by the number of participating nucleons,Npart, in-
ferred from the fraction of the total geometric cross section accounted for in each analyzed
bin. The solid curves in the figure represent calculations within a gluon saturation model
[66], while the dashed curves in frames (a) and (b) represent two-component fits to the
data [76] and in frames (c) and (d) represent an alternative model [78] assuming saturation
of final-state mini-jet production. The apparent logarithmic dependence of the measured
pseudorapidity densities on〈Npart〉 is a characteristic feature of the gluon saturation model
[66]. Consequently, the model’s ability to reproduce the measured centrality and energy de-
pendences have been presented as evidence for the relevance of the color glass condensate
to the initial state for RHIC collisions, and used to constrain the saturation scale for initial
gluon densities. This scale is in fair agreement with the scale extrapolated from HERAe–p

measurements at low Bjorkenx [7].
However, these arguments are compromised because the particle multiplicity appears

not to have strong discriminating power once one allows for adjustment of theoretical para-
meters. Furthermore,〈Npart〉, which affects the scale on both axes in Fig. 11, is not a direct
experimental observable. Glauber model calculations to associate values of〈Npart〉 with
given slices of the geometric cross section distribution have been carried out in two differ-
ent ways, leading to an inconclusive theory vs. experiment comparison in Fig. 11(a) and
(b). The preferred method for evaluating Glauber model cross sections in nucleus–nucleus
collisions [79] invokes a Monte Carlo approach for integrating over all nucleon configura-
tions, and has been used for the experimental results in frames (a), (b) and (d). However,
the gluon saturation model calculations inall frames of Fig. 11 have employed the optical
approximation, which ignores non-negligible correlation effects [79]. Comparison of the
experimentalresults in frames (c) and (d), where the same STAR data have been plotted
using these two Glauber prescriptions, illustrates the significant sensitivity to the use of
the optical approximation. The “apples-to-apples” comparison of experiment and theory
in frame (c) does not argue strongly in favor of initial-state gluon saturation, although an
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Fig. 11. Measured and calculated pseudorapidity densitiesdNch/dη|η|�1/(〈Npart〉/2) of charged particles from
RHIC Au+ Au collisions as a function ofNpart. PHOBOS data [76] at

√
sNN = 130 GeV (open triangles) and

200 GeV (closed triangles) are shown in frame (a), and their ratio is plotted in (b). The open and solid circles in (a)
arep̄p collision results. STAR data for 130 GeV [77] are shown in frames (c) and (d), plotted with two different
Glauber model treatments to deduce〈Npart〉. The data plotted in frames (a), (b) and (d) utilize the preferred
Monte Carlo Glauber approach. However, the initial-state gluon saturation model calculations [66] shown as
solid curves in all frames have been carried out utilizing the questionable optical approximation to the Glauber
treatment, which is applied as well to the experimental results only in frame (c). The dashed curves in frames (a)
and (b) represent two-component fits to the data [76] and in frames (c) and (d) represent an alternative model [78]
assuming saturation of final-state mini-jet production.

analogous “apples-to-apples” comparison within the Monte Carlo Glauber framework is
clearly desirable.

Furthermore, over a much broader energy range, the charged particle multiplicity is
found to vary quite smoothly from AGS energies (

√
sNN ≈ few GeV) to the top RHIC

energy (
√

sNN = 200 GeV) [80] (see Fig. 35). One would not expect CGC conditions
to be dominant in collisions over this entire range [7], so the apparent success of CGC
arguments for RHIC hadron multiplicities is less than compelling. Other evidence more
directly relevant to CGC predictions will be discussed in Section 4.
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Whatever physics ultimately governs the smooth increase in produced particle multi-
plicity with increasing collision energy and centrality seems also to govern the growth
in total transverse energy per unit pseudorapidity (dET /dη). PHENIX measurements at√

sNN = 130 GeV [81] first revealed that RHIC collisions generate≈ 0.8 GeV of trans-
verse energy per-produced charged particle near mid-rapidity, independent of centrality—
essentially the same value that is observed also in SPS collisions at an order of magnitude
lower center-of-mass energy [82]. This trend persists to

√
sNN = 200 GeV [83]. For RHIC

central Au+ Au collisions, this translates to the conversion of nearly 700 GeV per unit
rapidity (dET /dy) from initial-state longitudinal to final-state transverse energy [81]. Un-
der simplifying assumptions (longitudinal boost-invariance, free-streaming expansion in
which the matter does no work) first suggested by Bjorken [84], one can extract from this
observation a crude estimate of the initial spatial energy density of the bulk matter at the
start of its transverse expansion:

eBj = dET

dy

1

τ0πR2
, (4)

whereτ0 is the formation time andR the initial radius of the expanding system. With
reasonable guesses for these parameter values (τ0 ≈ 1 fm/c, R ≈ 1.2A1/3 fm), the
PHENIX dET /dη measurements suggest an initial energy density∼ 5 GeV/fm3 for cen-
tral Au+ Au collisions at RHIC, well above the critical energy density∼ 1 GeV/fm3

expected from LQCD for the transition to the QGP phase. This estimate of the initial en-
ergy density is larger than that in SPS collisions, since the particle multiplicity grows at
RHIC, but by a modest factor (≈ 1.6 [81] at

√
sNN = 130 GeV).

3.2. Hadron yields and spectra

Fig. 12 compares STAR measurements of integrated hadron yield ratios for central
Au + Au collisions to statistical model fits. In comparison to results fromp + p collisions
at similar energies, the relative yield of multi-strange baryonsΞ andΩ is considerably
enhanced in RHIC Au+ Au collisions [85,86]. The measured ratios are used to constrain
the values of system temperature and baryon chemical potential at chemical freezeout, un-
der the statistical model assumption that the system is in thermal and chemical equilibrium
at that stage. The excellent fit obtained to the ratios in the figure, including stable and
long-lived hadrons through multi-strange baryons, is consistent with the light flavors,u,d,

ands, having reached chemical equilibrium (for central and near-central collisions only) at
Tch = 163± 5 MeV [37,85–87]. (The deviations of the short-lived resonance yields, such
as those forΛ∗ andK∗ collected near the right side of Fig. 12, from the statistical model
fits, presumably result from hadronic rescattering after the chemical freezeout.)

Although the success of the statistical model in Fig. 12 might, in isolation, indicate
hadron production mechanisms dominated by kinematic phase space in elementary colli-
sions (see Section 2.3), other measurements to be discussed below suggest that true thermal
and chemical equilibration is at least approximately achieved in heavy-ion collisions at
RHIC by interactions among the system’s constituents. The saturation of the strange sector
yields, attained for the first time in near-central RHIC collisions, is particularly significant.
The saturation is indicated quantitatively by the value obtained for the non-equilibrium
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Fig. 12. Ratios ofpT -integrated mid-rapidity yields for different hadron species measured in STAR for central
Au + Au collisions at

√
sNN = 200 GeV. The horizontal bars represent statistical model fits to the measured

yield ratios for stable and long-lived hadrons. The fit parameters areTch = 163± 4 MeV, µB = 24± 4 MeV,
γs = 0.99± 0.07 [86]. The variation ofγs with centrality is shown in the inset, including the value (leftmost
point) from fits to yield ratios measured by STAR for 200 GeVp + p collisions.

parameterγs for the strange sector [88], included as a free parameter in the statistical
model fits. As seen in the inset of Fig. 12,γs rises from≈ 0.7 in peripheral Au+ Au
collisions to values statistically consistent with unity [85,86] for central collisions. The
temperature deduced from the fits is essentially equal to the critical value for a QGP-to-
hadron-gas transition predicted by LQCD [2,14], but is also close to the Hagedorn limit for
a hadron resonance gas, predicted without any consideration of quark and gluon degrees
of freedom [25].1 If thermalization is indeed achieved by the bulk matterprior to chemical
freezeout, then the deduced value ofTch represents a lower limit on that thermalization
temperature.

The characteristics of the system atkineticfreezeout can be explored by analysis of the
transverse momentum distributions for various hadron species, some of which are shown
in Fig. 13. In order to characterize the transverse motion, hydrodynamics-motivated fits
[90] have been made to the measured spectra, permitting extraction of model parameters
characterizing the random (generally interpreted as a kinetic freezeout temperatureTfo) and
collective (radial flow velocity〈βT 〉) aspects. Results for these parameters are shown for
different centrality bins and different hadron species in Fig. 14. (While theoretical studies
[90] suggest caution in interpreting spectrum fits made without correction for resonance
feed-down, as is the case in Fig. 14, auxiliary STAR analyses show little quantitative effect
of the feed-down within the STARpT coverage.)

1 Note that Hagedorn himself considered the Hagedorn temperature and the LQCD critical temperature to be
identical [89].
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Fig. 13. Mid-rapidity hadron spectra from
√

sNN = 200 GeV Au+ Au collisions, as reported in Refs. [87,
94–96]. The spectra are displayed for steadily decreasing centrality from the top downwards within each frame,
with appropriate scaling factors applied to aid visual comparison of the results for different centralities. For
K∗ only, the lowest spectrum shown is for 200 GeVp + p collisions. The dashed curves in frames (a), (b)
and (e) represent spectra from minimum-bias collisions. The invariant spectra are plotted as a function of

mT − mass≡
√

p2
T

/c2 + mass2 − mass.

As the collisions become more and more central, the bulk of the system, dominated
by the yields ofπ , K , p, appears from Fig. 14 to grow cooler at kinetic freezeout and
to develop stronger collective flow. These results may indicate a more rapid expansion
after chemical freezeout with increasing collision centrality. On the other hand, even for
the most central collisions, the spectra for multi-strange particlesφ andΩ appear, albeit
with still large uncertainties, to reflect a higher temperature [86]. Theφ and Ω results
suggest diminished hadronic interactions with the expanding bulk matter after chemical
freezeout [85,86,91,92], as predicted [28,33,93] for hadrons containing no valenceu or d

quarks. If this interpretation is correct, the substantial radial flow velocity inferred forφ

andΩ would have to be accumulated prior to chemical freezeout, giving the multi-strange
hadrons perhaps greater sensitivity to collective behavior during earlier partonic stages of
the system evolution.

As one moves beyond the soft sector, thepT and centrality dependences of the observed
hadron spectra develop a systematic difference between mesons and baryons, distinct from
the mass-dependence observed at lowerpT . This difference is illustrated in Fig. 15 by
the binary-scaled ratioRCP of hadron yields for the most central vs. a peripheral bin, cor-
rected by the expected ratio of contributing binary nucleon–nucleon collisions in the two
centrality bins [96]. The results are plotted as a function ofpT for mesons and baryons sep-
arately in panels (a) and (b), respectively, with the ratio of binary collision-scaled yields
of all charged hadrons indicated in both panels by a dot-dashed curve to aid comparison.
If the centrality-dependence simply followed the number of binary collisions, one would
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Fig. 14. Theχ2 contours, extracted from thermal+ radial flow fits (without allowance for resonance feed-down),
for copiously produced hadronsπ , K andp and multi-strange hadronsφ andΩ . On the top of the plot, the
numerical labels indicate the centrality selection. Forπ , K andp, 9 centrality bins (from top 5% to 70–80%)
were used for

√
sNN = 200 GeV Au+ Au collisions [87]. The results fromp + p collisions are also shown. For

φ andΩ , only the most central results [86] are presented. Dashed and solid lines are the 1-σ and 2-σ contours,
respectively.

expectRCP = 1. This condition is nearly achieved for baryons nearpT ≈ 2.5 GeV/c, but
is never reached for mesons. The initial results forφ-mesons andΩ-baryons included in
Fig. 15 suggest that the difference is not very sensitive to the mass of the hadron, but rather
depends primarily on the number of valence quarks contained within it. The meson and
baryon values appear to merge bypT ≈ 5 GeV/c, by which pointRCP≈ 0.3.

The origin of this significant shortfall in central high-pT hadron production will be
discussed at length in Section 4. Here, we want simply to note that the clear difference seen
in the centrality dependence of baryon vs. meson production is one of the defining features
of the intermediatepT range from∼ 1.5 to∼ 6 GeV/c in RHIC heavy-ion collisions, and
it cannot be understood fromp + p collision results [97]. Another defining feature of this
mediumpT range, to be discussed further below, is a similar meson–baryon difference in
elliptic flow. Both facets of the meson–baryon differences can be explained naturally in
quark recombination models for hadron formation [69].

3.3. Hadron yields versus the reaction plane

In non-central heavy-ion collisions, the beam direction and the impact parameter define
a reaction plane for each event, and hence a preferred azimuthal orientation. The orien-
tation of this plane can be estimated experimentally by various methods, e.g., using 2-
or 4-particle correlations [98,99], with different sensitivities to azimuthal anisotropies not
associated with collective flow. The observed particle yield versus azimuthal angle with
respect to the event-by-event reaction plane promises information on the early collision
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Fig. 15. STAR results [96] from
√

sNN = 200 GeV Au+ Au collisions for the ratio of mid-rapidity hadron yields
RCP in a central (0–5%) over a peripheral (40–60%) bin, plotted vs.pT for mesons (a) and baryons (b). The yields
are scaled in each centrality region by the calculated mean number〈Nbin〉 of binary contributing nucleon–nucleon
collisions, calculated within a Monte Carlo Glauber model framework. The width of the shaded band around the
line at unity represents the systematic uncertainty in model calculations of the centrality dependence of〈Nbin〉.
RCP for the sample of all charged hadrons is also shown by dot-dashed curves in both plots. The error bars on the
measured ratios include both statistical and systematic uncertainties.

dynamics [27,74]. The anisotropy of the particle yield versus the reaction plane can be
characterized in a Fourier expansion. Due to the geometry of the collision overlap region
the second coefficient of this Fourier series—v2, often referred to as the elliptic flow—is
expected to be the dominant contribution.

Fig. 16 shows the mid-rapidity elliptic flow measurements, integrated over transverse
momentum, as a function of collision centrality for one SPS [100] and two RHIC [101,
102] energies. One clearly observes a characteristic centrality dependence that reflects the
increase of the initial spatial eccentricity of the collision overlap geometry with increasing
impact parameter. The integrated elliptic flow value for produced particles increases about
70% from the top SPS energy to the top RHIC energy, and it appears to do so smoothly as
a function of energy (see Fig. 34), so far exhibiting no obvious “dip” of the sort predicted
[30] by ideal hydrodynamics in Fig. 7.

The origin of the energy dependence can be discerned by examining the differential
v2(pT ), shown for the centrality selection 10–30% in Fig. 17. The comparison of the results
for pions at

√
sNN = 200 GeV and at the top SPS energy clearly reveals an increase in

slope vs.pT that accounts for part of the increase inpT -integratedv2 from SPS to RHIC.
The remaining part of the change is due to the increase in〈pT 〉. As measurements become
available at more collision energies, it will be important to remove kinematic effects, such
as the increase in〈pT 〉, from comparisons of results, as they might mask finer, but still
significant, deviations from smooth energy dependence.

Collective motion leads to predictable behavior of the shape of the momentum spectra
as a function of particle mass, as reflected in the single inclusive spectra in Fig. 13. It is
even more obvious in the dependence ofv2(pT ) for the different mass particles. Fig. 18
shows the measured low-pT v2 distributions from 200 and 130 GeV Au+ Au minimum
bias collisions. Shown are the measurements for charged pions,K0

S , antiprotons andΛ
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Fig. 16. Centrality dependence ofv2, integrated overpT . The triangles are the NA49 measurements for pi-
ons at

√
sNN = 17 GeV [100]. The circles and crosses are STAR measurements for charged particles at√

sNN = 130 GeV [101] and 200 GeV [102], respectively. The 4-particle cumulant method has been used to
determinev2 in each case.

Fig. 17.v2(pT ) for one centrality (10–30%) range. The circles and squares are the CERES [103] and NA49 [100]
measurements, respectively, at

√
sNN = 17 GeV. The stars and the solid line are STAR measurements [102] for

pions and for all charged particles, respectively, at
√

sNN = 200 GeV (evaluated here by the 2-particle correlation
method).

[104,105]. The clear, systematic mass-dependence ofv2 shown by the data is a strong
indicator that a common transverse velocity field underlies the observations. This mass-
dependence, as well as the absolute magnitude ofv2, is reproduced reasonably well (i.e., at
the±30% level) by the hydrodynamics calculations shown in Fig. 18. Parameters of these
calculations have been tuned to achieve good agreement with the measured spectra for
different particles, implying that they account for the observed radial flow and elliptic flow
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Fig. 18. (a) STAR experimental results of the transverse momentum dependence of the elliptic flow parameter in
200 GeV Au+ Au collisions for chargedπ+ + π−, K0

s , p̄, andΛ [104]. Hydrodynamics calculations [32,106]
assuming early thermalization, ideal fluid expansion, an equation of state consistent with LQCD calculations
including a phase transition atTc = 165 MeV (EOS Q in [32] and Fig. 5), and a sharp kinetic freezeout at a
temperature of 130 MeV, are shown as dot-dashed lines. Only the lowerpT portion (pT � 1.5 GeV/c) of the
distributions is shown. (b) Hydrodynamics calculations of the same sort as in (a), now for a hadron gas (EOS H)
vs. QGP (EOS Q) equation of state (both defined in Fig. 5) [3,32], compared to STARv2 measurements for pions
and protons in minimum bias 130 GeV Au+ Au collisions [105]. Predictions with EOS Q are shown for a wider
variety of hadron species in Fig. 8.

simultaneously. In particular, since the parameters are tuned for zero impact parameter, the
theory-experiment comparison forv2 as a function of centrality represents a significant test
of these hydrodynamics calculations.

The agreement of these hydrodynamics calculations, which assumeideal relativistic
fluid flow, with RHIC spectra andv2 results is one of the centerpieces of recent QGP
discovery claims [6–8]. The agreement appears to be optimized (though still with some
quantitative differences, see Fig. 18) when it is assumed that local thermal equilibrium is
attained very early (τ < 1 fm/c) during the collision, and that the hydrodynamic expansion
is characterized by an EOS (labeled Q in Fig. 18) containing a soft point roughly consistent
with the LQCD-predicted phase transition from QGP to hadron gas [3,29,32]. When the ex-
panding matter is treated as a pure hadron gas (EOS H in Fig. 18(b)), the mass-dependence
of v2 is significantly underpredicted. The inferred early thermalization suggests that the
collision’s early stages are dominated by very strongly interacting matter with very short
constituent mean free paths—essentially a “perfect liquid” [107], free of viscosity. Simi-
lar QGP-based calculations that invoke ideal hydrodynamics up to freezeout overpredict
the elliptic flow for more peripheral RHIC collisions and for lower energies. One possi-
ble interpretation of this observation is that thermalized, strongly interacting QGP matter
dominates near-central Au+ Au collisions at or near the full RHIC energy.

In assessing these claims, it is critical to ask how unique and robust the hydrodynam-
ics account is in detail for the near-central RHIC collision flow measurements (radial and
elliptic). Might the observedv2 result alternatively from a harder EOS (such as EOS H)
combined with later achievement of thermalization or with higher viscosity [35] (both
conditions impeding the development of collective flow)? How does the sensitivity to the
EOS in the calculations compare quantitatively with the sensitivity to other ambiguities
or questionable assumptions in the hydrodynamics treatments? For example, the particular
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Fig. 19. Azimuthal anisotropiesv2 measured by the PHOBOS Collaboration [108] for Au+ Au collisions at√
sNN = 130 GeV, as a function of pseudorapidity. Within each pseudorapidity bin, the results are averaged over

all charged particles, over all centralities and over allpT . The black error bars are statistical and the grey bands
systematic uncertainties. The points on the negative side are reflected aboutη = 0 and plotted as open circles on
the positive side, for comparison. Figure taken from Ref. [108].

calculations in Fig. 18 [32,106] invoke a simplified treatment with a sharp onset of kinetic
freezeout along a surface of constant energy density corresponding toTfo ≈ 130 MeV. The
sensitivity to the assumed value ofTfo, if it is kept within the range spanned by the mea-
surements in Fig. 14, is relatively weak [32]. However, alternative approaches combining
ideal hydrodynamics for the partonic stage with a hadron transport (RQMD) treatment of
the presumably viscous hadronic stage [29] yield similar success in accounting for RHIC
results, but certainly predict a dependence ofv2 on collision energy differing significantly
from the sharp-freezeout predictions (compare Fig. 7 and Fig. 9). While the combina-
tion of partonic hydrodynamics and hadron transport offers the promise of a reasonable
QGP-based account for the observed smooth energy dependence ofpT -integratedv2 (see
Figs. 9, 34), it also serves to emphasize that quantitative ambiguities of scale comparable
to the EOS sensitivity remain to be understood.

In addition to questions about the thermalization time, viscosity and freezeout treat-
ment, one also needs to address the robustness of the standard assumption of longitudinal
boost-invariance in hydrodynamics calculations [3]. There is growing evidence at RHIC for
significant deviations from boost-invariance. This is illustrated by PHOBOS results forv2

as a function of pseudorapidity in Fig. 19, where one sees no evidence for a mid-rapidity
plateau in elliptic flow strength [108]. Thus, while the successes of QGP-based hydro-
dynamics calculations at RHIC are tantalizing, substantially greater systematic investiga-
tion of their sensitivities—including computationally challenging full three-dimensional
treatments—would be needed to make a compelling QGP claim on their basis alone.

At higher pT values, as shown by experimental results from 200 GeV Au+ Au min-
imum bias collisions in Fig. 20, the observed values ofv2 saturate and the level of the
saturation differs substantially between mesons and baryons. Hydrodynamics calculations
overpredict the flow in this region. The dot-dashed curves in Fig. 20(a)–(c) represent simple
analytical function fits to the measuredK0

S andΛ+ Λ̄ v2 distributions [104,109]. It is seen
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Fig. 20. Experimental results on the transverse momentum dependence of the event elliptic anisotropy parameter
for various hadron species produced in minimum-bias Au+ Au collisions at

√
sNN = 200 GeV. STAR results

[104] for K0
S

andΛ+ Λ̄ are shown in all frames, together with simple analytic function fits (dashed lines) to these
data. Additional data shown are STAR multi-strange baryon elliptic flow [110] forΞ (in frames (a) and (c)) and
Ω ((b) and (c)), and PHENIX results [111] forπ andp + p̄ (frame (c)). Hydrodynamic calculations are indicated
by dotted curves in frames (a) and (b). In (c), the flow results for all of the above hadrons are combined by scaling
bothv2 andpT by the number of valence quarks (nq ) in each hadron. The figure is an update of one in [109].

in Fig. 20(a) and (b) that STAR’s most recentv2 results for the multi-strange baryonsΞ

andΩ [110] are consistent with that ofΛ’s but within still sizable statistical uncertainties.
In Fig. 20(c), particle-identified elliptic flow measurements for the 200 GeV Au+ Au

minimum-bias sample are combined by dividing bothv2 andpT by the number of valence
quarks (nq ) in the hadron of interest. The apparent scaling behavior seen in this figure for
pT /nq > 1 GeV/c is intriguing, as the data themselves seem to be pointing to constituent
quarks (or at least to valence quarks sharing the full hadron momentum, see Section 2.6) as
the most effective degree of freedom in determining hadron flow at intermediatepT values.
The data need to be improved in statistical precision andpT extent for more identified
mesons and baryons in order to establish this scaling more definitively. Within error bars
the size of those forpT /nq > 1 GeV/c, the lowpT data would also look as though they
scale with the number of constituent quarks, whereas we already have seen in Fig. 18 that
there is rather a clear hydrodynamic mass-dependence in the lowpT region. (Note that the
pion data barely extend into the scaling region atpT /nq > 1 GeV/c.)

If the scaling behavior at intermediatepT is confirmed with improved data, it will pro-
vide a very important clue to the origin of the meson–baryon differences (see also Fig. 15)
that characterize thispT range. In particular, both thev2 scaling and the meson–baryon
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Fig. 21. Comparisons of calculations in the Duke quark recombination model [69,112] with STAR measurements
[104,110] of (a)RCP and (b)v2 for strange mesons and baryons. “R+ F” denotes the sum of recombination and
fragmentation contributions. Comparison of the solid and broken curves in (b) reveals a weak mass-dependence
in the calculations, superimposed on the predominant meson–baryon differences. The figures are taken from
Ref. [70], and they include preliminary STAR data for multi-strange baryons that differ slightly from the values
shown in Fig. 20.

RCP differences can be explained [69,112] (see Fig. 21) by assuming that hadron for-
mation at moderatepT proceeds via two competing mechanisms: the coalescence ofnq

constituent quarks at transverse momenta∼ pT /nq , drawn from a thermal (exponential)
spectrum [69], plus more traditional fragmentation of hard-scattered partons giving rise to a
power-law component of the spectrum. Note that, as discussed in Section 2.6, these models
are not expected to apply at lowpT . It is not yet clear that the same models could simul-
taneously account as well for another observed feature characteristic of this intermediate
pT range, namely, a jet-like azimuthal correlation of hadron pairs that will be discussed
further in Section 4.

In these coalescence models, the constituent quarks carry their own substantial az-
imuthal anisotropy, which is then summed to give the hadronv2. The establishment of
clearer evidence for such pre-hadronic collective flow would be an important milestone
in elucidating the nature of the matter produced in RHIC collisions. In interpreting such
evidence, it must be kept in mind that constituent quarks are not partons: they are effective
degrees of freedom normally associated with chiral symmetry breaking and confinement,
rather than with the deconfinement of a QGP. Until the mechanism for the emergence
of these effective degrees of freedom from a QCD plasma of current quarks and gluons
is clarified (see Section 2.6), collectively flowing constituent quarks should not be taken
as definitive proof of a QGP stage, as we have defined it in Section 1. It is unclear, for
example, whether the characteristic time scale for constituent quarks to coalesce from
current quarks and gluons might not be shorter than that for the establishment of ther-
malization in the collision (leading to a sort of “constituent quark plasma”, as opposed to
a QGP). Furthermore, the constituent quarkv2 values needed to account for the observed
hadronv2 saturation might arise in part from differential energy loss of their progenitor
partons in traversing the spatially anisotropic matter of non-central collisions [47], rather
than strictly from the partonic hydrodynamic flow assumed in [112]. The unanticipated
RHIC results in this intermediatepT range thus raise a number of important and fasci-
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nating questions that should be addressed further by future measurements and theoretical
calculations.

In summary, the measured yields with respect to the reaction plane are among the most
important results to date from RHIC: they provide critical hints of the properties of the
bulk matter at early stages. They indicate that it behaves collectively, and is consistent
with rapid (i.e., very short mean free path) attainment of at least approximate local thermal
equilibrium in a QGP phase. Hydrodynamic accounts for the mass- andpT -dependence
of v2 for soft hadrons appear to favor system evolution through a soft, mixed-phase EOS.
The saturatedv2 values observed for identified mesons and baryons in the range 1.5 �
pT � 6 GeV/c suggest that hadronization in this region occurs largely via coalescence
of collectively flowing constituent quarks. What has yet to be demonstrated is that these
interpretations are unique and robust against improvements to both the measurements and
the theory. In particular, it must be demonstrated more clearly that the sensitivity to the
role of the QGP outweighs that to other, more mundane, ambiguities in the theoretical
treatment.

3.4. Quantum correlation analyses

Two-hadron correlation measurements in principle should provide valuable informa-
tion on the phase structure of the system at freezeout. From the experimentally measured
momentum–space two-particle correlation functions, a Fourier transformation is then per-
formed in order to extract information on the space–time structure [113]. Bertsch–Pratt
parameterization [114] is often used to decompose total momentum in such measurements
into components parallel to the beam (long), parallel to the pair transverse component (out)
and along the remaining third direction (side). In this Cartesian system, information on the
source duration time is mixed into theout components. Hence, the ratio of inferred emit-
ting source radiiRout/Rside is sensitive to the time duration of the source emission. For
example, if a QGP is formed in collisions at RHIC, a long duration time and consequently
large value ofRout/Rside are anticipated [115].

Measured results for Hanbury-Brown-Twiss (HBT) pion interferometry, exploiting the
boson symmetry of the two detected particles at low relative momenta, are shown in
Figs. 22 and 23. A clear dependence of the ‘size’ parameters on the pair transverse mo-
mentumkT is characteristic of collective expansion of the source [116,117], so the results
are plotted vs.kT in Fig. 22. As indicated by the set of curves in the figure, hydrodynamics
calculations that can account for hadron spectra and elliptic flow at RHIC systematically
over-predictRout/Rside [116,118]. One possible implication of this discrepancy is that the
collective expansion does not last as long in reality as in the hydrodynamics accounts.
However, shorter expansion times are difficult to reconcile with the observed magnitude
of Rside, and are not supported by a recent systematic study of HBT correlations relative
to the event-by-event reaction plane [117]. The source eccentricity at freezeout inferred
from these azimuthally sensitive measurements is shown in Fig. 23 to retain a significant
fraction of the initial spatial eccentricity characteristic of the impact parameter for each
centrality bin. The observed eccentricity retention is, in fact, quantitatively consistent with
hydrodynamics expectations for thetime-integratedpion emission surface to which HBT
is sensitive [119]. Thus, the deformations in Fig. 23 tend to support the hydrodynamics
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Fig. 22. STAR measurements [116] ofRout/Rside from pion HBT correlations for central Au+ Au collisions,
plotted as a function of the pion pair transverse momentumkT . The experimental results are identical in the three
frames, but are compared to hydrodynamics calculations [118] performed for a variety of parameter values.

Fig. 23. The eccentricityεfinal of the time-integrated emitting source of soft pions, inferred from STAR HBT cor-
relations measured with respect to the reaction plane, plotted versus the initial spatial eccentricityεinitial deduced
from a Glauber calculation for five different Au+ Au centrality bins. The dotted line representsεfinal = εinitial .
See [117] for details.

view of the expansion pressure and timeline (see Fig. 6), which lead to an eventual com-
plete quenching of the initial configuration-space anisotropy by the end of the freezeout
process.

The failure of the hydrodynamics calculations to account for the HBT results in Fig. 22
raises another significant issue regarding the robustness of the hydrodynamics success in
reproducingv2 and radial flow data. Although the HBT interference only emerges after the
freezeout of the strong interaction, whose treatment is beyond the scope of hydrodynamics,
the measured correlation functions receive contributions from all times during the collision
process. Furthermore, these HBT results are extracted from the lowpT region, where soft
bulk production dominates. It is thus reasonable to expect the correct hydrodynamics ac-
count of the collective expansion to be consistent with the HBT source sizes. If improved
treatment of the hadronic stage and/or the introduction of finite viscosity during the hydro-
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dynamic expansion [35] are necessary to attain this consistency, then it is important to see
how those improvements affect the agreement with elliptic flow and spectra.

STAR has also measured two-hadron momentum–space correlation functions fornon-
identical particles [120]. These are sensitive to differences in the average emission time
and position for the different particle species. Such differences are very clearly revealed by
the measured correlations between pions and kaons [120], and provide additional strong
evidence for a collective transverse flow of the produced hadrons.

3.5. Correlations and fluctuations

A system evolving near a phase boundary should develop significant dynamical fluctua-
tions away from the mean thermodynamic properties of the matter. For high-energy heavy
ion collisions, it has been predicted that the general study of two-particle correlations and
event-wise fluctuations might provide evidence for the formation of matter with partonic
degrees of freedom [121–126]. In addition, non-statistical correlations and fluctuations
may be introduced by incomplete equilibrium [127]. With its large acceptance and com-
plete event-by-event reconstruction capabilities, the STAR detector holds great potential
for fluctuation analyses of RHIC collisions.

An approach that has been used previously [128,129] to search for the presence of
dynamical correlations involves extraction of measures of the excess variance of some ob-
servable above the statistical fluctuations that show up even in mixed-event samples. An
example shown in Fig. 24 utilizes the square root of the covariance inpT for charged-
particle pairs from collisions at SPS (CERES [128]) and at STAR [130]. The presence of
dynamical 2-particle correlations is revealed by non-zero values of this quantity, whose
gross features exhibit a magnitude and a smooth centrality-dependence that are essen-
tially independent of collision energy, once the variations of the inclusive meanpT values
(〈〈pT 〉〉) with centrality and energy have been divided out. However, the detailed nature
of the dynamical correlations is best probed by fully exploiting the impressive statistical
precision at STAR to investigate finer, multi-dimensional aspects of the correlation densi-
ties themselves, rather than of the integrals of correlation densities represented by excess
variance measures.

For example, emerging STAR angular correlation results are already suggesting that
there is appreciable soft hadron emission before the attainment of local thermal equilib-
rium, even in the most central RHIC collisions. The evidence resides in remnants of jet-like
behavior observed [131] even in soft (0.15� pT � 2.0 GeV/c) hadron pair correlations
on the angular difference variables�η ≡ η1 − η2 (pseudorapidity) and�φ ≡ φ1 − φ2
(azimuthal angle), presented for peripheral and central Au+ Au collisions in Fig. 25.
The equivalent correlations forp + p collisions at RHIC [131] emphasize the central
role of parton fragmentation even down to hadron transverse momenta of 0.5 GeV/c,
resulting in a prominent near-side jet peak symmetric about�η = �φ = 0 and a broad
�η-independent away-side(�φ = π) jet ridge. One certainly anticipates some remnants
of these correlations to survive in heavy-ion collisions at sufficiently high hadronpT , and
these correlations will be discussed in the next section. In the soft sector, however, attain-
ment of a fully equilibrated state of all emerging hadrons at freezeout would wash out such
initial hard-scattering dynamical correlations.
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Fig. 24. The square root of the transverse momentum covariance for charged particle pairs, scaled by the inclusive
meanpT value for each centrality and collision energy, plotted vs. centrality for SPS [128] and RHIC [130] data at
several energies. Both the centrality-dependence (nearly∝ 1/Npart) and magnitude of this quantity are essentially
unchanged from SPS to RHIC energies, but its implicit integration of correlation densities over the full detector
acceptance masks other interesting correlation features.

Instead, the observed soft-hadron-pair correlation for central Au+ Au collisions shown
in the upper right-hand frame of Fig. 25, after removal of multipole components repre-
senting elliptic flow (v2) and momentum conservation (v1) [131], exhibits a substantially
modified remnant of the jet correlation on the near side, affecting typically 10–30% of
the detected hadrons. Contributions to this near-side peak from HBT correlations and
Coulomb final-state interactions between hadrons have been suppressed by cuts to remove
pairs at very low relative momentum, reducing the overall strength of the correlation near
�η = �φ = 0 by ∼10% [131]. Simulations demonstrate that resonance decays make no
more than a few percent contribution to the remaining near-side correlation strength. (The
lack of evidence for any remaining away-side correlation in central collisions will be dis-
cussed further in the high-pT context in Section 4. Its absence even for more peripheral
collisions in the upper left frame of Fig. 25 can be attributed to the broad centrality bin
used here to compensate for limited statistics in the 130 GeV Au+ Au data sample, and
to thev1 subtraction that removes thermalized soft hadrons balancing the near-side jet’s
momentum.)

The observed near-side correlation in central Au+ Au is clearly much broader in�η

than that inp + p or peripheral Au+ Au collisions. The pseudorapidity spread, as char-
acterized by the�η width of a two-dimensional Gaussian function fitted to the structure
(ignoring the�η = �φ = 0 bin, where conversion electron pairs contribute), grows rapidly
with increasing collision centrality, as revealed in the lower frames of Fig. 25. This trend
suggests that while some parton fragments are not yet fully equilibrated in the soft sector,
they are nonetheless rather strongly coupled to the longitudinally expanding bulk medium.
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Fig. 25. Upper frames: joint autocorrelations measured by STAR, as a function of the hadron pair angle differences
η1−η2 andφ1−φ2, for 0.15� pT � 2.0 GeV/c charged hadrons detected in 130 GeV Au+ Au collisions [131].
The right frame contains data for central collisions, while the left frame spans a broad range of centralities for
more peripheral collisions. The quantitȳN(r̂ − 1) plotted on the vertical axes represents the average multiplicity
for the selected centrality bin multiplied by the relative difference in charged particle pair yields between same
events and mixed events. Elliptic flow and momentum conservation long-range correlations have been subtracted,
as explained in [131]. Lower frames: centrality-dependence of the Au+ Au pseudorapidity and azimuthal widths
from two-dimensional Gaussian fits to the near-side correlation structure seen for two centrality bins in the upper
frames. The same extracted widths for Au+ Au collisions are plotted vs. two different measures of centrality:
the observed charged-particle multiplicity divided by its maximum value (on the left), and the mean numberν

of nucleons encountered by a typical participant nucleon (right). The hatched bands indicate the widths observed
for p + p collisions, and the curves guide the eye.

The onset of this coupling appears especially dramatic when the results are plotted (lower
right-hand frame) vs. the alternative centrality measureν ≡ (Npart/2)1/3 (estimating the
mean number of nucleons encountered by a typical participant nucleon along its path
through the other nucleus), rather than the more traditional charged-particle multiplicity
(lower left frame). The latter comparison serves as a reminder that, as we seek evidence
for a transition in the nature of the matter produced in RHIC collisions, it is important to
consider carefully the optimal variables to use to characterize the system.

The coupling to the longitudinal expansion can be seen more clearly as an equilibration
mechanism from measurements of the power spectraP λ of local fluctuations in the den-
sity of charged hadrons with respect to a mixed-event counterpartP λ

mix. Theλ superscript
distinguishes different directions (modes) of density variation, orthogonal in the wavelet
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Fig. 26. STAR measurements (filled circles) of dynamic texture for the 4% most central Au+ Au collisions at√
sNN = 200 GeV, compared to STAR peripheral (60–84%) collision data (boxes) renormalized for direct com-

parison, and to HIJING calculations with (dashed curves) and without (solid curves) inclusion of jet quenching.
The dynamic texture measures the non-statistical excess in point-to-point fluctuations in the local density of
charged hadrons in an event, averaged over the event ensemble. Figure taken from Ref. [133].

decomposition used [133] for the analysis: alongη, alongφ, and along the diagonalηφ.
The so-called “dynamic texture” [132] of the event, used to characterize the non-statistical
excess in density fluctuations, is defined asP λ

dyn/P
λ
mix/N , whereP λ

dyn = P λ − P λ
mix andN

is the average number of tracks in a givenpT interval per event. The dynamic texture is
shown as a function ofpT for three different modes and for both central and peripheral col-
lisions in Fig. 26 [133]. HIJING simulations [135] shown in the figure cannot account for
the observed fluctuations, even when jet quenching is included, although they do suggest
qualitatively that the rising trends in the data with increasingpT are signals of “clumpi-
ness” in the particle density caused by jets. In the absence of a successful model for these
fluctuations, we can at least search for interesting centrality dependences. The box symbols
in the figure represent what we would expect for the dynamic texture in central collisions,
based on what STAR measures for peripheral collisions, if the correlation structure were
independent of centrality. The strong suppression observed with respect to this expectation
for the central collisionη-mode fluctuations is interpreted as another manifestation of the
coupling of parton fragments to the longitudinally expanding bulk medium [133].

The results in Figs. 25 and 26 are averaged over all charged hadrons without consider-
ation of the sign of the charge. Detailed information on the hadronization of the medium
can be obtained from the study of charge-dependent(CD) correlations, e.g., by examin-
ing the difference between angle-dependent correlations of like- vs. unlike-sign pairs. One
method focuses on the “balance function”, constructed [125,134] to measure the excess of
unlike- over like-sign pairs as a function of their (pseudo)rapidity difference�η. The re-
sults in Fig. 27 show that the width of this function in�η steadily decreases with increasing
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Fig. 27. Width〈�η〉 of the measured charged hadron balance function from Au+ Au (filled circles) collisions
at

√
sNN = 130 GeV, plotted as a function of the relative impact parameter deduced from the charged particle

multiplicities for each analyzed centrality bin. The cross-hatched band represents the centrality-independent re-
sults of HIJING simulations [135] of the balance function width measured within STAR for 130 GeV Au+ Au
collisions. The diamond-shaped points illustrate constraints imposed on the balance function by global charge
conservation and the STAR detector acceptance, when dynamical correlations are removed by randomly shuf-
fling the association of pseudorapidities with detected particles within each analyzed event. The figure is from
Ref. [134].

Au + Au centrality [130,134], in contrast to HIJING simulations [135]. A related trend is
observed in the CD two-dimensional autocorrelation [131] (not plotted) analogous in for-
mat to the charge-independent results shown in Fig. 25. The CD peak amplitude increases,
and its width decreases, dramatically with increasing centrality. These trends indicate a
marked change in the formation mechanism of charged hadron pairs in central Au+ Au,
relative top + p, collisions. The implications of that change for the nature of the medium
produced are now under intensive study with a growing array of correlation techniques.

3.6. Summary

In this section, we have presented important results on the bulk matter properties at-
tained in Au+ Au collisions at RHIC. The measured hadron spectra, yield ratios, and low
pT v2, are all consistent from all experiments at RHIC. STAR, in particular, has made pio-
neering measurements of elliptic flow, of multi-strange baryons, and of dynamical hadron
correlations that bear directly on the matter properties critical to establishing QGP for-
mation. The yield ratios are consistent with chemical equilibration across theu, d and
s sectors. The spectra andv2 clearly reveal a collective velocity field in such collisions.
The combined evidence for near-central Au+ Au collisions at RHIC suggests that ther-
mal equilibrium is largely, though not quite completely, attained, and that collective flow
is established, at an early collision stage when sub-hadronic degrees of freedom dominate
the matter. However, the quality of some of the data, and the constraints on ambiguities in
some of the theoretical models used for interpretation, are not yet sufficient to demonstrate
convincingly that thermalized, deconfined matter has been produced.
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In particular, the unprecedented success of hydrodynamics in providing a reasonable
quantitative account for collective flow at RHIC, and of the statistical model in reproduc-
ing hadron yields through the strange sector, together argue for an early approach toward
thermalization spanning theu, d ands sectors. On the other hand, measurements of angle
difference distributions for soft hadron pairs reveal that some (admittedly heavily modified)
remnants of jet-like dynamical correlations survive the thermalization process, and indicate
its incompleteness. The fitted parameters of the statistical model analyses, combined with
inferences from the produced transverse energy per unit rapidity, suggest attainment of
temperatures and energy densities at least comparable to the critical values for QGP for-
mation in LQCD calculations of bulk, static strongly interacting matter.

The data in this section provide two hints of deconfinement that need to be sharp-
ened in future work. One is the improvement in hydrodynamics accounts for measured
low-pT flow when the calculations include a soft point in the EOS, suggestive of a transi-
tion from partonic to hadronic matter. It needs to be better demonstrated that comparable
improvement could not be obtained alternatively by addressing other ambiguities in the
hydrodynamics treatment. One indication of such other ambiguities is the failure of hydro-
dynamics calculations to explain the emitting source sizes inferred from pion interferom-
etry. The second hint is the apparent relevance of (constituent or valence) quark degrees
of freedom in determining the observed meson–baryon differences in flow and yield in the
intermediate-pT region. Here the data need improved precision to establish more clearly
the quark scaling behavior expected from coalescence models, while the theory needs to
establish a clearer connection between the effective quarks that seem to coalesce and the
current quarks and gluons of QCD.

4. Hard probes

Due to the transient nature of the matter created in high energy nuclear collisions, ex-
ternal probes cannot be used to study its properties. However, the dynamical processes
that produce the bulk medium also produce energetic particles through hard scattering
processes. The interaction of these energetic particles with the medium provides a class
of unique, penetrating probes that are analogous to the method of computed tomography
(CT) in medical science.

ForpT � 5 GeV/c the observed hadron spectra in Au+ Au collisions at RHIC exhibit
the power-law falloff in cross section with increasingpT that is characteristic of pertur-
bative QCD hard-scattering processes [136]. The parameters of this power-law behavior
vary systematically with collision centrality, in ways that reveal important properties of the
matter traversed by these penetrating probes [136]. While we focus for the most part in this
section on hadrons ofpT above 5 GeV/c, we do also consider data in the intermediatepT

range down to 2 GeV/c, when those data allow more statistically robust measurements of
effects we associate with hard scattering.
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4.1. Inclusive hadron yields at highpT

There are several results to date from RHIC exhibiting large and striking effects of the
traversed matter on hard probes in central collisions. Figs. 28 and 29 show the most signifi-
cant highpT measurements made at RHIC thus far. Both figures incorporate measurements
of

√
sNN = 200 GeVp + p, d + Au and centrality-selected Au+ Au collisions at RHIC,

with the simplerp + p andd + Au systems providing benchmarks for phenomena seen in
the more complex Au+ Au collisions.

Fig. 28 showsRAB(pT ), the ratio of inclusive charged hadron yields inA + B (either
Au + Au or d + Au) collisions top + p, corrected for trivial geometric effects via scaling
by 〈Nbin〉, the calculated mean number of binary nucleon–nucleon collisions contributing
to eachA + B centrality bin:

RAB(pT ) = dNAB/dη d2pT

TABdσNN/dη d2pT

, (5)

where the overlap integralTAB = 〈Nbin〉/σpp

inelastic. A striking phenomenon is seen: large
pT hadrons in central Au+ Au collisions are suppressed by a factor≈ 5 relative to naive
(binary scaling) expectations. Conventional nuclear effects, such as nuclear shadowing of
the parton distribution functions and initial state multiple scattering, cannot account for the
suppression. Furthermore, the suppression is not seen ind + Au but is unique to Au+ Au
collisions, proving experimentally that it results not from nuclear effects in the initial state
(such as gluon saturation), but rather from the final state interaction (FSI) of hard scat-
tered partons or their fragmentation products in the dense medium generated in Au+ Au
collisions [137–140].

These dominant FSI in Au+ Au are presumably superimposed on a variety of interest-
ing initial-state effects revealed by thed + Au results. The enhancement seen in Fig. 28
in RdAu for moderatepT and mid-rapidity, known as the Cronin effect [141], is generally
attributed [142] to the influence of multiple parton scattering through cold nuclear mat-
ter prior to the hard scattering that produces the observed high-pT hadron. Other effects,
revealed by the strongrapidity-dependence ofRdAu, will be discussed in Section 4.4.

4.2. Dihadron azimuthal correlations

Fig. 29 shows seminal STAR measurements of correlations between high-pT hadrons.
The left panel shows the azimuthal distribution of hadrons withpT > 2 GeV/c relative to
a trigger hadron withptrig

T > 4 GeV/c. A hadron pair drawn from a single jet will generate
an enhanced correlation at�φ ≈ 0, as observed forp + p, d + Au and Au+ Au, with
similar correlation strengths, widths and (not shown) charge-sign ordering (the correlation
is stronger for oppositely charged hadron pairs [71]). A hadron pair drawn from back-to-
back dijets will generate an enhanced correlation at�φ ≈ π , as observed forp + p and
for d +Au with somewhat broader width than the near-side correlation peak. However, the
back-to-back dihadron correlation is strikingly, and uniquely, absent in central Au+ Au
collisions, while for peripheral Au+ Au collisions the correlation appears quite similar to
that seen inp + p andd + Au. If the correlation is indeed the result of jet fragmentation,
the suppression is again due to the FSI of hard-scattered partons or their fragmentation
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Fig. 28. Binary-scaled ratioRAB(pT ) (Eq. (5)) of charged hadron andπ0 inclusive yields from 200 GeV
Au + Au andd + Au relative to that fromp + p collisions, from BRAHMS [137] (upper left), PHENIX [138]
(upper right), PHOBOS [139] (lower left) and STAR [140] (lower right). The PHOBOS data points in the lower
left frame are ford + Au, while the solid curve represents PHOBOS central (0–6%) Au+ Au data. The shaded
horizontal bands around unity represent the systematic uncertainties in the binary scaling corrections.

Fig. 29. Dihadron azimuthal correlations at highpT . Left panel shows correlations forp + p, centrald + Au
and central Au+ Au collisions (background subtracted) from STAR [71,140]. Right panel shows the back-
ground-subtracted highpT dihadron correlation for different orientations of the trigger hadron relative to the
Au + Au reaction plane [143].
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products in the dense medium generated in Au+ Au collisions [140]. In this environment,
the hard hadrons we do see (and hence, the near-side correlation peak) would arise prefer-
entially from partons scattered outward from the surface region of the collision zone, while
the away-side partons must burrow through significant lengths of dense matter.

The qualification concerning the dominance of jet fragmentation is needed in this case,
because the correlations have been measured to date primarily for hadrons in that inter-
mediatepT range (2–6 GeV/c) where sizable differences in meson vs. baryon yields have
been observed (see Fig. 15), in contrast to expectations for jets fragmenting in vacuum. The
systematics of the meson–baryon differences in this region suggest sizable contributions
from softer mechanisms, such as quark coalescence [69]. Where the azimuthal correlation
measurements have been extended to trigger particles above 6 GeV/c, they show a similar
pattern to the results in Fig. 29, but with larger statistical uncertainties [144]. This suggests
that the peak structures in the correlations do, indeed, reflect dijet production, and that the
back-to-back suppression is indeed due to jet quenching. Coalescence processes in the in-
termediatepT range may contribute predominantly to the smooth background, with only
long-range (e.g., elliptic flow) correlations, that has already been subtracted from the data
in Fig. 29.

It remains an open challenge for the quark coalescence models to account for the ob-
served�φ distributions at moderatepT at the same time as the meson vs. baryon yield and
elliptic flow differences discussed in Section 3 (see Fig. 21 and associated discussion). Can
the size of the jet peaks seen in Fig. 29 be reconciled with the modest fragmentation contri-
butions implied by the coalescence fits nearpT ≈ 4 GeV/c (Fig. 21)? Do the jet�φ peaks
rather require substantial contributions also from recombination of a hard-scattered parton
with thermal partons from the bulk matter [72]? Are models of the latter type of con-
tributions, of constituent quark coalescence in a thermal ensemble [112] and of vacuum
fragmentation [4] mutually compatible? They would appear to contain non-orthogonal
contributions and to employ incompatible degrees of freedom. Until these questions are
successfully addressed, some ambiguity remains in physics conclusions drawn from the
intermediate-pT region, including the dihadron correlations in Fig. 29.

A more differential probe of partonic energy loss is the measurement of highpT di-
hadron correlations relative to the reaction plane orientation. The right panel of Fig. 29
shows a study from STAR of the highpT dihadron correlation from 20–60% centrality
Au + Au collisions, with the trigger hadron situated in the azimuthal quadrants centered
either in the reaction plane (“in-plane”) or orthogonal to it (“out-of-plane”) [143]. The
same-side dihadron correlation in both cases is similar to that inp + p collisions. In
contrast, the suppression of the back-to-back correlation depends strongly on the relative
angle between the trigger hadron and the reaction plane. This systematic dependence is
consistent with the picture of partonic energy loss: the path length in medium for a dijet
oriented out of the reaction plane is longer than in the reaction plane, leading to corre-
spondingly larger energy loss. The dependence of parton energy loss on path length is
predicted [4] to be substantially stronger than linear. The orientation-dependence of the
energy loss should be further affected by different rates of matter expansion in-plane vs.
out-of-plane.

The energy lost by away-side partons traversing the collision matter must appear, in or-
der to conserve transverse momentum, in the form of an excess of softer emerging hadrons.
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Fig. 30. Associated charged hadron〈pT 〉 from the away-side in 200 GeVp+p (two leftmost points) and Au+ Au
collisions at various centralities, in each case opposite a trigger hadron withpT in the 4–6 GeV/c (filled triangles)
or 6–10 GeV/c (open triangles) range [145]. The shaded band and the horizontal caps represent the systematic
uncertainties for the filled and open symbols, respectively.〈pT 〉 for inclusive hadron production in the Au+ Au
collisions is indicated by the solid curve.

An analysis of azimuthal correlations between hard andsofthadrons has thus been carried
out for both 200 GeVp + p and Au+ Au collisions [145] in STAR, as a first attempt to
trace the degree of degradation on the away side. With trigger hadrons still in the range
4 < p

trig
T < 6 GeV/c, but the associated hadrons now sought over 0.15< pT < 4 GeV/c,

combinatorial coincidences dominate these correlations, and they must be removed sta-
tistically by a careful mixed-event subtraction, with an elliptic flow correlation correction
added by hand [145]. The results demonstrate that, in comparison withp + p and periph-
eral Au+ Au collisions, the momentum-balancing hadrons opposite a high-pT trigger in
central Au+ Au are greater in number, much more widely dispersed in azimuthal angle,
and significantly softer. The latter point is illustrated in Fig. 30, showing the centrality
dependence of〈pT 〉 of the associated away-side charged hadrons in comparison to that
of the bulk inclusive hadrons. While in peripheral collisions the values of〈pT 〉 for the
away-side hadrons are significantly larger than that of inclusive hadrons, the two val-
ues approach each other with increasing centrality. These results are again subject to the
ambiguity arising from possible soft (e.g., coalescence) contributions to the observed cor-
relations, as the away-side strength shows little remnant of jet-like behavior [145]. But
again, preliminary results for higher trigger-hadronpT values, shown in Fig. 30, appear
to be consistent within larger uncertainties. If a hard-scattering interpretation framework
turns out to be valid, the results suggest that even a moderately hard parton traversing
a significant path length through the collision matter makes substantial progress toward
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equilibration with the bulk. The rapid attainment of thermalization via the multitude of
softer parton–parton interactions in the earliest collision stages would then not be surpris-
ing.

4.3. Theoretical interpretation of hadron suppression

Fig. 31 showsRCP(pT ), the binary scaled ratio of yields from central relative to pe-
ripheral collisions for charged hadrons from 200 GeV Au+ Au interactions.RCP(pT ) is
closely related toRAB(pT ), using as reference the binary-scaled spectrum from peripheral
Au + Au collisions rather thanp+p collisions. The substitution of the reference set allows
a slight extension in thepT range for which useful ratios can be extracted. The error bars at
the highestpT are dominated by statistics and are therefore, to a large extent, uncorrelated
from point to point. The suppression for central collisions is again seen to be a factor≈ 5
relative to the most peripheral collisions, and forpT � 6 GeV/c it is independent ofpT

within experimental uncertainties. Also shown in Fig. 31 are results from theoretical calcu-
lations based on pQCD incorporating partonic energy loss in dense matter (pQCD-I [146],
pQCD-II [147]) and on suppression at highpT due to gluon saturation effects (satura-
tion [149], with implications discussed further in the following subsection). The negligible
pT -dependence of the suppression at highpT is a prediction of the pQCD models [146,
147], resulting from the subtle interplay of partonic energy loss, Cronin (initial-state mul-
tiple scattering) enhancement, and nuclear shadowing. The variation in the suppression
for pT � 5 GeV/c is related to differences in suppression in this region for mesons and
baryons (see Fig. 15). It is accounted for in the pQCD-I calculation by the introduction
of an additional non-fragmentation production mechanism for kaons and protons [146].
The magnitude of the hadron suppression in the pQCD calculations is adjusted to fit the
measurements for central collisions, as discussed further below.

In order to deduce the magnitude ofpartonicenergy loss in the medium it is essential to
establish the degree to whichhadronicinteractions, specifically the interaction of hadronic
jet fragments with the medium, can at least in part generate the observed highpT phenom-
ena and contribute substantially to the jet quenching [51,151,152]. Simple considerations
already argue against this scenario. The dilated formation time of hadrons with energyEh

and massmh is tf = (Eh/mh)τf , where the rest frame formation timeτf ∼ 0.5–0.8 fm/c.
Thus, a 10 GeV/c pion has formation time∼ 50 fm/c and is unlikely to interact as a fully
formed pion in the medium. Since the formation time depends on the boost, the suppres-
sion due to hadronic absorption with constant or slowly varying cross section should turn
off with rising pT , at variance with observations (Fig. 31). A detailed hadronic transport
calculation [51] leads to a similar conclusion: the absorption of formed hadrons in the
medium fails by a large factor to account for the observed suppression. Rather, this cal-
culation attributes the suppression to ad hoc medium interactions of “pre-hadrons” with
short formation time and constant cross section. The properties of these “pre-hadrons” are
thus similar to those of colored partons [51], and not to the expected color transparency of
hadronic matter to small color singlet particles that might evolve into normal hadrons [52].

Additional considerations of the available highpT data [53] also support the conclusion
that jet quenching in heavy ion collisions at RHIC is the consequence of partonic energy
loss. In particular, largev2 values observed at highpT and the systematics of the small-
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Fig. 31. Binary-scaled yield ratioRCP(pT ) for central (0–5%) relative to peripheral (40–60%, 60–80%) colli-
sions for charged hadrons from 200 GeV Au+ Au collisions [150]. The shaded bands show the multiplicative
uncertainty of the normalization ofRCP(pT ) relative to binary collision and participant number scaling.

angle dihadron correlations are difficult to reconcile with the hadronic absorption scenario.
While further theoretical investigation of this question is certainly warranted, we conclude
that there is no support in the data forhadronicabsorption as the dominant mechanism
underlying the observed suppression phenomena at highpT , and we considerpartonic
energy loss to be well established as its primary origin. It is conceivable that there may
be minor hadronic contributions from the fragments of soft gluons radiated by the primary
hard partons during their traversal of the collision matter. In any case, we emphasize that
while the jet quenching results seem to favor partons over hadronslosingenergy, they do
not allow any direct conclusion regarding whether the energy is lostto partonic or hadronic
matter.

The magnitude of the suppression at high-pT in central collisions is fit to the data in
the pQCD-based models with partonic energy loss, by adjusting the initial gluon density of
the medium. The agreement of the calculations with the measurements atpT > 5 GeV/c

is seen in Fig. 31 to be good. In order to describe the observed suppression, these models
require an initial gluon density about a factor 50 greater than that of cold nuclear matter
[146–148]. This is the main physics result of the highpT studies carried out at RHIC to
date. It should be kept in mind that the actual energy loss inferred for the rapidly expanding
Au + Au collision matter is not very much larger than that inferred for static, cold nuclear
matter from semi-inclusive deep inelastic scattering data [57]. But in order to account
for this slightly larger energy lossdespitethe rapid expansion, one infers the much larger
initial gluon density at the start of the expansion [146,147]. Certainly, then, the quantitative
extraction of gluon density is subject to uncertainties from the theoretical treatment of the
expansion and of the energy loss of partons in the entrance-channel cold nuclear matter
before they initially collide.
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The gluon density derived from energy loss calculations is consistent with estimates
from the measured rapidity density of charged hadrons [153] using the Bjorken scenario
[84], assuming isentropic expansion and duality between the number of initial gluons and
final charged hadrons. Similar values are also deduced under the assumption that the ini-
tial state properties in central Au+ Au RHIC collisions, and hence the measured particle
multiplicities, are determined by gluon–gluon interactions below the gluon density satu-
ration scale in the initial-state nuclei [66]. Additionally, the energy density is estimated
from global measurements of transverse energy (see Section 3.1) to be of order 50–100
times that in cold nuclear matter, consistent with the values inferred from hydrodynamics
accounts of measured hadron spectra and flow. The consistency among all these estimates,
though only semi-quantitative at present, is quite significant. These inferred densities fall
well into the regime where LQCD calculations predict equilibrated matter to reside in the
QGP phase.

4.4. Rapidity-dependence of highpT hadron yields ind + Au collisions

It had been proposed recently [149] that gluon saturation effects can extend well be-
yond the saturation momentum scaleQs , resulting in hadron suppression relative to binary
scaling (RAB(pT ) < 1) for pT ∼ 5–10 GeV/c mid-rapidity hadron production at RHIC
energies, in apparent agreement with the data in Fig. 31. However, since this predicted
suppression originates in the properties of the incoming nuclear wave function, hadron
production ind + Au collisions should also be suppressed by this mechanism [149]. Ex-
perimentally, anenhancementin mid-rapidity hadron production ind + Au is seen instead
(Fig. 28 [137–140]), even in centrald +Au collisions [140] where saturation effects should
be most pronounced. The observed enhancement is at variance with saturation model ex-
pectations at highpT [149].

However, at large rapidities in the deuteron direction, a suppression of the highestpT

hadrons studied is indeed observed ind + Au collisions, as revealed by the results from
the Brahms experiment in Fig. 32 [154]. This is not true of large rapidities in the Au direc-
tion [157,158]. This distinct behavior is consistent with gluon saturation models, as seen
by the fits [156] to these results in Fig. 32. High-pT hadrons produced at small angles
with respect to the deuteron beam arise preferentially from asymmetric partonic collisions
involving gluons at low Bjorkenx in the Au nucleus. (For example, in a next-to-leading
order leading-twist perturbative QCD calculation, the meanx-value of partons probed in
the Au nucleus has been found to be 0.03–0.05 when selecting on hadrons atη = 3.2 and
pT = 1.5 GeV/c [155]. Note, however, that such a calculation may have limited validity in
the regime of strong gluonic fields.) It is precisely at lowx in heavy nuclei that gluon sat-
uration, and the resultant suppression in high-pT hadron production, should set in. Thus,
gluon saturation models predicted the qualitative behavior of increasing suppression with
increasing rapidity in the deuteron direction before the experimental results became avail-
able [159], although parameter values had to be tuned after the fact [156] to adjust the
saturation scale to obtain the fits shown in Fig. 32.

At the moderatepT values kinematically accessible at large pseudorapidity, one may
worry legitimately that softer hadron production mechanisms (e.g., quark recombination)
and initial-state multiple scattering of partons before hard collisions complicate the inter-
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Fig. 32. The ratioRCP of binary-scaled central to peripheral hadron yields ford + Au collisions at√
sNN = 200 GeV, plotted as a function ofpT for four different pseudorapidity bins, centered atη = 0, η = 1,

η = 2.2 andη = 3.2. The measurements are from the Brahms Collaboration [154], for all charged hadrons (neg-
ative hadrons only) in the case of the former (latter) twoη bins. The curves represent gluon saturation model fits
from [156]. The filled circles and solid curves compare yields in the 0–20% to 60–80% centrality bins, while the
open circles and dashed curves compare 30–50% to 60–80% . The figure is taken from Ref. [156].

pretation of thed + Au results. The same basic suppression of hadrons in the deuteron,
relative to the Au, direction can be seen extending to higherpT in the mid-rapidity back-
ward/forward yield ratios from STAR [158], shown in Fig. 33. The same gluon saturation
model calculations [156] shown in Fig. 32 are seen in Fig. 33 to be qualitatively, but not
quantitatively, consistent with the observed dependences of the hadron yields on pseudo-
rapidity,pT and centrality. In particular, both measurements and calculations suggest that
the mid-rapidity suppression fades away at transverse momenta above 5–6 GeV/c, as one
probes higher-x partons in the Au nucleus.

The results in Figs. 32 and 33 represent the strongest evidence yet available for the
applicability of color glass condensate concepts within the kinematic range spanned by
RHIC collisions. Nonetheless, more mundane origins of this forward hadron suppression
in d + Au have not been ruled out. Di-hadron correlation measurements involving these
forward hadrons ind + Au collisions may help to distinguish between CGC and other
explanations [160]. A critical characteristic of the CGC is that it can be treated as a classical
gluon field. Forward hadrons that result from the interaction of a quark from the deuteron
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Fig. 33. Comparison of STAR measurements [158] with gluon saturation model calculations [156] for backward
(Au side) to forward (d side) charged hadron yield ratios at mid-rapidity ind +Au collisions at

√
sNN = 200 GeV.

Results are shown as a function of hadronpT for two different pseudorapidity ranges, (a) 0.5 < |η| < 1.0 and (b)
0.0 < |η| < 0.5, and three different centrality ranges. Centrality is determined experimentally from the measured
charged particle multiplicity in the forward Au direction, for−3.8 < η < −2.8. Figure is taken from Ref. [158].

beam with this gluon field may have their transverse momentum balanced not by a single
recoiling parton (and therefore a jet), but rather by a number of relatively soft hadrons
with a much more smeared angular correlation than is characteristic of di-jet processes.
Such a “mono-jet” signature would not be expected from more conventional sources of
shadowing of gluon densities in the Au nucleus [161], which still allow individual quark–
gluon, rather than quark–gluon field, scattering. On the other hand, kinematic limits on
the accessiblepT values for forward hadrons imply that one is dealing, even in a di-jet
framework, with unconventional away-side jets of only a few GeV/c [162]. In this regime,
a suitable reference is needed, usingp + p or d + A with a sufficiently light nucleus A to
place the contributing partonx-range above the anticipated gluon saturation regime. The
discriminating power of di-hadron correlations for CGC mono-jets must be demonstrated
by modifications ind + Au with respect to this reference.
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4.5. Outlook

While large effects have been observed and the phenomenon of jet quenching in dense
matter has been firmly established, precision data in a larger-pT range are needed to fully
explore the jet quenching phenomena and their connection to properties of the dense mat-
ter. The region 2< pT < 6 GeV/c has significant contributions from non-perturbative
processes other than vacuum fragmentation of partons, perhaps revealing novel hadroniza-
tion mechanisms. Most studies to date of azimuthal anisotropies and correlations of “jets”
have by necessity been constrained to this region, with only the inclusive spectra extend-
ing to the range where hard scattering is expected to dominate the inclusive yield. High
statistics data sets for much higherpT hadrons are needed to fully exploit azimuthal asym-
metries and correlations as measurements of partonic energy loss. Dihadron measurements
probing the details of the fragmentation process may be sensitive to theenergydensity, in
addition to the gluon density that is probed with the present measurements. Heavy quark
suppression is theoretically better controlled, and measurement of it will provide a criti-
cal check on the understanding of partonic energy loss. Thedifferential measurement of
energy loss through measurement of the emerging away-side jet and the recovery of the
energy radiated in soft hadrons is still in its initial phase of study. A complete mapping
of the modified fragmentation with larger initial jet energy and with a direct photon trig-
ger will crosscheck the energy dependence of energy loss extracted from single inclusive
hadron suppression. Experiments at different colliding energies are also useful to map the
variation of jet quenching with initial energy density and the lifetime of the dense system.

At the same time as we extend thepT range for jet quenching studies on the high side,
it is crucial also to pursue further (particle-identified) hadron correlation measurements in
the soft sector, in order to understand better how jets are modified by interactions with
the dense bulk matter. Measurements such as those presented in Figs. 25 and 30 are just
beginning to illuminate the processes leading to thermalization of parton energy. The prop-
erties of particles that have been substantially degraded, but not completely thermalized,
by passage through the bulk may provide particularly fertile ground for exposing possible
fundamental modifications (e.g., symmetry violations or restoration) of strong interactions
in RHIC collision matter.

5. Some open issues

It should be clear from the detailed discussions of experimental and theoretical results
in the preceding sections that some open questions need to be addressed before we can
judge the evidence in favor of QGP formation at RHIC to be compelling. In this section
we collect a number of such open questions for both experiment and theory. Convincing
answers to even a few of these questions might tip the balance in favor of a QGP discovery
claim. But even then, it will be important to address the remaining questions to solidify our
understanding of the properties of the matter produced in RHIC collisions.

Lattice QCD calculations suggest that a confined state is impossible in bulk, thermody-
namically equilibrated matter at the energy densities apparently achieved at RHIC. Indeed,
several experimental observations areconsistentwith the creation of deconfined matter.
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However, a discovery as important as the observation of a fundamentally new state of mat-
ter surely demands proof beyond circumstantial evidence for deconfinement. Can we do
better?

One response that has been offered is that the EOS of strongly interacting matter is al-
ready known from lattice QCD calculations, so that only the conditions initially attained
in heavy-ion collisions, and the degree of thermalization in the matter produced, are open
to doubt. Such a view tends to trivialize the QGP search by presuming the answer. In-
deed, an important aspect of the original motivation for the experimental program at RHIC
was to explore the equation of state of strongly interacting matter under these extreme
conditions of energy density. Lattice QCD, in addition to its technical difficulties and atten-
dant numerical uncertainties, attempts to treat bulk, static, thermodynamically equilibrated
quark–gluon systems. The relationship of such idealized matter to the finite, rapidly evolv-
ing systems produced in relativistic heavy-ion collisions is not a priori clear. One would
prefer, then, to take LQCD calculations as guideposts to the transition properties to search
for experimentally, but not as unassailable truth. On the other hand, there are sufficient
complexities in the theoretical treatment of heavy-ion collisions that one would like to ap-
ply all credible constraints in parameterizing the problem. This dichotomy leads to our first
question:

• To what extent should LQCD results be used to constrain the equations of state con-
sidered in model treatments of RHIC collisions? How does one allow for independent
checks of the applicability of LQCD to the dynamic environment of a RHIC collision?

Experimentally, to verify the creation of a fundamentally new state of matter at RHIC
one would like crosschecks demonstrating that the matter behaves qualitativelydifferently
than “normal” (hadronic) matter in a system known or believed to be in a confined state.
Although such a demonstration might be straightforward in bulk matter, it becomes an
enormous challenge with the limited experimental control one has over thermodynamic
variables in heavy-ion collisions. The finite size and lifetime of the matter produced in
the early collision stages, coupled with the absence of global thermal equilibrium and of
measurements (to date) of local temperature, all work to obscure the hallmark of QGP
formation predicted by lattice QCD: a rapid transition around a critical temperature leading
to deconfinement and, quite possibly, chiral symmetry restoration (the latter considered
here as a sufficient, but not necessary, QGP manifestation). Given these complications, the
underlying challenge to theory and experiment is:

• Can we make a convincing QGP discovery claim without clear evidence of a rapid
transition in the behavior of the matter produced? Can we devise probes with sufficient
sensitivity to early, local system temperature to facilitate observation of such an onset
at RHIC? Can we predict, based on what we now know from SPS and RHIC collisions,
at what energies or under what conditions we might produce matter below the critical
temperature, and which observables from those collisions should not match smoothly
to SPS and RHIC results?
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At the most basic level, it is conceivable that there is no rapid deconfinement transition
in nature (or at least in the matter formed fleetingly in heavy-ion collisions), but rather a
gradual evolution from dominance of hadronic toward dominance of partonic degrees of
freedom. It is not yet clear that we could distinguish such behavior of QCD matter from the
blurring of a well-defined QGP transition by the use of tools with insufficient resolution or
control.

5.1. What experimental crosschecks can be performed on apparent QGP signatures at
RHIC?

Below we briefly discuss some of the key observations that underlie theoretical claims
[6–8] that deconfined matter has been produced at RHIC, and ask what crosschecks might
be carried out to test this hypothesis.

5.1.1. Jet quenching
As discussed in Section 4, inclusive hadron spectra and two-particle azimuthal correla-

tions at moderate and highpT clearly demonstrate that jets are suppressed in central RHIC
Au + Au collisions, relative to scaledNN collisions. The lack of suppression (indeed, the
enhancement, due to the Cronin effect) ind + Au collisions at RHIC provides a critical
crosscheck that the quenching is not an initial-state effect. Measurements with respect to
the event reaction plane orientation (see Fig. 29) provide another important crosscheck,
demonstrating that the magnitude of the suppression depends strongly on the amount of
matter traversed. Such jet quenching was first predicted [46] within the framework of par-
ton energy loss in traversing a QGP. However, more recent theoretical work [58] casts
doubt that deconfinement of the medium is essential to the phenomenon, or would be man-
ifested clearly in the energy-dependence of quenching. Nonetheless, experimental hints of
a possibly interesting energy dependence to quenching phenomena should be pursued as a
potential crosscheck on formation of a new state of matter.

Moderate-pT (up to 4 GeV/c) yields from Pb–Pb collisions at the SPS [163] appear
to show an enhancement over a scaledparameterizedp–p reference spectrum. However,
questions raised about thep–p parameterization [164], combined with the unavailability of
measurements constraining the initial-state (Cronin) enhancement at these energies, leave
open the possibility that even at SPS, jets in centralA + A collisions may turn out to
be suppressedrelative to expectations. Indeed, the data in [163] do demonstrate hadron
suppression in central relative to semi-peripheral collisions. Also, it is unclear whether the
suppression of away-side two-particle correlations out of the reaction plane, observed at
RHIC (see Fig. 29), might be of similar origin as the away-side out-of-plane broadening
observed at the SPS [103]. These ambiguities are amplified by the limitedpT range covered
in SPS measurements, spanning only a region where RHIC results suggest that hard parton
scattering and fragmentation may not yet be the dominant contributing hadron production
mechanism. These observations lead to the following question:

• Is there a qualitative change in the yield of high-pT hadrons inA + A collisions
between SPS and RHIC energies? Or does hadron suppression rather evolve smoothly
with energy, reflecting a gradual growth in initial gluon density and parton energy
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loss? Is it feasible to make meaningful measurements of hard probes at sufficiently low
collision energy to test for the absence or gross reduction of jet quenching in matter
believed to be in a hot hadronic (i.e., confined) gas state?

5.1.2. Constituent-quark scaling of yields and anisotropies
The baryonvs. meson systematics ofRCP (Fig. 15) and the apparent scaling of el-

liptic flow with the number of constituent quarks (Fig. 20) in the intermediatepT range
strongly suggest collective behavior at a pre-hadronic level, a necessary aspect of QGP
formation and thermalization in heavy-ion collisions. Once again, one would like to ob-
serve theabsenceof this behavior for systems in which QGP is not formed. High-quality,
particle-identified elliptic flow data do not yet exist at SPS (or lower) energies in thispT

region.

• Should constituent-quark scaling ofv2 in the intermediatepT sector be broken if a
QGP is not formed? If so, is an appropriate statistically meaningful, particle-identified
measurement ofv2 at intermediatepT feasible at

√
sNN below the QGP formation

threshold?

Alternatively, we could seek to establish the role of constituent quarks more convinc-
ingly by additional predictions of the quark coalescence models introduced to characterize
this intermediatepT region. For this purpose it may be helpful to integrate the coalescence
models with other (e.g., gluon saturation or hydrodynamics) models that might serve to
constrain the anticipated initial conditions and coalescence parameters as a function of
centrality or collision energy.

• Coalescence models have provided a simple ansatz to recognize the possible impor-
tance of constituent quark degrees of freedom in the hadronization process inA + A

collisions at RHIC, and to suggest that these constituent quarks exhibit collective flow.
Once model parameters have been adjusted to account for the observed ratios of yields
and elliptic flow strengths for baryons vs. mesons, can integration of key features from
other models enhance predictive power? For example, can the centrality-dependence
of these ratios, or meson vs. baryon correlations (angular or otherwise) at moderate
pT be predicted?

5.1.3. Strong elliptic flow in agreement with hydrodynamics
In contrast to the above signatures, which require access to moderate-to-highpT values,

observables in the soft sector have already been extensively explored, even from Bevalac
energies. The only soft-sector observable selected as a “pillar” of the QGP claim at RHIC,
in Ref. [6], is the strong elliptic flow, whose magnitude, mass andpT -dependence for
mid-central collisions are in reasonable agreement with expectations based on ideal hydro-
dynamic flow (see Fig. 18). Furthermore, the agreement appears better for an equation of
state that includes passage through a phase transition from partonic to hadronic matter.

This success leads to the claim [3,6] that the elliptic flow has finally, in near-central
collisions at RHIC energies, reached the ideal hydrodynamic “limit”, suggesting creation
of equilibrated, low-viscosity matter at an early stage in the collision (when geometric
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Fig. 34. (a) Energy dependence of elliptic flow measured near mid-rapidity for mid-central collisions (∼ 12–34%
of the geometric cross section) ofA ∼ 200 nuclei at the AGS, SPS and RHIC. (b) Mid-rapidity elliptic flow
measurements from various energies and centralities combined in a single plot ofv2 divided by relevant initial
spatial eccentricity vs. charged-particle rapidity density per unit transverse area in theA + A overlap region. The
figures, taken from Ref. [100], highlight the smooth behavior of flow vs. energy and centrality. The rightmost
points represent near-central STAR results, where the observedv2/ε ratio becomes consistent with limiting hy-
drodynamic expectations for an ideal relativistic fluid. The hydrodynamic limits are represented by horizontal
lines [100] drawn for AGS, SPS and RHIC energies (from left to right), for one particular choice of EOS that
assumes no phase transition in the matter produced.

anisotropy is still large). However, the results from many experiments clearly indicate a
smoothly risingv2(

√
sNN ), while the hydrodynamic limit for given initial spatial eccen-

tricity and fixed EOS is falling with increasing energy (see Fig. 34). It is thus unclear
from the available data whether we are observing at RHIC the interesting onset of satura-
tion of a simple physical limit particularly relevant to QGP matter, or rather an accidental
crossing point of experiment with a necessarily somewhat simplified theory. It is of ma-
jor significance that ideal hydrodynamics appears to work at RHIC for the first time. This
conclusion—and in particular the evidence for an equation of state containing a phase
change—would be much strengthened if the hydrodynamic limit were demonstrated to be
relevant as well under conditions far removed from those in RHIC measurements to date.
Future measurements in central collisions of heavier and highly deformed nuclei (e.g.,
U + U [3]) possible after a planned upgrade of the ion source for RHIC, or at significantly
lower or higher energy (the latter awaiting LHC turn-on) will provide the possibility of
additional crosschecks of this important conclusion.

• Is the ideal hydrodynamic limit for elliptic flow relevant to heavy-ion collisions over a
broad range of conditions, within which near-central Au+ Au collisions at full RHIC
energy represent merely a first “sighting”? Willv2 at LHC energies surpass the hydro-
dynamic limit? Is thermalization likely to be sufficiently established in collisions below
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√
sNN ≈ 100GeV to permit meaningful tests of hydrodynamics? If so, will measure-

ments at lower RHIC energies reveal a non-trivial energy dependence ofv2, such as
that predicted in Fig. 7 by ideal hydrodynamics incorporating a phase transition? Can
one vary the initial spatial eccentricity of the bulk matter independently of central-
ity and degree of thermalization, via controlled changes in the relative alignment of
deformed colliding nuclei such as uranium?

5.1.4. Dependence of observables on system size
The above questions focused on excitation function measurements, which traditionally

have played a crucial role in heavy-ion physics. It is also desirable to explore the appear-
ance and disappearance of possible QGP signatures as a function of system size. To date,
system size variations have been examined at RHIC primarily via the centrality dependence
of many observables. A number of variables have been observed to change rapidly from the
most peripheral to mid-peripheral collisions, and then to saturate for mid-central and cen-
tral collisions. Examples of this type of behavior include: the strength (IAA in Ref. [71])
and�η width (Fig. 25) of near-side di-hadron correlations; the ratio of measuredv2 to
the hydrodynamic limit for relevant impact parameter [105]; the strangeness saturation pa-
rameterγs deduced from statistical model fits to measured hadron yield ratios (inset in
Fig. 12) [86]. Do these changes reflect a (QGP) transition with increasing centrality in the
nature of the matter first produced, or merely the gradual growth in importance of hadronic
initial- and final-state interactions, and in the degree of thermalization achieved, as the
number of nucleon participants increases? One’s answer to this question may depend on
how rapid the variation with centrality appears, but this in turn depends on what measure
one uses for centrality, as emphasized in the lower frames of Fig. 25.

As the centrality changes for given colliding nuclei, so, unavoidably, does the initial
shape of the overlap region. In order to unravel the influence of different initial conditions
on the evolution of the matter formed in heavy-ion collisions, it will be important to mea-
sure as well the dependence of observables such as those above on the size of the colliding
nuclei.

• Do RHIC measurements as a function of centrality already contain hints of the onset of
QGP formation in relatively peripheral regions? Will future measurements for lighter
colliding nuclei permit more definitive delineation of these apparently rapid changes
with system size?

5.2. Do the observed consistencies with QGP formation demand a QGP-based
explanation?

Because it is difficult to control the degree of thermalization achieved in heavy-ion colli-
sions, and to measure directly the temperature at which it is initially achieved, it is possible
that none of the crosschecks discussed in the preceding subsection for RHIC energies and
below may provide definitive experimental resolution concerning QGP formation. In this
case, our reliance on the comparison with theory would be significantly increased, and the
questions posed below become especially important. Here, we question theuniquenessof
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a QGP-based explanation. In other words, do the datademanda scenario characterized by
thermalized, deconfined matter?

5.2.1. Strong elliptic flow
The hydrodynamic overestimate of elliptic flow at energies below RHIC has been at-

tributed either to a failure to achieve complete thermalization in those collisions [3] or to
their earlier transition to a viscous hadronic phase [6]. These interpretations suggest that
the observed energy-dependence of flow (Fig. 34) is dominated by the complex dynamics
of early thermalization and late hadronic interactions. While application of hydrodynamics
relies on local thermal equilibrium, it is not obvious that agreement with data after parame-
ter adjustment necessarily proves thermalization. The following question is posed in this
light.

• The unprecedented success of hydrodynamics calculations assuming ideal relativistic
fluid behavior in accounting for RHIC elliptic flow results has been interpreted as ev-
idence for both early attainment of local thermal equilibrium and an equation of state
with a soft point, characteristic of the predicted phase transition. How do we know that
the observed elliptic flow cannot result, alternatively, from a harder EOS coupled with
incomplete or late thermalization and/or significant viscosity in the produced matter?

Even if weassumethermalization (and hence the applicability of hydrodynamics), it is
clear that a complete evaluation of the “theoretical error bars” has yet to be performed.
When parameters are adjusted to reproduce spectra, agreement withv2 measurements
in different centrality bins is typically at the 20–30% level. The continuing systematic
discrepancies from HBT results, and from the energy dependence of elliptic flow when
simplified freezeout parameterizations are applied, suggest some level of additional am-
biguity from the treatment of late-stage hadronic interactions and from possibly faulty
assumptions of the usual hydrodynamics calculations (see Section 2.2). When theoretical
uncertainties within hydrodynamics are fairly treated, does a convincing signal for an EOS
with a soft point survive?

• The indirect evidence for a phase transition of some sort in the elliptic flow results
comes primarily from the sensitivity in hydrodynamics calculations of the magnitude
and hadron mass-dependence ofv2 to the EOS. How does the level of this EOS sensi-
tivity compare quantitatively to that of uncertainties in the calculations, gleaned from
the range of parameter adjustments, from the observed deviations from the combi-
nation of elliptic flow, spectra and HBT correlations, and from the sensitivity to the
freezeout treatment and to such normally neglected effects as viscosity and boost non-
invariance?

5.2.2. Jet quenching and high gluon density
The parton energy loss treatments do not directly distinguish passage through confined

vs. deconfined systems. Although effects of deconfinement must exist at some level, e.g.,
on the propagation of radiated soft gluons, their inclusion in the energy loss models might
well be quantitatively masked by other uncertainties in the calculations. Evidence of de-
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confinement must then be indirect, via comparison of the magnitude of inferred gluon or
energy densities early in the collision to those suggested by independent partonic treat-
ments such as gluon saturation models. The actual energy loss inferred from fits to RHIC
data, through the rapidly expanding collision matter, is only slightly larger than that indi-
cated through static cold nuclei by fits to semi-inclusive deep inelastic scattering data. The
significance of the results is then greatly magnified by the correction to go from the expand-
ing collision matter to an equivalent static system at the time of the initial hard scattering.
The quantitative uncertainties listed in the question below will then be similarly magnified.
What, then, is a reasonable guess of the range of initial gluon or energy densities that can
be accommodated, and how does one demonstrate that those densities can only be reached
in a deconfined medium?

• Does the magnitude of the parton energy loss inferred from RHIC hadron suppression
observationsdemand an explanation in terms of traversal through deconfined matter?
The answer must take into account quantitative uncertainties in the energy loss treat-
ment arising, for example, from the uncertain applicability of factorization in-medium,
from potential differences (other than those due to energy loss) between in-medium and
vacuum fragmentation, and from effects of the expanding matter and of energy loss of
the partons through cold matter preceding the hard scattering.

Gluon saturation models set a QCD scale for anticipated gluon densities, that can then
be compared to values inferred from parton energy loss treatments, modulo the questions
asked above and below. An important question, given that RHIC multiplicity data are
used as input to the models (e.g., to fix the proportionality between gluon density and
hadron yields) is whether they provide information truly independent from the initial en-
ergy density inferred via the simple Bjorken hydrodynamic expansion scenario (Eq. (4))
from measured rapidity densities of transverse energy.

• If there is a truly universal gluon density saturation scale, determined already from
HERAe–p deep inelastic scattering measurements, why cannot RHICA + A particle
multiplicities be predicted a priori without input from RHIC experimental data? Is not
the A- (orNpart-) dependence of the gluon densities at the relevant Bjorkenx-ranges
predicted in gluon saturation treatments? Can saturated entrance-channel gluon den-
sities in overlapping cold nuclei be directly compared to the early gluon densities in
thermalized hot matter, inferred from parton energy loss treatments of jet quenching?

6. Overview and outlook

6.1. What have we learned from the first three years of RHIC measurements?

Already in their first three years, all four RHIC experiments have been enormously
successful in producing a broad array of high-quality data illuminating the dynamics of
heavy-ion collisions in a new regime of very high energy densities. STAR, in particular,
has established a number of seminal, striking results highlighted in Sections 3 and 4 of this
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Fig. 35. Measured mid-rapidity charged particle densities, scaled by the calculated number of participant nucle-
ons, for central collisions ofA ∼ 200 nuclei at AGS, SPS and RHIC, plotted as a function of the center-of-mass
energy. Results for̄p + p collisions are shown for comparison. Figure from [80].

document. In parallel, there have been significant advances in the theoretical treatment of
these collisions. The theory-experiment comparison indicates that central Au+ Au colli-
sions at RHIC produce a unique form of strongly interacting matter, with some dramatic
and surprisingly simple properties. A number of the most striking experimental results
have been described to a reasonable quantitative level, and in some cases even predicted
beforehand, using theoretical treatments inspired by QCD and based on QGP formation in
the early stages of the collisions.

The observed hadron spectra and correlations at RHIC reveal three transverse momen-
tum ranges with distinct behavior: a soft range (pT � 1.5 GeV/c) containing the vast
majority of produced hadrons, representing most of the remnants of the bulk collision
matter; a hard-scattering range (pT � 6 GeV/c), providing partonic probes of the early
collision matter; and an intermediate range (1.5� pT � 6 GeV/c) where hard processes
coexist with softer ones. The behavior in each of these ranges is quite different than would
be expected from an incoherent sum of independent nucleon–nucleon collisions; for the
hard sector, in particular, this is one of the most important new observations at RHIC. Be-
low we summarize the major findings described in earlier sections within each of these
three ranges, in each case listing them in approximate decreasing order of what we judge
to be their level of robustness with respect to current experimental and theoretical am-
biguities. This is not intended necessarily to represent order of importance, as some of
the presently model-dependent conclusions are among the strongest arguments in favor of
QGP formation.

6.1.1. Soft sector
• The matter produced exhibitsstrong collective flow: most hadrons at low-pT reflect

a communal transverse velocity field resulting from conditions early in the collision,
when the matter was clearly expanding rapidly under high, azimuthally anisotropic,
pressure gradients and frequent interactions among the constituents. The commonality
of the velocity is clearest from the systematic dependence of elliptic flow strength on
hadron mass at low-pT (see Fig. 18), from the common radial flow velocities extracted
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Fig. 36. Energy dependence of HBT parameters extracted from pion pair correlations in centralA+A (A ∼ 200)
collisions at mid-rapidity and pairkT ≈ 0.2 GeV/c. The data span the AGS, SPS and RHIC. Figure from [166].

by fitting observed spectra (Fig. 14), and from the measurements of HBT and non-
identical particle correlations [120]. All of these features fit naturally, at least in a
qualitative way, within a hydrodynamic description of the system evolution.

• Most bulk properties measured appear to fall on quite smooth curves with similar
results from lower-energy collisions. Examples shown include features of integrated
two-hadronpT correlations (Fig. 24), elliptic flow (Fig. 34), charged particle density
(Fig. 35) and emitting source radii inferred from HBT analyses (Fig. 36). Similarly,
the centrality-dependences observed at RHIC are generally smooth (but see Fig. 25
for a possible exception). These experimental results contrast with theoretical specula-
tions and predictions made before RHIC start-up, which often [11,30,165] suggested
strong energy dependences accompanying the hadron-to-QGP transition. The observed
smooth general behavior has been primarily attributed to the formation of matter over
a range of initial local conditions, even at a given collision energy or centrality, and
to the absence of any direct experimental determination of early temperature. In any
case, the results clearly highlightthe difficulty of observing any rapid “smoking-gun”
onset of a transition to a new form of matter.

• Despite the smoothness of the energy and centrality dependences, two important mile-
stones related to the attainment of thermal equilibrium appear to be reached for the first
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time in near-central RHIC collisions at or near full energy. The first is thatthe yields of
different hadron species,up to and including multi-strange hadrons, become consis-
tent with a grand canonical statistical distributionat a chemical freezeout temperature
of 163± 5 MeV and a baryon chemical potential≈ 25 MeV (see Fig. 12). This result
places an effective lower limit on the temperatures attained if thermal equilibration is
reached during the collision stages preceding this freezeout. This lower limit isessen-
tially equal to the QGP transition temperature predicted by lattice QCD calculations
(see Fig. 1).

• At the same time (i.e., for near-central RHIC collisions) the mass- andpT -dependence
of the observed hadron spectra and of the strong elliptic flow in the soft sector be-
comeconsistent, at the±20–30% level, with hydrodynamic expectations for anideal
relativistic fluid formed with an initial eccentricity characteristic of the impact para-
meter. These hydrodynamic calculations have not yet succeeded in also quantitatively
explaining the emitting hadron source size inferred from measured HBT correlations
(see Fig. 22). Nonetheless, their overall success suggests that the interactions among
constituents in the initial stages of these near-central collisions are characterized by
very short mean free paths, leading toquite rapid (τ � 1 fm/c) attainment of at least
approximate local thermal equilibrium. The short mean free path in turn suggests a
very dense initial system.

• Based on the rapid attainment of thermal equilibrium, and making the assumption of
longitudinal boost-invariant expansion, one can extract [84] a rough lower bound on
the initial energy density from measured rapidity densities [81,83] of the total trans-
verse energy (dET /dy) produced in the collisions. These estimates suggest that in
central Au+ Au collisions at RHIC,matter is formed at an initial energy density well
above the critical density(∼ 1.0 GeV/fm3) predicted by LQCD for a transition to the
QGP.

• Measurements of two-hadron angular correlations and of the power spectrum of lo-
cal charged-particle density fluctuations reveal strong near-side correlations surviving
in the soft sector, reminiscent of jet-like behavior in some aspects, but with a strong
pseudorapidity broadening introduced by the presence of the collision matter. The ob-
served structure (see Fig. 25) suggests thatsoft jet fragments are not fully thermalized
with the bulk matter, but nonetheless show the effects of substantial coupling to that
matterin a considerable broadening of the jet “peak” in pseudorapidity difference be-
tween two hadrons.

• Hydrodynamics calculations are best able to reproduce RHIC results for hadron spec-
tra and the magnitude and mass-dependence of elliptic flow (Fig. 18) by utilizingan
equation of state incorporating a soft LQCD-inspired phase transition from QGP to
hadronic matter. However, the calculations also exhibit comparable sensitivity to other
a priori unknown features, e.g., the details of the hadronic final-state interactions and
the time at which thermal equilibrium is first attained. In light of these competing sen-
sitivities, it is not yet clear if the experimental results trulydemandan EOS with a soft
point.
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6.1.2. Intermediate sector
• In the intermediate-pT range, the elliptic flow strengthv2 saturates and we see sys-

tematic meson vs. baryon differences (rather than a systematic mass-dependence) in
both yield (see Fig. 15) andv2 value (Fig. 20). In the same region we also observe
clear jet-like angular correlation peaks in the near-side azimuthal difference distribu-
tions between pairs of hadrons (see Fig. 29). The most natural interpretation for this
combination of characteristics is thatthe intermediate-pT yield arises from a mix-
ture of partonic hard-scattering (responsible for the jet-like correlations) and softer
processes (responsible for the meson–baryon differences).

• The saturatedv2 values appear to scale with the number of constituent (or valence)
quarksn in the hadron studied, i.e.,v2/n vs.pT /n falls on a common curve for mesons
and baryons (see Fig. 20). If this trend persists as the particle-identified intermediate-
pT data are improved in statistical precision for a suitable variety of hadron types,
it would provide direct experimental evidence for the relevance of sub-hadronic de-
grees of freedom in determining flow for hadrons produced at moderatepT in RHIC
collisions.

• Quark recombination models are able to provide a reasonable account of the observed
meson and baryon spectra, as well as thev2 systematics, in the intermediate sector by
a sum of contributions from coalescence of thermalized constituent quarks following
an exponentialpT spectrum and from fragmentation of initially hard-scattered par-
tons with a power-law spectrum[70]. It is not yet clear if the same mixture can also
account quantitatively for the azimuthal dihadron correlation (including background
under the jet-like peaks) results as a function ofpT . Other models [69,72] mix the
above contributions by also invoking recombination of hard-scattered with thermal
partons.

6.1.3. Hard sector
• The dominant characteristic of the hard regime isthe strong suppression of hadron

yields in central Au+ Au collisions, in comparison to expectations fromp + p or
peripheral Au+ Au collisions, scaled by the number of contributing binary (nucleon–
nucleon) collisions (see Fig. 31). Such suppression sets in already in the intermediate
sector, but saturates and remains constant as a function ofpT throughout the hard
region explored to date. Such suppression was not seen ind + Au collisions at RHIC,
indicating that it isa final-state effect associated with the collision matter produced in
Au+ Au. It is consistent with effects of parton energy loss in traversing dense matter,
predicted before the data were available [146,147].

• Azimuthal correlations of moderate- (see Fig. 29) and high-pT [144] hadrons ex-
hibit clear jet-like peaks on the near side. However,the anticipated away-side peak
associated with dijet production is suppressedby progressively larger factors as the
Au + Au centrality is increased, and for given centrality, as the amount of (azimuthally
anisotropic) matter traversed is increased (see Fig. 29). Again, no such suppression is
observed ind + Au collisions. The suppression of hadron yields and back-to-back
correlations firmly establish thatjets are quenched by very strong interactions with
the matter produced in central Au+ Au collisions. The jet-like near-side correlations
survive presumably because one observes preferentially hard fragments of partons
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scattered outward from the surface region of the collision zone. Effects of interac-
tion with the bulk matter are nonetheless still seen on the near side, primarily by the
broadened distribution in pseudorapidity of softer correlated fragments (see Fig. 25
and Ref. [145]).

• Many features of the observed suppression of high-pT hadrons, including the
centrality-dependence and thepT -independence, can be described efficiently byper-
turbative QCD calculations incorporating parton energy lossin a thin, dense medium
(see Fig. 31). To reproduce the magnitude of the observed suppression, despite the
rapid expansion of the collision matter the partons traverse, these treatments need to
assume thatthe initial gluon density when the collective expansion begins is more than
an order of magnitude greater than that characteristic of cold, confined nuclear matter
[146]. The inferred gluon density is consistent, at a factor∼ 2 level, with the saturated
densities needed to account for RHIC particle multiplicity results in gluon saturation
models (see Fig. 11).

• The yields of hadrons at moderate-to-high-pT in centrald + Au collisions exhibit a
systematic dependence on pseudorapidity, marked bysubstantial suppression, with re-
spect to binary scaling expectations, of products near the deuteron beam direction,
in contrast to substantial enhancement of products at mid-rapidity and near the Au
beam direction(see Figs. 32 and 33). This pattern suggests a depletion of gluon den-
sities at low Bjorkenx in the colliding Au nucleus, and isqualitatively consistent with
predictions of gluon saturation models. Measurements to date cannot yet distinguish
interactions with a classical gluon field (color glass condensate) from interactions with
a more conventionally shadowed density of individual gluons.

• Angular correlations between moderate-pT and soft hadrons have been used to explore
how transverse momentum balance is achieved, in light of jet quenching, opposite a
high-pT hadron in central Au+ Au collisions. The results show the balancing hadrons
to be significantly larger in number, softer (see Fig. 30) and more widely dispersed in
angle compared top+p or peripheral Au+ Au collisions, withlittle remnant of away-
side jet-like behavior. To the extent that hard scattering dominates these correlations
at moderate and low-pT , the results could signal an approach of the away-side parton
toward thermal equilibrium with the bulk matter it traverses. As mentioned earlier,
progress toward thermalization of jet fragments on the near-side is also suggested by
soft-hadron correlations.

• The hard sector was not accessed in SPS experiments, so any possible energy depen-
dence of jet quenching can only be explored via the hadron nuclear modification factor
in the intermediate-pT range. While the results (see Fig. 37) leave open the possibility
of a rapid transition [53], one is not expected on the basis of theoretical studies of par-
ton energy loss [58]. Furthermore, serious questions have been raised [164] about the
validity of thep + p reference data used to determine the SPS result in the figure.

In summary, the RHIC program has enabled dramatic advances in the study of hot
strongly interacting matter, for two basic reasons. With the extended reach in initial en-
ergy density, the matter produced in the most central RHIC collisions appears to have
attained conditions that considerably simplify its theoretical treatment: essentially ideal
fluid expansion, and approximate local thermal equilibrium beyond the LQCD-predicted
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Fig. 37. The nuclear modification factor measured for 4 GeV/c hadrons in centralA + A (A ∼ 200) collisions
at SPS and two RHIC energies, showing (Cronin) enhancement at the lower energy and clear jet-quenching
suppression at RHIC. The small difference between RHIC charged hadron and identifiedπ0 results reflects
meson vs. baryon differences in thispT range. The solid curve represents a parton energy loss calculation under
simplifying assumptions concerning the energy-dependence, as described in [146].

threshold for QGP formation. With the extended reach in particle momentum, the RHIC
experiments have developed probes for behavior that was difficult to access at lower colli-
sion energies: jet quenching and apparent constituent quark scaling of elliptic flow. These
results indicate, with fairly modest reliance on theory, that RHIC collisions produce highly
opaque and dense matter that behaves collectively. The magnitude of the density inferred
from parton energy loss treatments, together with the hints of constituent quark collective
flow, argue against the effectiveness of a purely hadronic treatment of this unique strongly
interacting matter. It appears from the most robust signals to evolve for a significant frac-
tion of its lifetime as alow-viscosity, pre-hadronic liquid.

If one takes seriously all of the theoretical successes mentioned above, they suggest the
following more detailed overall picture of RHIC collisions: Interactions of very short mean
free path within the gluon density saturation regime lead to a rapidly thermalized partonic
system at energy densities and temperatures above the LQCD critical values. This ther-
malized matter expands collectively and cools as an ideal fluid, until the phase transition
back to hadronic matter begins, leading to a significant pause in the build-up of elliptic
flow. During the phase transition, constituent quarks emerge as the effective degrees of
freedom in describing hadron formation at mediumpT out of this initially partonic mat-
ter. Initially hard-scattered partons (with lower color interaction cross sections than the
bulk partons) traversing this matter lose substantial energy to the medium via gluon ra-
diation, and thereby approach, but do not quite reach, equilibration with the bulk matter.
Thus, some evidence of degraded jets survives (e.g., see Fig. 29), depending on the amount
of matter traversed. Any claim of QGP discovery based on RHIC results to date requires
an assessment of the robustness, internal consistency, quantitative success and predictive
power of this emerging picture.
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6.2. Are we there yet?

The consistency noted above of many RHIC results with a QGP-based theoretical
framework is an important and highly non-trivial statement! Indeed, it is the basis of some
claims [6–8] that the quark–gluon plasma has already been discovered at RHIC. However,
these claims are associated with QGP definitions [6,7] that do not specifically highlight
deconfinement as an essential property to be demonstrated. In our judgment, for reasons
mentioned below, and also reflected in the list of open questions provided in Section 5 of
this document, it is premature to conclude definitively that the matter produced in central
RHIC collisions is a quark–gluon plasma, as this term has been understood by the scientific
community for the past 20 years (see Appendix B).

• The RHIC experiments have not yet produceddirect evidence for deconfinement, or
indeed for any clear transition in thermodynamic properties of the matter produced.
It may be unreasonable to expect a clear onset of deconfinement in heavy-ion sys-
tems as a function of collision energy, because the matter, even if locally thermalized,
is presumably formed over a range of initial temperatures at any given collision en-
ergy. Thus, in the emerging theoretical picture, the matter produced in heavy-ion
collisions at SPS was probably also formed in part above the critical energy density,
but over a smaller fraction of the volume and with shorter-lived (or perhaps never
attained) thermal equilibrium, in comparison with RHIC collisions. At still lower col-
lision energies, where the critical conditions might never be reached, various aspects of
the theoretical framework applied at RHIC become inapplicable, precluding a simple
theory-experiment comparison over a range from purely hadronic to allegedly QGP-
dominated matter.

• The indirect evidence for a thermodynamic transition and for attainment of local ther-
mal equilibrium in the matter produced at RHIC are intertwined in the hydrodynamics
account for observed hadron spectra and elliptic flow results. The uniqueness of the
solution involving early thermalization and an EOS with a soft mixed phase is not
yet demonstrated. Nor is its robustness against changes in the treatment of the late
hadronic stage of the evolution, including the introduction of viscosity and other mod-
ifications that might be needed to reduce discrepancies from HBT measurements.

• The indirect evidence for deconfinement rests primarily on the large initial gluon
densities inferred from parton energy loss fits to the observed hadron suppression at
high-pT , and on the supposition that such high densities could only be achieved in
deconfined matter. The latter supposition has yet to be demonstrated in a compelling
theoretical argument. The agreement with initial gluon densities suggested by color
glass condensate approaches is encouraging, but is still at a basically qualitative level.
The measurements suggest that matter is formed at initial temperatures and energy
densities at or above the critical values predicted by LQCD for a deconfinement tran-
sition. But they do not establish the detailed relevance of the lattice calculations to the
fleeting dynamic matter produced in heavy-ion collisions.

• The role of collectively flowing constituent quarks in hadron formation at intermediate-
pT is not yet well established experimentally. If it becomes so established by sub-
sequent measurements and analyses, this will hint at the existence of a collective,
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thermalized partonic stage in the system evolution. However, that hint will fall short of
a conclusive QGP demonstration until some interpretational ambiguities are resolved:
Is it reallyconstituent, rather thancurrent(valence) quarks that coalesce? If the former,
do the constituent quarks then merely represent the effective degrees of freedom for
hadronization of a QGP, or do they indicate an intermediate, pre-hadronic evolutionary
stage, after the abundant gluons and current quarks have coalesced and dynamical chi-
ral symmetry breaking has been reintroduced? If there is a distinct constituent quark
formation stage, is thermalization achieved before, or only during, that stage?

• The theory remains a patchwork of different treatments applied in succession to each
stage of the collision evolution, without yet a clear delineation of the different aspects
as distinct limits of one overarching, seamless theory. The theoretical claims of QGP
discovery in [8], considered together, rely on five “pillars of wisdom” for RHIC central
Au + Au collisions, and each invokes a separate model or theoretical approach for its
interpretation:
(i) statistical model fits to measured hadron yields to infer possible chemical equi-

librium across theu, d ands sectors;
(ii) hydrodynamics calculations of elliptic flow to suggest early thermalization and

soft EOS;
(iii) quark recombination models to highlight the role of thermalized constituent

quarks in intermediate-sectorv2 scaling;
(iv) parton energy loss models to infer an initial gluon density from high-pT hadron

suppression observations;
(v) gluon saturation model fits to observed hadron multiplicities and yields at large

rapidity, to suggest how high-density QCD may predetermine the achieved initial
gluon densities.

Each movement of the theoretical suite has its own assumptions, technical difficul-
ties, adjusted parameters and quantitative uncertainties, and they fit together somewhat
uneasily. Until they are assimilated into a more self-consistent whole with only a
few overall parameters fitted to existing data, it may be difficult to assess theoreti-
cal uncertainties quantitatively or to make non-trivial quantitative predictions whose
comparison with future experimental results have the potential to prove the theory
wrong.

The bottom line is that in the absence of a direct “smoking gun” signal of deconfinement
revealed by experiment alone, a QGP discovery claim must rest on the comparison with
a promising, but still not yet mature, theoretical framework. In this circumstance, clear
predictive power with quantitative assessments of theoretical uncertainties are necessary
for the present appealing picture to survive as a lasting one. The matter produced in RHIC
collisions is fascinating and unique. The continuing delineation of its properties will pose
critical tests for the theoretical treatment of non-perturbative QCD. But we judge that a
QGP discovery claim based on RHIC measurements to date would be premature.We do
not propose that a comprehensive theoretical understanding of all observed phenomena
must be attained before a discovery claim is warranted, but only that at least some of the
serious open questions posed above and in Section 5 be successfully answered.

5.1 M.Šumbera: High energy nuclear physics and multihadron dynamics 215



STAR Collaboration / Nuclear Physics A 757 (2005) 102–183 171

6.3. What are the critical needs from future experiments?

The above comments make it clear what is needed most urgently from theory. But how
can future measurements, analyses and heavy-ion collision facilities bring us to a clearer
delineation of the fundamental properties of the unique matter produced, and hopefully to
a more definitive conclusion regarding the formation of a quark–gluon plasma? We briefly
describe below the goals of some important anticipated programs, separated into short-
term and long-term prospects, although the distinction in time scale is not always sharp.
In the short term, RHIC measurements should concentrate on verifying and extending its
new observations of jet quenching andv2 scaling; on testing quantitative predictions of
theoretical calculations incorporating a QGP transition at lower energies and for different
system sizes; on measuring charmed-hadron and charmonium yields and flow to search
for other evidence of deconfinement; and on testing more extensive predictions of gluon
saturation models for forward hadron production. Some of the relevant data have already
been acquired during the highly successful 2004 RHIC run—which has increased the RHIC
database by an order of magnitude—and simply await analysis, while other measurements
require anticipated near-term upgrades of the detectors. In the longer term, the LHC will
become available to provide crucial tests of QGP-based theoretical extrapolations to much
higher energies, and to focus on very high-pT probes of collision matter that is likely to
be formed deep into the gluon saturation regime. Over that same period, RHIC should
provide the extended integrated luminosities and upgraded detectors needed to undertake
statistically challenging measurements to probe directly the initial system temperature,
the pattern of production yields among various heavy quarkonium species, the quantitative
energy loss of partons traversing the early collision matter, and the fate of strong-interaction
symmetries in that matter.

Important short-term goals include the following:

• Establishv2 scaling more definitively.Extend the particle-identified flow measure-
ments for hadrons in the medium-pT region over a broader-pT range, a wider variety
of hadron species, and as a function of centrality. Does the universal curve ofv2/n

vs. pT /n remain a good description of all the data? How is the scaling interpretation
affected by anticipated hard contributions associated with differential jet quenching
through spatially anisotropic collision matter? Can the observed di-hadron angular cor-
relations be quantitatively accounted for by a 2-component model attributing hadron
production in this region to quark coalescence (with correlations reflecting only the
collective expansion) plus fragmentation (with jet-like correlations)? Do hadrons such
as φ-mesons orΩ-baryons, containing no valenceu or d quarks, and hence with
quark-exchange contributions to hadronic interaction cross sections suppressed in nor-
mal nuclear matter, follow the same flow trends as other hadrons? Do the measured
v2 values for resonances reflect their constituent quark, or rather their hadron, con-
tent? These investigations have the potential to establish more clearly that constituent
quarks exhibiting collective flow are the relevant degrees of freedom for hadronization
at mediumpT .

• Establish that jet quenching is an indicator of parton, and not hadron, energy loss.Ex-
tend the measurements of hadron energy loss and di-hadron correlations to higher-pT ,
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including particle identification in at least some cases. Do the meson–baryon sup-
pression differences seen at lowerpT truly disappear? Does the magnitude of the
suppression remain largely independent ofpT , in contrast to expectations for hadron
energy loss [53]? Does one begin to see a return of away-side jet behavior, via punch-
through of correlated fragments opposite a higher-pT trigger hadron? Improve the
precision of di-hadron correlations with respect to the reaction plane, and extend jet
quenching measurements to lighter colliding nuclei, to observe the non-linear depen-
dence on distance traversed, expected for radiating partons [4]. Measure the nuclear
modification factors for charmed meson production, to look for the “dead-cone” effect
predicted [54] to reduce energy loss for heavy quarks.

• Extend RHIC Au+ Au measurements down toward SPS measurements in energy, to
test quantitative predictions of the energy-dependence.Does the suppression of high-
pT hadron yields persist, and does it follow the gentle energy-dependence predicted in
Fig. 37? Do the gluon densities inferred from parton energy loss model fits to hadron
yields follow energy-dependent trends expected from gluon saturation models? Does
elliptic flow remain in agreement with calculations that couple expansion of an ideal
partonic fluid to a late-stage, viscous hadron cascade? Do meson–baryon differences
and indications of constituent-quark scaling persist in hadron yields and flow results at
intermediatepT ? Do quark coalescence models remain viable, with inferred thermal
quark spectra that change sensibly with the (presumably) slowly varying initial system
temperatures? The study of the evolution with collision energy of differential measure-
ments such as those in Fig. 25 promises to yield important insight into the dynamical
processes which occur during system evolution.

• Measure charmonium yields and open charm yields and flow, to search for signa-
tures of color screening and partonic collectivity.Use particle yield ratios for charmed
hadrons to determine whether the apparent thermal equilibrium in the early collision
matter at RHIC extends even to quarks with mass significantly greater than the an-
ticipated system temperature. From the measuredpT spectra, constrain the relative
contributions of coalescence vs. fragmentation contributions to charmed-quark hadron
production. CompareD-meson flow to the trends established in theu,d ands sectors,
and try to extract the implications for flow contributions from coalescence vs. possibly
earlier partonic interaction stages of the collision. Look for the extra suppression of
charmonium, compared to open charm, yields expected to arise from the strong color
screening in a QGP state (see Fig. 2).

• Measure angular correlations with far forward high-energy hadrons ind + Au or
p + Au collisions.Search for the mono-jet signature anticipated for quark interactions
with a classical (saturated) gluon field, as opposed to di-jets from quark interactions
with individual gluons. Correlations among two forward hadrons are anticipated to
provide the best sensitivity to the gluon field at sufficiently low Bjorkenx to probe the
possible saturation regime.

Longer-term prospects, requiring much greater integrated luminosities (as anticipated
at RHIC II) or other substantial facility developments, include:
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• Develop thermometers for the early stage of the collisions, when thermal equilibrium
is first established.In order to pin down experimentally where a thermodynamic tran-
sition may occur, it is critical to find probes with direct sensitivity to the temperature
well before chemical freezeout. Promising candidates include probes with little final-
state interaction: direct photons—measured down to low momentum, for example, via
γ –γ HBT, which is insensitive to the largeπ0 background—and thermal dileptons.
The former would require enhanced pair production tracking and the latter the intro-
duction of hadron-blind detectors and techniques.

• Measure the yields and spectra of various heavy quarkonium species.Recent LQCD
calculations [17] predict the onset of charmonium melting—which can be taken as a
signature for deconfinement—at quite different temperatures aboveTc for J/ψ vs.ψ ′.
Similar differences are anticipated for the variousΥ states. While interpretation of the
yield for any one quarkonium species may be complicated by competition in a QGP
state between enhanced heavy quark production rates and screened quark–antiquark
interactions, comparison of a measured hierarchy of yields with LQCD expectations
would be especially revealing. They would have to be compared to measured yields
for open charm and beauty, and to the corresponding quarkonium production rates
in p + p andp + A collisions. Clear identification ofψ ′ and separation ofΥ states
require upgrades to detector resolution and vertexing capabilities.

• Quantify parton energy loss by measurement of mid-rapidity jet fragments tagged by
a hard direct photon, a heavy-quark hadron, or a far forward energetic hadron.Such
luminosity-hungry coincidence measurements will elucidate the energy loss of light
quarks vs. heavy quarks vs. gluons, respectively, through the collision matter. They
should thus provide more quantitative sensitivity to the details of parton energy loss
calculations.

• Test quantitative predictions for elliptic flow inU +U collisions.The large size and de-
formation of uranium nuclei make this a considerable extrapolation away from RHIC
Au + Au conditions, and a significant test for the details of hydrodynamics calcula-
tions that are consistent with the Au+ Au results [3]. If the relative alignment of the
deformation axes of the two uranium nuclei can be experimentally controlled, one
would be able to vary initial spatial eccentricity largely independently of centrality
and degree of thermalization of the matter.

• Measure hadron multiplicities, yields, correlations and flow at LHC and GSI ener-
gies, and compare to quantitative predictions based on models that work at RHIC.By
fixing parameters and ambiguous features of gluon saturation, hydrodynamics, parton
energy loss and quark coalescence models to fit RHIC results, and with guidance from
LQCD calculations regarding the evolution of strongly interacting matter with ini-
tial temperature and energy density, theorists should make quantitative predictions for
these observables at LHC and GSI before the data are collected. The success or failure
of those predictions will represent a stringent test of the viability of the QGP-based
theoretical framework.

• Devise tests for the fate of fundamental QCD symmetries in the collision matter formed
at RHIC. If the nature of the QCD vacuum is truly modified above the critical tem-
perature, then chiral andUA(1) symmetries may be restored, while parity and CP may
conceivably be broken [167]. Testing these symmetries in this unusual form of strongly
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interacting matter is of great importance, even if we do not have a crisp demonstration
beforehand that the matter is fully thermalized and deconfined. Indeed, if evidence
were found for a clear change in the degree of adherence to one of the strong interac-
tion symmetries, in comparison with normal nuclear matter, this would likely provide
the most compelling “smoking gun” for production of a new form of matter in RHIC
collisions. Approaches that have been discussed to date include looking for meson
mass shifts in dilepton spectra as a signal of chiral symmetry restoration, and search-
ing for CP violation viaΛ − Λ̄ spin correlations or electric dipole distributions of
produced charge with respect to the reaction plane [167]. It may be especially inter-
esting to look for evidence among particles emerging opposite an observed high-pT

hadron tag, since the strong suppression of away-side jets argues that the fate of the
away-side particles may reflect strong interactions with a maximal amount of early
collision matter. These tests will begin in the short term, but may ultimately need the
higher statistics available in the longer term to distinguish subtle signals from domi-
nant backgrounds.

6.4. Outlook

The programs we have outlined above for desirable advances in theory and experiment
represent a decade’s worth of research, not all of which must, or are even expected to,
precedea discovery announcement for the quark–gluon plasma. We can imagine several
possible scenarios leading to a more definitive QGP conclusion. Identification of a single
compelling experimental signature is still conceivable, but the most promising prospects
are long-term: establishment of a telling pattern of quarkonium suppression vs. species;
observation of clear parity or CP violation, or of chiral symmetry restoration, in the colli-
sion matter; extraction of a transition signal as a function of measured early temperature.
It is also possible that a single theoretical development could largely seal the case: e.g.,
a compelling argument that gluon densities more than an order of magnitude higher than
those in cold nuclear matter really dodemanddeconfinement; or sufficient hydrodynam-
ics refinement to demonstrate that RHIC flow results really dodemanda soft point in the
EOS. Perhaps the most likely path would involve several additional successes in theory-
experiment comparisons, leading to a preponderance of evidence that RHIC collisions have
produced thermalized, deconfined quark–gluon matter.

In any scenario, however, RHIC has been, and should continue to be, a tremendous
success in its broader role as an instrument for discovery of new features of QCD matter
under extreme conditions. The properties already delineated, with seminal contributions
from STAR, point toward a dense, opaque, non-viscous, pre-hadronic liquid state that was
not anticipated before RHIC. Determining whether the quarks and gluons in this matter
reach thermal equilibrium with one another before they become confined within hadrons,
and eventually whether chiral symmetry is restored, are two among many profound ques-
tions one may ask. Further elaboration of the properties of this matter, with eyes open to
new unanticipated features, remains a vital research mission, independent of the answer
that nature eventually divulges to the more limited question that has been the focus of this
document.
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Appendix A. Charge

This report was prepared for the STAR Collaboration in response to the following
charge from the Spokesperson, delivered to a drafting committee on 18 March 2004.

“Thank you very much for agreeing to help in preparing a draft whitepaper to serve
as the starting point for a focused discussion by the STAR Collaboration of the ex-
perimental evidence regarding the role of the quark–gluon plasma in RHIC heavy ion
collisions.”

“The charge to this panel is to make a critical assessment of the presently available ev-
idence to judge whether it warrants a discovery announcement for the QGP, using any
and all experimental and theoretical results that address this question. The white paper
should pay particular attention to identifying the most crucial features of the QGP that
need to be demonstrated experimentally for a compelling claim to be made. It should
summarize those data that may already convincingly demonstrate some features, as well
as other data that may be suggestive but with possible model-dependence, and still other
results that raise questions about a QGP interpretation. If the conclusion is that a discov-
ery announcement is at present premature, the paper should outline critical additional
measurements and analyses that would make the case stronger, and the timeline antici-
pated to produce those new results.”

“The white paper should be of sufficient quality and scientific integrity that, after in-
corporation of collaboration comments, it may be circulated widely within the RHIC
and larger physics communities as a statement of STAR’s present assessment of the
evidence for the QGP.”

Appendix B. Definitions of the quark–gluon plasma in nuclear physics planning
documents

One’s conclusion concerning the state of the evidence in support of quark–gluon plasma
formation is certainly influenced by the definition one chooses for the QGP state. Recent
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positive claims have been based on definitions different from that chosen in this work (see
Section 1), leaning more toward either an operational definition based on actual RHIC mea-
surements [6], or a demonstration that experiments have reached conditions under which
lattice QCD calculations predict a QGP state [7]. We have rather chosen to extract what
we believe to be the consensus definition built up in the physics community from the past
20 years’ worth of planning documents and proposals for RHIC. In this section, we collect
relevant quotes concerning the QGP from a number of these documents.

A relativistic heavy-ion collider facility was first established as the highest priority for
new construction by the 1983 Nuclear Science Advisory Committee (NSAC) Long Range
Plan [168]. In discussing the motivation for such a facility, that document states:

“Finally, under conditions of very elevated energy density, nuclear matter will exist in
a wholly new phase in which there are no nucleons or hadrons composed of quarks
in individual bags, but an extendedquark–gluon plasma, within which the quarks are
deconfined and move independently.. . . The production and detection of a quark–gluon
plasma in ultra-relativistic heavy ion collisions would not only be a remarkable achieve-
ment in itself, but by enabling one to study quantum chromodynamics (QCD) over large
distance scales it would enable one to study fundamental aspects of QCD and confine-
ment unattainable in few-hadron experiments.. . . A second, chiral-symmetry restoring,
transition is also expected at somewhat higher energy density, or perhaps coincident
with the deconfinement transition; such a transition would be heralded by the quarks
becoming effectively massless, and low mass pionic excitations no longer appearing in
the excitation spectrum.”

The high priority of such a collider was confirmed in the 1984–1986 National Academy
of Sciences survey of Nuclear Physics [169], which stated:

“A major scientific imperative for such an accelerator derives from one of the most
striking predictions of quantum chromodynamics: that under conditions of sufficiently
high temperature and density in nuclear matter, a transition will occur from excited
hadronic matter to a quark–gluon plasma, in which the quarks, antiquarks and gluons of
which hadrons are composed become ‘deconfined’ and are able to move about freely.
The quark–gluon plasma is believed to have existed in the first few microseconds af-
ter the big bang, and it may exist today in the cores of neutron stars, but it has never
been observed on Earth. Producing it in the laboratory will thus be a major scientific
achievement, bringing together various elements of nuclear physics, particle physics,
astrophysics, and cosmology.”

The glossary of the above document [169] defined quark–gluon plasma in the following
way:

“An extreme state of matter in which quarks and gluons are deconfined and are free to
move about in a much larger volume than that of a single hadron bag. It has never been
observed on earth.”
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In the 1984 proposal for RHIC from Brookhaven National Laboratory [170], the QGP
was described as follows:

“The specific motivation from QCD is the belief that we can assemble macroscopic
volumes of nuclear matter at such extreme thermodynamic conditions as to overcome
the forces that confine constituents in normal hadrons, creating a new form of matter in
anextended confined plasma of quarks and gluons.”

The 1989 NSAC Long Range Plan [171], in reconfirming the high priority of RHIC,
states:

“The most outstanding prediction based on the theory of the strong interaction, QCD, is
that the properties of matter should undergo a profound and fundamental change at an
energy density only about one order of magnitude higher than that found in the center of
ordinary nuclei. This change is expected to involve a transition from the confined phase
of QCD, in which the degrees of freedom are the familiar nucleons and mesons and in
which a quark is able to move around only inside its parent nucleon, to a new deconfined
phase, called the quark–gluon plasma, in which hadrons dissolve into a plasma of quarks
and gluons, which are then free to move over a large volume.”

The 1994 NSAC Assessment of Nuclear Science [172] states:

“When nuclear matter is heated to extremely high temperatures or compressed to very
large densities we expect it to respond with a drastic transformation, in which the quarks
and gluons, that are normally confined within individual neutrons and protons, are able
to move over large distances. A new phase of matter, called quark–gluon plasma (QGP),
is formed. At the same time chiral symmetry is restored making particles massless at
the scale of quark masses. Quantum chromodynamics (QCD) of massless quarks is chi-
rally (or left–right) symmetric, but in the normal world this symmetry is spontaneously
broken giving dynamical masses to quarks and the particles composed of quarks.”

The 1996 NSAC Long Range Plan [173] repeats the emphasis on chiral symmetry
restoration in addition to deconfinement:

“At temperatures in excess ofTc nuclear matter is predicted to consist of unconfined,
nearly massless quarks and gluons, a state called thequark–gluon plasma. The study
of deconfinement and chiral symmetry restoration is the primary motivation for the
construction of the relativistic heavy ion collider (RHIC) at Brookhaven National Lab-
oratory.”

The most recent National Academy of Sciences survey of Nuclear Physics [174] puts it
this way:

“At RHIC such high energy densities will be created that the quarks and gluons are ex-
pected to become deconfined across a volume that is large compared to that of a hadron.
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By determining the conditions for deconfinement, experiments at RHIC will play a cru-
cial role in understanding the basic nature of confinement and shed light on how QCD
describes the matter of the real world. . . . Although the connection between chiral sym-
metry and quark deconfinement is not well understood at present, chiral symmetry is
expected to hold in the quark–gluon plasma.”

Finally, the 2004 NuPECC (Nuclear Physics European Collaboration Committee) Long
Range Plan for nuclear physics research in Europe [175] states:

“The focus of the research in the ultra-relativistic energy regime is to study and under-
stand how collective phenomena and macroscopic properties, involving many degrees
of freedom, emerge from the microscopic laws of elementary particle-physics.. . . The
most striking case of a collective bulk phenomenon predicted by QCD is the occurrence
of a phase transition to a deconfined chirally symmetric state, the quark gluon plasma
(QGP).”

In short, every statement concerning the QGP in planning documents since the con-
ception of RHIC has pointed to deconfinement of quarks and gluons from hadrons as the
primary characteristic of the new phase. More recent definitions have tended to include chi-
ral symmetry restoration as well. Based on the above survey, we believe that the definition
used in this paper would be very widely accepted within the worldwide physics community
as a “minimal” requirement for demonstrating formation of a quark–gluon plasma.
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5.1 M.Šumbera: High energy nuclear physics and multihadron dynamics 230

22. Luzum, M; Miller, GA Elliptic flow from final state interactions in the distorted-wave emission-
function model Physical Review C79 (2): Art. No. 024902 FEB 2009.

23. Cassing, W From Kadanoff-Baym dynamics to off-shell parton transport European Physical
Journal-Special Topics, 168: 3-87 FEB 2009.

24. Chaudhuri, AK Multiplicity, mean p(T), p(T)-spectra and elliptic flow of identified particles in
Pb plus Pb collisions at LHC Physics Letters B672 (2): 126-131 FEB 16 2009.

25. Okorokov, VA Azimuthal anisotropy and formation of an extreme state of strongly interacting
matter at the relativistic heavy-ion collider (RHIC) Physics Of Atomic Nuclei, 72 (1): 147-160
JAN 2009.

26. Kokoulina, ES; Kutov, AY; Ryadovikov, VN High-energy interactions in the region of extreme
multiplicities Physics of Atomic Nuclei, 72 (1): 189-193 JAN 2009.

27. Chandra, V; Ravishankar, V Viscosity and thermodynamic properties of QGP in relativistic
heavy-ion collisions European Physical Journal C59 (3): 705-714 FEB 2009.

28. Krieg, D; Bleicher, M Negative elliptic flow of J/psi’s: A qualitative signature for charm col-
lectivity at RHIC European Physical Journal A39 (1): 1-4 JAN 2009.

29. Meyer, HB Density, short-range order, and the quark-gluon plasma Physical Review D79 (1):
Art. No. 011502 JAN 2009.

30. Oli, S String Cosmological Models in Five-Dimensional Spacetimes Chinese Physics Letters, 26
(1): Art. No. 010404 JAN 2009.

31. Wong, CY Momentum kick model description of the near-side ridge and jet quenching Physical
Review C78 (6): Art. No. 064905 DEC 2008.

32. Baier, R; Mehtar-Tani, Y Jet quenching and broadening: The transport coefficient (q)over-cap
in an anisotropic plasma Physical Review C78 (6): Art. No. 064906 DEC 2008.

33. Klebanov, IR; Maldacena, JM Solving quantum field theories via curved spacetimes Physics
Today 62 (1): 28-33 JAN 2009.

34. Korotkikh, VL; Lokhtin, IP; Petrushanko, SV; Sarycheva, LI; Snigirev, AM; Eyyubova, GK
Elliptic flow of particles in heavy-ion collisions and possibility of its observation at the LHC
energies Physics of Atomic Nuclei, 71 (12): 2142-2151 DEC 2008.

35. Kopeliovich, BZ ; Rezaeian, AH ; Schmidt, I Azimuthal asymmetry of pions in pp and pA
collisions Physical Review D78 (11): Art. No. 114009 DEC 2008.

36. Li, BC; Huang, M Nonconformality and nonperfectness of fluid near phase transition in lattice
QCD Physical Review D78 (11): Art. No. 117503 DEC 2008.

37. Wang, MJ; Liu, LS; Wu, YF Trace initial interaction from final state observable in relativistic
heavy ion collisions Chinese Physics C33 (1): 36-41 JAN 2009.

38. Adhav, KS; Nimkar, AS; Raut, VB; Thakare, RS Strange quark matter attached to string cloud
in Bianchi type-III space time Astrophysics and Space Science, 319 (1): 81-84 JAN 2009.

39. Iancu, E Partons and jets in a strongly-coupled plasma from ADS/CFT Acta Physica Polonica
B39 (12): 3213-3280 DEC 2008.

40. Torrieri, G; Betz, B; Noronha, J; Gyulassy, M Mach cones in heavy ion collisions Acta Physica
Polonica B39 (12): 3281-3307 DEC 2008.

41. Ma, G; Zhang, S; Ma, Y; Cai, X; Chen, J; Zhong, C Longitudinal broadening of near-side jets
due to parton cascade European Physical Journal C57 (3): 589-593 OCT 2008.

42. Chen, JW; Huang, M; Li, YH; Nakano, E; Yang, DL Phase transitions and perfectness of fluids
in weakly coupled real scalar field theories Physics Letters B670 (1): 18-21 DEC 4 2008.

43. Hubner, K; Karsch, F; Pica, C Correlation functions of the energy-momentum tensor in SU(2)
gauge theory at finite temperature Physical Review D78 (9): Art. No. 094501 NOV 2008.

44. Liu, GH; Yan, TZ; Ma, YG; Cai, XZ; Fang, DQ; Shen, WQ; Tian, WD; Wang, HW; Wang, K
Anisotropic flows of nuclear clusters and hard photon in intermediate energy heavy ion collisions
International Journal of Modern Physics E-Nuclear Physics, 17 (9): 1850-1864 OCT 2008.

45. Csanad, M; Csorgo, T; Ster, A; Lorstad, B; Ajitanand, NN; Alexander, JM; Chung, P; Holz-
mann, WG; Issah, M; Lacey, Universal scaling of the elliptic flow data at RHIC European
Physical Journal A38 (3): 363-368 DEC 2008.

46. Krieg, D; Bleicher, M Decreasing elliptic flow at the CERN Large Hadron Collider: Calculations
in a parton recombination approach Physical Review C78 (5): Art. No. 054903 NOV 2008.

47. Hauer, M; Begun, VV; Gorenstein, MI Multiplicity distributions in canonical and microcanon-
ical statistical ensembles European Physical Journal C58 (1): 83-110 NOV 2008.
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5.1 M.Šumbera: High energy nuclear physics and multihadron dynamics 235

145. Conesa, G; Delagrange, H ; Diaz, J; Kharlov, YV ; Schutz, Y Identification of photon-tagged
jets in the ALICE experiment Nuclear Instruments & Methods in Physics Research Section
A-Accelerators Spectrometers Detectors And Associated Equipment, 585 (1-2): 28-39 JAN 21
2008.

146. Hong, B Response of charged hadrons to a coulomb potential in heavy-ion collisions at the RHIC
Journal of The Korean Physical Society, 52 (2): 221-225 FEB 2008.

147. Iwasaki, M ; Ohnishi, H ; Fukutome, T Shear viscosity of the quark matter Journal of Physics
G-Nuclear And Particle Physics, 35 (3): Art. No. 035003 MAR 2008.

148. De Cassagnac, RG What’s the matter at RHIC? International Journal of Modern Physics A22
(31): 6043-6056 DEC 20 2007.

149. Demchik, VI ; Skalozub, VV On the spontaneous creation of chromomagnetic fields at high
temperature Physics of Atomic Nuclei, 71 (1): 180-186 JAN 2008.

150. Lindner, M ; Muller, MM Comparison of Boltzmann kinetics with quantum dynamics for a
chiral Yukawa model far from equilibrium Physical Review D77 (2): Art. No. 025027 JAN
2008.

151. Muller, B From quark-gluon plasma to the perfect liquid Acta Physica Polonica B38 (12):
3705-3729 DEC 2007.

152. Casalderrey-Solana, J ; Salgado, CA Introductory lectures on jet quenching in heavy ion colli-
sions Acta Physica Polonica B38 (12): 3731-3794 DEC 2007.

153. Jipa, A ; Besliu, C ; Zgura, IS ; Ristea, O ; Ristea, C ; Horbuniev, A ; Arsene, I ; Argintaru,
D ; Calin, M ; Esanu, T ; Covlea, V ; Iliescu, B On a ”microscopic Hubble constant” from
relativistic nuclear collisions International Journal of Modern Physics E-Nuclear Physics, 16
(7-8): 1790-1799 AUG-SEP 2007.

154. Zhang, WN ; Ren, YY ; Wong, CY Pion elliptic flow and hbt interferometry in a granular
quark-gluon plasma droplet model International Journal of Modern Physics E-Nuclear Physics,
16 (7-8): 1832-1838 AUG-SEP 2007.

155. Ristea, C et al. BRAHMS Collaborations Identified particle nuclear modification factors at
rapidity 0-3.8 in Au+Au collisions at root(NN)-N-S=200 GeV International Journal of Modern
Physics E-Nuclear Physics, 16 (7-8): 1943-1949 AUG-SEP 2007.

156. Mironov, C ; Castro, M ; Constantin, P ; Kunde, GJ ; Vogt, R Probing the quark-gluon plasma
at the LHC with Z(0)-tagged jets in CMS International Journal of Modern Physics E-Nuclear
Physics, 16 (7-8): 1950-1956 AUG-SEP 2007.

157. Harada, M ; Nemoto, Y ; Yoshimoto, S Quark spectrum above the critical temperature from
Schwinger-Dyson equation International Journal of Modern Physics E-Nuclear Physics, 16 (7-
8): 2282-2288 AUG-SEP 2007.

158. Qin, GY ; Gale, C ; Majumder, A Electromagnetic radiation from broken symmetries in rela-
tivistic nuclear collisions International Journal of Modern Physics E-Nuclear Physics, 16 (7-8):
2350-2355 AUG-SEP 2007.

159. Hidaka, Y ; Kitazawa, M Spectrum of soft mode with thermal mass of quarks above critical
temperature International Journal of Modern Physics E-Nuclear Physics, 16 (7-8): 2394-2399
AUG-SEP 2007.

160. Christensen, CH ; Gaardhoje, JJ ; Gulbrandsen, K ; Nielsen, BS; Sogaard, C The ALICE
forward multiplicity detector International Journal of Modern Physics E-Nuclear Physics, 16
(7-8): 2432-2437 AUG-SEP 2007.

161. David, G Electromagnetic probes at RHIC-II International Journal of Modern Physics E-
Nuclear Physics, 16 (7-8): 2549-2554 AUG-SEP 2007.

162. Chen, JW ; Li, YH; Liu, YF ; Nakano, E QCD viscosity to entropy density ratio in the hadronic
phase Physical Review D76 (11): Art. No. 114011 DEC 2007.

163. Cotrone, AL ; Pons, JM ; Talavera, P Notes on a SQCD-like plasma dual and holographic
renormalization Journal of High Energy Physics, (11): Art. No. 034 NOV 2007.

164. Enokizono, A Observation of non-Gaussian source structure by HBT-imaging analysis Inter-
national Journal of Modern Physics E-Nuclear Physics, 16 (10): 3193-3204 NOV 2007.

165. Zhang, WN ; Wong, CY Explanation of the RHIC HBT puzzle by a granular source of quark-
gluon plasma droplets International Journal of Modern Physics E-Nuclear Physics, 16 (10):
3262-3270 NOV 2007.
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5.2 Femtoscopy at RHIC: Selected results

5.2.1 Introductory notes

Progress in understanding the space-time structure of multiparticle production via
momentum correlations of two or more particles at small relative momenta [R66] -
called nowadays the correlation femtoscopy [R65] - is currently driven by high-statistics
data sets accumulated in heavy ion experiments at RHIC and SPS [74,77,78,82,90,91,
94, 95, 98, 100, 111,113,116,120,137,145,150, 166,171,178,196,200,225], [R65,R66]. In
particular, an ambitious program of the STAR collaboration at RHIC exploiting good
particle identification has already provided a variety of femtoscopic measurements in
different identical and non-identical particle systems (see Table5.1). Let us note that
some of these systems were actually measured for the first time [180,200].

�+ �− K+ K− K0
s p p̄ Λ Λ̄ Ξ Ξ̄

Ξ̄ [180,200] [180,200]
Ξ [180,200] [180,200]
Λ̄ [178]

[178]
Λ [178]

[178]
p̄ [R100] [R100]

[R100] [R100]
[R99]

[R99]
p [R100] [R100]

[R100] [R100] [R99,R101]
K0
s

[196]
K− [150] [150]

[R101]
K+ [150] [150]

[R101]
�−

[166,R99]
[166,200,
R97,R98]

�+ [166,200,
R97,R98]

Table 5.1: Table of published femtoscopic studies at RHIC for various particle combi-
nations. “Traditional” identical-particle interferometry lies along the lowest diagonal
line of cells. Addapted from [R102].
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Selected Results on Strong and Coulomb-Induced Correlations from the STAR Experiment

M. Šumbera for the STAR Collaboration
Nuclear Physics Institute, Academy of Sciences of the Czech Republic, 250 68 Řež, Czech Republic
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Using recent high-statistics STAR data from Au+Au and Cu+Cu collisions at full RHIC energy I discuss
strong and Coulomb-induced final state interaction effects on identical (π−π) and non-identical (π−Ξ) particle
correlations. Analysis of π−Ξ correlations reveals the strong and Coulomb-induced FSI effects, allowing for the
first time to estimate spatial extension of π and Ξ sources and the average shift between them. Source imaging
techniques provide clean separation of details of the source function and are applied to the one-dimensional rela-
tive momentum correlation function of identical pions. For low momentum pions, and/or non-central collisions,
a large departure from a single-Gaussian shape is observed.

Keywords: Heavy ions; Femtoscopy

I. INTRODUCTION

Progress in understanding the space-time structure of mul-
tiparticle production via femtoscopy is currently driven by
high-statistics data sets accumulated in heavy ion experiments
at RHIC and SPS accelerator [1–4, 10]. In particular, an ambi-
tious program of the STAR collaboration at RHIC exploiting
good particle identification has already provided a vast vari-
ety of femtoscopic measurements in different identical and
non-identical particle systems, some of which were actually
measured for the first time [4]. This contribution is a progress
report on two currently pursued STAR femtoscopy analyses.
Both of them were introduced already at the previous WPCF
meeting last year in Kroměřı́ž [2]. The first focuses on non-
identical particle correlations in rather exotic meson–baryon
system π±−Ξ± [5]. Previous investigations have shown that
correlations among these two charged hadrons reveal not only
the Coulomb but also strong final state interaction (FSI) ef-
fects [11, 12]. The order of magnitude difference in mass,
plus ∆B=1/∆S=2 gap in baryon/ strangeness quantum num-
bers, makes the π−Ξ system an important tool to study the
interplay between matter flow on the partonic and hadronic
levels. The second analysis exploits particle correlations in a
more conventional system of two identical charged pions [6].
Its aim is to understand the geometry of the source. The ul-
timate and rather ambitious aspiration of this project is to ex-
tract pion-pion scattering lengths. This goal will make heavy
ion femtoscopic measurements fully competitive to a dedi-
cated particle physics experiments trying to extract this im-
portant parameter of the strong interaction [3, 7, 8]. Basic
prerequisites for such measurements are good knowledge of
correlations due to quantum statistics and Coulomb interac-
tions.

II. STUDYING SPACE-TIME STRUCTURE OF
MULTI-STRANGE BARYON SOURCE VIA π−Ξ

CORRELATIONS

In ultra-relativistic heavy-ion collisions at RHIC, hot and
dense strongly interacting matter is created exhibiting prop-
erties of de-confined partonic matter [9, 13]. Almost instan-
taneous equilibration of the produced matter is indicated by
recent heavy flavor measurements [9, 14], and represents one

of the greatest puzzles coming from RHIC [9]. The early
partonic collectivity also shows up in a subsequent evolution
of the system leading to strong collective expansion of the
bulk matter as demonstrated by large values of observed el-
liptic flow [9, 13]. These observations are further substan-
tiated by STAR multi–strange baryon measurements show-
ing that Ξ and Ω baryons reveal significant amount of ellip-
tic flow which is comparable to ordinary non–strange baryons
[15]. The sizable multi–strange baryon elliptic flow, which
obeys constituent quark scaling [16], confirms that a substan-
tial part of the collective motion has indeed developed prior
to hadronization. This picture is also corroborated by a more
recent STAR analysis of the centrality dependence of hyperon
yields carried out within the framework of a thermal model
[17]. The observed scaling behavior of strange baryons is con-
sistent with a scenario of hadron formation from constituent
quark degrees of freedom through quark recombination pro-
vided that the coalescence took place over a volume that is
much larger than the one created in any elementary collisions.

These observations fit nicely into ideal hydrodynamic evo-
lution starting from the system of de-confined QCD matter.
However, they are also consistent with a more realistic hybrid
macroscopic/microscopic transport approach [20] which takes
into account the strength of dissipative effects prevalent in the
latter hadronic phase of the reaction. The hybrid model calcu-
lations indicate that at the top RHIC energy the hadronic phase
of the heavy-ion reactions is of significant duration (at least
10 fm/c), making hadronic freeze-out a continuous process,
strongly depending on hadron flavor and momenta. In partic-
ular, heavy hadrons, which are quite sensitive to radial flow
effects, obtain the additional collective push created by res-
onant (quasi)elastic interactions during that fairly long-lived
hadronic rescattering stage [21].

It is clear that questions concerning multi–strange baryon
decoupling from the hot and strongly interacting par-
tonic/hadronic system is an interesting one, but also not an
easy one to solve. Could this be provided by femtoscopy?
What kind of relevant information can be obtained via low-
relative-velocity correlations of multi-strange baryons with
the other hadrons? Since non-identical particle correlations
are sensitive not only to the extent of the source, but also to
the average shift in emission time and position among differ-

5.2 M.Šumbera: High energy nuclear physics and multiparticle dynamics 249

Article reprint
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ent particle species [19], the answer is affirmative. The fem-
toscopy of non-identical particles was already used to show
that the average emission points of pions, kaons and protons
produced in heavy-ion collisions at SPS and RHIC are not the
same [3, 7, 10, 22, 23]. In a hydrodynamically inspired blast-
wave approach [18], the mass ordering of average space-time
emission points of different particle species naturally appears
due to the transverse expansion of the source. This effect in-
creases with the mass difference of the measured particle pair.
Hence, studying correlations in the π−Ξ system where the
mass difference is very large should provide rather sensitive
test of the emission asymmetries introduced by the transverse
expansion of the bulk matter.

Moreover, in addition to the Coulomb interaction studied
in the π−K system, the small relative momentum π± −Ξ∓

correlations may provide a clear signal of the strong interac-
tion, revealing itself via the Ξ∗(1530) resonance. Expressing
particle momentum in the pair rest frame, k∗ = pπ =−pΞ via
pair invariant mass MπΞ and mπ and mΞ

k∗ =
[M2

πΞ − (mπ −mΞ)
2]1/2[M2

πΞ − (mπ +mΞ)
2]1/2

2MπΞ
(1)

One expects the Ξ∗(1530) peak to show up in the correla-
tion function C(k∗) at k∗ ≈ 150 MeV/c. Due to its rather
long lifetime, τΞ∗(1530) = 22 f m/c, the resonance could also be
rather sensitive to the π−Ξ interaction during the long-lived
hadronic phase. This should be investigated by both π−Ξ
femtoscopy as well as via direct measurements of Ξ∗(1530)
spectra. While the first signal of the Ξ∗ resonance in heavy ion
collision was seen in femtoscopy analysis just two years ago
[24], the first preliminary STAR measurements concerning the
Ξ∗ spectra and their yields were presented only recently at the
Quark Matter conference in Shanghai this year [25].

A. Data selection

Though in previous analyses [5, 11, 12, 24] the π − Ξ
correlations were studied for two different system d+Au and
Au+Au and also at two different energies, in this contribution
I will concentrate on Au+Au data at

√
(sNN) = 200 GeV from

RHIC Run IV only. The data were divided into several cen-
trality classes. During the run, the central trigger was used to
enhance the fraction of the 10% most central events. Track-
level cuts based on dE/dx particle identification in the STAR
Time Projection Chamber were used. Pion sample momenta
pt were limited to [0.125, 1.] GeV/c. After the dE/dx cuts,
the upper pT -limit was 0.8 GeV/c and 0.6 GeV/c at y = 0. and
y = 0.8, respectively. Charged Ξs were reconstructed topo-
logically in the pt range [0.7, 3.] GeV/c. To increase the total
number of analyzed π−Ξ pairs in this analysis we have used
a wider rapidity cut than in the previous STAR femtoscopy
analyses [26]. The cut |y| < 0.8 instead of |y| < 0.5 was em-
ployed for both particle species. Total number of extracted Ξ
used in this analysis are given in Table I.

TABLE I: 200 GeV Au+Au, Run IV data set

Centrality No. of Ξ± No. of Ξ− No. of Ξ+

0 –10% 1084×103 595×103 489×103

10 – 40% 412×103 226×103 186×103

40 – 80% 145×103 79×103 66×103

B. Data analysis and corrections

The event–mixing technique was used to obtain the uncor-
related two-particle distribution in the pair rest frame. To re-
move spurious correlations of non-femtoscopic origin, the un-
correlated pairs were constructed from events with sufficient
proximity in primary vertex position along the beam direc-
tion, multiplicity and event plane orientation variables. Pair
cuts were used to remove effects of track splitting and merg-
ing. The resulting raw correlation function was then corrected
for the purity of both particle species. The correction was per-
formed individually for each bin in k∗ = (k∗,cosθ,ϕ) of the
3-dimensional (3D) correlation function as described bellow.

C. Pair purity analysis

The pair purity, defined as a fraction of primary π−Ξ pairs,
was calculated as a product of the particle purities of both par-
ticle species. The Ξ purity was obtained from reconstructed Ξ
invariant mass plots as a function of transverse momentum.
Pion purity was estimated using the parameter

√
λ of the stan-

dard parametrization of the identical π− π correlation func-
tion. The identical pion measurements were performed with
the same pion cuts as those used in the π−Ξ analysis. Since
the value of the λ parameter is influenced by decays of long-
lived resonances as well as by the non-Gaussian shape of the
correlation function, the pion purity correction can be a sig-
nificant source of systematic error.

In order to make contact with the previous STAR identical
pion analyses [26] in Fig. 1, we present the kT –dependence
of parameters λ, Rout , Rside and Rlong entering the standard
out-side-long decomposition of the 3D correlation function
C(q) = 1+λ · exp(−q2

outR
2
out −q2

sideR2
side −q2

longR2
long). Here,

kT = (|p1T |+ |p1T |)/2 is the average transverse momentum of
two pions. On the same figure the ratio Rout/Rside is aso plot-
ted. We conclude that the improved cuts used in the present
analysis do not change the values of extracted parameters, but
due to the increased acceptance in rapidity and transverse mo-
menta of the pions, our analysis covers also region of lower
kT .

We have also studied the influence of electrons on the pu-
rity of the pion sample. Exclusion of pions with dE/dx
within ±2σ around the electron band has changed the value
of the parameter λ in the kT interval [0.15, 0.25] GeV/c by
50% at maximum. However, the other parameters character-
izing the 3D correlation function of identical pions (the radii
Rout ,Rside,Rlong) as well as the π−Ξ correlation functions re-
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FIG. 1: (Color online) The comparison between parameters of 3D
Gaussian fits to the correlation functions of identical charged pions
produced in Au+Au collisions at 200 GeV. Previous [26] (open stars)
and this analysis (full triangles). Error bars contain only statistical
uncertainties.

mained unchanged.

D. Results in 1D source size information

The π−Ξ correlation functions C(k∗) were analyzed in the
pair rest frame (k∗ = pπ = −pΞ). The results for unlike sign
pairs are presented in Fig. 2.

k*[GeV/c]
0 0.1 0.2

C
(k
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  0-10%
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FIG. 2: (Color online) The centrality dependence of the correlation
function of the combined sample of unlike-sign π±Ξ∓ pairs .

For all centralities, the low k∗ region is dominated by the
Coulomb interaction. The strong interaction manifests it-

self in a peak around k∗ ≈ 150 MeV/c corresponding to the
Ξ∗(1530). The peak’s centrality dependence clearly shows
high sensitivity to the source size. Contrary to the Coulomb
region, the correlation function in the resonance region does
not suffer from the low statistics and can thus in principle be
used to extract sizes of the sources more effectively than in
the former case.

E. Results in 3D asymmetry measurement

The information about the shift in average emission points
between π and Ξ can be extracted from the angular part of the
3D correlation function C(k∗)≡C(k∗,cosθ,ϕ).
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FIG. 3: (Color online) A00(k∗) and A11(k∗) coefficients of spherical
decomposition for the combined sample of unlike-sign π±Ξ∓ pairs
from three different centrality bins.

The function is binned in k∗,cosθ,ϕ with ∆cosθ =
2

Ncosθ
and

∆ϕ = 2π
Nϕ

as the bin sizes in cosθ and φ, respectively. After its
decomposition into spherical harmonics [27],

Alm(k∗) =
∆cosθ∆ϕ√

4π

all bins

∑
i

Ylm(θi,ϕi)C(k∗,cosθi,ϕi) (2)

Symmetry further limits the number of relevant components.
This is due to the fact that individual coefficients appearing
in the above decomposition represent different symmetries of
the source. Thus for azimuthally symmetric identical particle
source at midrapidity, only Alm with even values of l and m
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do not vanish. On the other hand, for non–identical particle
correlations the coefficients with odd values of l and m are
allowed.

For both cases, the most important coefficient is A00(k∗)
representing the angle-averaged correlation function C(k∗).
The latter is sensitive to the source size only, whereas in the
non–identical particle case A11(k∗) measures a shift of the av-
erage emission point in the Rout direction.

The decomposition of the correlation function into spheri-
cal harmonics was used to study the centrality dependence of
asymmetry in emission between pions and Ξs. The results are
presented in Fig. 3. The coefficient A11 which is non-zero in
all centrality bins clearly confirms that the average space-time
emission points of pions and Ξ are not the same.
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FIG. 4: (Color online) Comparison of A00(k∗) and A11(k∗) coef-
ficients of spherical decomposition for combined sample of unlike-
sign π±Ξ∓ pairs from 10% most central Au+Au collisions with the
FSI model predictions.

In Fig. 4 the experimental results for the 10% most central,
the highest statistics bin, are compared to a model calculation
exploiting strong and Coulomb final state interaction [28].The
theoretical correlation function was constructed from the par-
ticle emission separation distribution. For this purpose, the
momenta of real particles were used. The emission coordi-
nates of both π and Ξ were generated using the blast wave
model [18]. This model, encompassing correlation between
particle momenta and their space-time coordinates, was used
with a single set of parameters for generating emission co-
ordinates of both π and Ξ. These parameters were obtained
from experimentally measured pion spectra and π− π emis-
sion radii. Let us note that using the same set of parameters

for the Ξ source as for the pions implicitly assumes significant
transverse flow of Ξ. In the Coulomb region, the theoretical
correlation function is in qualitative agreement with the data.
Moreover, the orientation of the shift and its magnitude agrees
with the scenario in which the Ξ participates in the transverse
expansion. However, in the region dominated by the strong fi-
nal state interaction the calculations over predict both the size
and the shift coefficients.

F. Extracting the source parameters

For further analysis we have used only the low k∗ region
dominated by the Coulomb interaction, excluding thus the re-
gion around the Ξ∗(1530) peak (see Fig. 5).
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FIG. 5: (Color online) Comparison of A00(k∗) and A11(k∗) coef-
ficients from the spherical decomposition of the combined sample
of like-sign π±Ξ± and unlike-sign π±Ξ∓ pairs from the 10% most
central Au+Au collisions, along with the FSI model predictions.

The theoretical correlation function was calculated using
the momentum distribution of pairs extracted from real data.
The emission coordinates were randomly generated from the
two-parameter source distribution constructed in the follow-
ing way. For both particle species, the Gaussian shape of their
source was assumed with the sources shifted in the Rout direc-
tion relative to each other. In the pair rest frame this can be ex-
pressed via two parameters R and ∆out characterizing the pair
separation distribution in ∆r∗. Here, R represents the width
of the Gaussian and ∆out represents the shift in the Rout direc-
tion. Values of the source parameters were then extracted by
finding a minimum value of χ2 between theoretical and real
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correlation function. Fitting was done simultaneously for like
and unlike–sign correlation functions.

For the most central Au+Au collisions this method yields
the first preliminary values of R = (6.7± 1.0) fm and ∆out =
(−5.6± 1.0) fm. The errors are purely statistical. System-
atic error studies are under way and their values are expected
to be of the order of the statistical ones. In our case a neg-
ative value of the shift means that average emission point of
Ξ is positioned more to the outside of the whole fire-ball than
the average emission point of pion as expected in the Ξ flow
scenario.

III. IDENTICAL PION CORRELATIONS

A. Motivation

In ultra–relativistic heavy–ion collisions femtoscopy can
also be employed to extract information related to the strong
interaction among the particles [3, 10]. In recent STAR analy-
ses the strong FSI was studied via two–K0

s interferometry [29]
and in proton-lambda correlations [30]. A model that takes the
effect of the strong interaction into account has been used to
fit the measured correlation functions. In the p−Λ and p−Λ
correlations, which were actually measured for the first time,
annihilation channels and/or a negative real part of the spin-
averaged scattering length was needed in the FSI calculation
to reproduce the measured correlation function.

At the previous WPCF meeting an ambitious proposal to
exploit the correlations among identical charged pions to ex-
tract pion-pion scattering lengths was made [8]. The potential
for such measurements at RHIC, and also later at the LHC
stems from the fact that, compared to a dedicated particle
physics experiments measuring scattering lengths parameters
a0

0 and a2
0 like BNL-E865 [31] or Dirac [32], heavy ion exper-

iments provide a much larger number of pion pairs at small
relative momenta in a single event plus very large data sam-
ples ( 107 − 109 events). The real challenge when studying
the strong interaction among identical charged pions then is
to beat down all systematical errors pertinent to the ultra–
relativistic heavy ion collisions environment. Coulomb inter-
action, pion purity and geometry of the pion source need to be
kept under control. Varying the source size (kT or centrality)
may provide a good handle on this.

In particular, the bias arising from the frequently used
Gaussian assumption of the source shape needs to be ad-
dressed. Using the high statistics sample of Au+Au events
from the STAR experiment at RHIC’s highest energy accumu-
lated during the run IV, it was found that for all kT and cen-
trality bins the Lévy stable source parametrization does not
bring an advantage in describing the detailed shape of mea-
sured three-dimensional correlation function [6].

The next step in this direction is to exploit the model-
independent imaging technique of Brown and Danielewicz
[33, 34] and reconstruct the source itself. This is done via
inverting Koonin-Pratt equation (see e.g. [1]):

C(q)−1 = 4π
∫

K0(q,r)S(r)r2dr

K0(q,r)≡
1
2

∫
(|Φ(q,r)|2 −1)d(cosθq,r)

q =
1
2

√
−(p1 − p2)2 , (3)

which expresses the 1D correlation function C(q) in terms of
the probability S(r) to emit a pair of particles at a separation
r in the c.m. frame. S(r) is usually called the source function.
All FSI is encoded in the (angle averaged) final state wave
function Φ(q,r) describing the propagation of the pair from
a relative separation of r in the pair c.m. to the detector with
relative momentum q. The angle between vectors q and r is
denoted by θq,r. The procedure to extract S(r) via inversion
of Eq. 3 is given in [34].

B. Testing the inversion procedure

To test reproducibility of he original source function by
the imaging procedure we have generated Bose-Einstein (B-
E) correlated and Coulomb interacting pion pairs. The mo-
mentum spectra of the pions were obtained from the 10%
most central Au+Au RQMD generated events at

√
sNN=200

GeV. The pions coordinates were randomly sampled from an
isotropic 3D Gaussian distribution with the radius R=5 fm.
The instantaneous emission δτ=0 of particles was assumed.
Using pion momenta and their coordinates the B-E correla-
tions and Coulomb FSI were introduced using the procedure
described in [36]. Results for correlations and source func-
tions are displayed on Fig. 6. In order to compare with the
input Gaussian source the extracted source function was fitted
with the Gaussian distribution again:

g(r,R) =
λ

(2
√

πR)3 e−
r2

4R2 (4)

Let us note that the r2-weighting of S(r) appearing in the
normalization condition of the source function:

4π
∫ ∞

0
S(r)r2dr = λ (5)

makes the normalization constant λ more sensitive to the be-
havior of S(r) at r À R than one would naively expect. Since
the latter is determined by the imaging from values of the cor-
relation function C(q) at very small q, fulfilment of the above
normalization condition using data with limited statistics in
the low q bins may be hard to achieve. This may explain why
values of the extracted parameters R and λ from the single-
Gaussian fit were found to be smaller than the input ones.
While for R the discrepancy is about 4% for λ it is almost
25%.

C. 1D imaging analysis of the pion source from Au+Au and
Cu+Cu collisions

The same data set of Au+Au events from Run IV, used in
the previously described π−Ξ correlation analysis, was also

5.2 M.Šumbera: High energy nuclear physics and multihadron dynamics 253
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FIG. 6: (Color online) The 1D imaging analysis of an isotropic
Gaussian source using pion momentum spectra from RQMD sim-
ulating the 10% most central Au+Au collisions at

√
sNN =200 GeV.

Top: original (black filled circles) and restored by imaging technique
(red filled circles) correlation function C(q). To guide the eye the
data points are connected by a smooth line of the same color. Mid-
dle: 1D source function S(r) (red filled circles). The full black line
represents the result of a single-Gaussian fit to S(r), dashed line -
input Gaussian distribution. Bottom: 4πr2S(r).

used for the reconstruction of the pion source. The second
data set employed in the imaging analysis consists of about 8
million Cu+Cu minimum bias events at

√
sNN=200 GeV accu-

mulated during the Run V. Selected results from 1D imaging
analysis of the pion source using centrality selected Au+Au
and Cu+Cu events are displayed on Fig. 7 and 8, respectively.

Compared to the model example discussed in the previous
paragraph the extracted source functions now develop long
tails [35] and cannot thus be described by a single Gaussian
distribution. The only exception are the data from the 10%
most central Au+Au collisions (Fig. 7.) To account for the
observed behavior we use the simplest extension of Eq. 4 and
assume that the source function contains contributions from
two Gaussians. While the first Gaussian g(r,R1) contribut-
ing with fraction (1−α) is responsible for the long tails the
second one g(r,R2) contributing with weight α of width the
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FIG. 7: (Color online) 1D imaging analysis of identical charged pi-
ons from Au+Au collisions at

√
sNN =200 GeV. Results are shown

for the 10% most central (the left panel) and for peripheral(centrality
40-80%) collisions (the right panel). Top: the measured correla-
tion function C(q) (black filled circles), restored correlation function
from imaging technique (red filled circles). To guide the eye the data
points are connected by a smooth line of the same color. Middle:
1D source function S(r) (red filled circles). The full black line rep-
resents the result of a double-Gaussian fit to S(r). Two dashed lines
show contribution of each of two Gaussians. Bottom: 4πr2S(r): (red
filled circles). Full black line represents result of a double-Gaussian
fit.

R2 < R1 describes the source function at small r. The double
Gaussian distribution:

G(r,R1,R2) = (1−α)g(r,R1)+αg(r,R2),R1 > R2 (6)

now seems to describe data quite well. Comparing Au+Au to
Cu+Cu collisions of the same centrality we conclude that the
long tails are more pronounced for the smaller system.

All source functions presented so far were obtained from
data integrated over the whole range of average pair trans-
verse momenta kT = [0.125, 0.600] GeV/c). In the following I
will present results showing how much the observed departure
from a single Gaussian shape depends on particle transverse
momenta.

Such an analysis was performed and is displayed in Figs. 9-
11. While for Au+Au collisions the statistics allowed us to use
9 bins in kT for Cu+Cu we have used only 4 bins. In Fig. 9 the
lowest kT = [0.125, 0.250] GeV/c and the highest kT = [0.450,
0.600] GeV/c bins from Cu+Cu 10% most central collisions
are compared. We see that the long tail present in the lowest
kT bin, which is characterized by the Gaussion with the width
R ≈ 7 fm, completely disappears from the highest kT bin.

Figures 10 and 11 show the kT -dependence of the double
Gaussian fit parameters for Cu+Cu and Au+Au collisions at
three different centralities. We observe that with increasing
kT , the contribution of the second Gaussian is less and less
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prominent. This behavior is more pronounced in Cu+Cu col-
lisions. Let us note that the long tails observed in the low-kT
bins may then indicate an important role played by the pions
from long-lived resonance decays. An interesting observation
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which may have some relevance to the observed behavior re-
garding the random walk nature of particle freeze-out in coor-
dinate space was made by T. Csörgő at this meeting [37].
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IV. SUMMARY

High-statistics STAR data from Au+Au and Cu+Cu colli-
sions taken at full RHIC energy and three different centralities
were used to discuss recent progress in identical (π−π) and
non-identical (π−Ξ) particle femtoscopy. In the π−Ξ system
the strong and Coulomb-induced FSI effects were observed,
making it possible for the first time to estimate the average
shift and width between π and Ξ source. The 1D imaging of
the identical pion source reveals a significant departure from a
single Gaussian shape. The observed long tails, which could
be fairly well described by allowing for the second Gaussian,
are more pronounced for the sources produced at large impact
parameters. The effect is stronger for Cu+Cu than for Au+Au
collisions. For all centralities and both colliding systems the

highest departure from a single Gaussian shape is observed for
sources emitting particle with a small average pair transverse
momenta kT . For the highest analyzed kT the source is to a
good approximation a single Gaussian.
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2005), Kroměřı́ž, Czech Republic, August 15-17, 2005. Edited
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[10] R. Lednický, ibid, p. 189 (2006).
[11] P. Chaloupka, ibid, p. 603 (2006).
[12] P. Chaloupka, Proc. SQM 2006 Int. Conf on Strangeness in

Quark Matter, University of California Los Angeles, March 26-
31, 2006, edited by K. Barish, H. Z. Huang, J. Kapusta, G.
Odyniec, J. Rafelski, and C. A. Whitten Jr., J. Phys. G 32, S537
(2006).

[13] J. Adams et al. [STAR Collaboration], Nucl. Phys. A 757, 102
(2005).

[14] B. I. Abelev et al. [STAR Collaboration], arXiv:nucl-
ex/0607012.

[15] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett. 95,
122301 (2005).

[16] D. Molnar and S. A. Voloshin, Phys. Rev. Lett. 91, 092301
(2003), R. J. Fries, B. Muller, C. Nonaka, and S. A. Bass, Phys.
Rev. Lett. 90, 202303 (2003).

[17] J. Adams et al. [STAR Collaboration], arXiv:nucl-ex/0606014.

[18] F. Retiere and M. A. Lisa, Phys. Rev. C 70, 044907 (2004).
[19] R. Lednicky, V. L. Lyuboshits, B. Erazmus, and D. Nouais,

Phys. Lett. B 373, 3034 (1996).
[20] C. Nonaka and S. A. Bass, Phys. Rev. C 75, 014902 (2007).
[21] U. W. Heinz, J. Phys. G 31, S717 (2005).
[22] C. Blume et al. [NA49 Collaboration], Nucl. Phys. A 715, 55

(2003).
[23] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett. 91,

262302 (2003).
[24] P. Chaloupka [STAR Collaboration], Nucl. Phys. A 749, 283

(2005).
[25] R. Witt, talk at 19th Int. Conf. on Ultra–Relativistic Nucleus–

Nucleus Collisions, Shanghai, China, November 14-20, 2006,
arXiv:nucl-ex/0701063.

[26] J. Adams et al. [STAR Collaboration], Phys. Rev. C 71, 044906
(2005).

[27] Z. Chajecki, T. D. Gutierrez, M. A. Lisa, and M. Lopez-Noriega
[the STAR Collaboration], arXiv:nucl-ex/0505009.

[28] S. Pratt and S. Petriconi, Phys. Rev. C 68, 054901 (2003).
[29] B. I. Abelev [STAR Collaboration], Phys. Rev. C 74, 054902

(2006); S. Bekele and R. Lednicky, “Neutral Kaon Correlations
in √sNN = 200 GeV Au+Au collisions at RHIC”, Proc. WPCF
2006.

[30] J. Adams et al. [STAR Collaboration], arXiv:nucl-ex/0511003.
[31] S. Pislak et al. [BNL-E865 Collaboration], Phys. Rev. Lett. 87,

221801 (2001).
[32] B. Adeva et al. [DIRAC Collaboration], Phys. Lett. B 619, 50

(2005).
[33] D. A. Brown and P. Danielewicz, Phys. Lett. B 398, 252 (1997).
[34] D. A. Brown and P. Danielewicz, Phys. Rev. C 57, 2474 (1998).
[35] S. S. Adler et al. [PHENIX Collaboration], arXiv:nucl-

ex/0605032.
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5.2.3 Conference presentations

1. M. Šumbera,�−Ξ Correlations at RHIC . Invited talk at 47tℎ WORKSHOP OF
THE INFN ELOISATRON PROJECT ”Physics of Hadronic Interactions at LHC
with Nucleons and Nuclei and Phase Transition Physics” THE 1st PHYSICS
ALICE WEEK, Erice, Italy, 4.-10.12. 2005.

2. M. Šumbera, Selected results on Strong and Coulomb-induced correlations from
STAR experiment . Invited talk at II Workshop on Particle Correlations and
Femtoscopy - WPCF 2006. SãoPaulo, Brasil, 9. -11.9.2006.

3. M. Šumbera, Femtoscopy with exotic species . Invited talk at III Workshop on
Particle Correlations and Femtoscopy - WPCF 2007. Santa Rosa, California,
1.-3.8.2007.

5.2.4 Further developments

In [245] predictions of hydrodynamics-parametrized statistical hadronization model
HYDJET++ were compared with the above �−Ξ femtoscopic data. It was demonstrate
how decay of resonances and collective flow affect shift between the average freeze-out
space-time points of Ξ and �. To determine influence of the freeze-out on this shift
different freeze-out scenaria were studied: single freeze-out at Ttℎ = Tcℎ = 165 MeV;
thermal freeze-out at Ttℎ = 100 MeV and combined scenario when Ξ and Ξ∗(1530)
are emitted at chemical freeze-out while all other particles are emitted at the thermal
freeze-out. Results of performed analysis sems to indicate that the best description
of transverse momentum spectra and space-time differences is achieved within the
combined scenario. The theoretical analysis is still in progress [246].

http://indico.cern.ch/getFile.py/access?contribId=s1t17 &amp;resId=0&amp;materialId=0&amp;confId=a057183
http://aliceinfo.cern.ch/apw05/
http://aliceinfo.cern.ch/apw05/
http://aliceinfo.cern.ch/apw05/
http://aliceinfo.cern.ch/apw05/
http://www.ift.unesp.br/wpcf2006/sumbera_wpcf06.ppt
http://www.ift.unesp.br/wpcf2006/sumbera_wpcf06.ppt
http://www.ift.unesp.br/wpcf2006/
http://www.ift.unesp.br/wpcf2006/
http://www.femtoscopy.org/download.php?id=87
http://www.femtoscopy.org/index.php?op=meetings&mid=4
http://www.femtoscopy.org/index.php?op=meetings&mid=4
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5.3 M.Šumbera: High energy nuclear physics and multiparticle dynamics 259

5.3 Experiment ALICE

Figure 5.2: Cutaway side view of the A Large Ion Collider Experiment (ALICE)
detector [238]. The Inner Tracker System (ITS), a large volume TPC, electromagnetic
calorimeters EMCal and PHOS surrounded by the time-of- flight and transition ra-
diation detectors (TOF and TRD) are all embeded into solenoidal L3 magnet (outer
diameter 16m) with a uniform magnetic field of maximum value 0.5 T. The forward
muon arm (right) exploiting a large dipole magnet with a 3 Tm field is placed outside
the L3 magnet.

5.3.1 Introductory notes

ALICE is a dedicated heavy-ion experiment to exploit the unique physics potential
of nucleus-nucleus interactions at Large Hadron Collider (LHC) at CERN. Its aim
is to study the physics of strongly interacting matter at extreme energy densities,
where the formation of a new phase of matter, the quark-gluon plasma, is expected.
First discussion of This more than a decade old article represents one of the first
reviews of ultra-relativistic heavy ion program at Large Hadron Collider (LHC). It is
based in part on the material contained in “Letter of Intent for A Large Ion Collider
Experiment” [227] published just one year earlier. Later on, in 1995, “ A L I C E
Technical Proposal for A Large Ion Collider Experiment at the CERN LHC” was
published [229] and was followed by various Technical Design Reports of its different
sub-systems (see e.g. [232], [233], [234] ). Current status of ALICE physics capabilities is
described in two volume “Alice: Physics Performance Report” [236]. Recent description
of the ALICE detector can be found in [238].

http://aliceinfo.cern.ch/Collaboration
http://lhc.web.cern.ch/lhc/
http://alice.web.cern.ch/Alice/TDR/
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The ALICE detector was ready for the first LHC beams by the end of 2007. However
at the time of writing this thesis even the proton beams have not arrived yet. According
to the original scenario [228] the accelerator had to be be build as a 2-stage project.
The first stage consists of particle collider with an energy of 10 TeV ready to start
in 2004. By 2008 the accelerator was planned to be upgraded by adding additional
magnets to reach the final c.m.s. energy 14 TeV. Since then the LHC design and also
its time schedule went through the several modifications [236] but as of now (summer
2009) it appears that the first p+p collisions will take place this fall. Due to the
superconducting magnet malfunctioning the energy will be not 14 TeV but 7 TeV.
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1 I n t r o d u c t i o n  

Statistical QCD predicts that ,  at  sufficiently high energy density, there will be 
a transit ion f rom a normal  color-confined phase of hadronic mat te r  to a p lasma 
of deconfined quarks and gluons. The same transition which in the early universe 
took place in the inverse direction some 10-Ss after the Big Bang and which might  
play a role still today in the core of collapsing neutron stars. The experimental  
programs at the future heavy ion (AA) colliders, the BNL Relativistic Heavy Ion 
Collider (RHIC) and the CERN Large Hadron Collider (LHC), which will come 
into operat ion around the turn of the century, will provide for the first t ime the 
opportuni ty  to s tudy nuclear mat te r  under such extreme energy density and very 
high temperatures.  

At the RHIC two independent rings with 3.45 T superconducting magnets  lo- 
cated in the existing 3 .8km tunnel of the earlier abandoned ISABELLE/CBA 
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project will allow collisions between different nuclei, including protons, at a top 
energy of (250 x Z/A)GeV/n, i.e. up to a c.m.s, energy of 500 GeV for p+p 
and 200 GeV for Au+Au.  9 T superconducting magnets of the LHC, which will 
be located in the 27 km long LEP tunnel, will provide a maximum energy of 
(7 • Z/A) TeV/n,  i.e. a c.m.s, energy of 14 TeV for p+p and 5.5 TeV/n  for Pb+Pb .  
The RHIC being a dedicated collider machine for ultra-relativistic AA collisions 
have six interaction regions available for experiments, out of which four have been 
assigned for the initial set of experiments - -  two with large detectors (STAR and 
PHENIX) and two smaller ones (PHOBOS and BRAHMS). On the LHC only one 
dedicated heavy ion detector (ALICE) is foreseen. Later it is supposed to share its 
running time with dedicated pp detectors (ATLAS, CMS) which are optimized for 
physics differing by several orders of magnitude in event rate, multiplicity and pt. 
Since planned experiments at the RHIC are described in the other lecture of this 
school [1] in the following I will confine myself to discussion of the LtIC experi- 
ment ALICE only. However, when appropriate I will use parameters of the RHIC 
machine for comparison. 

2 T h e  L H C  as a h e a v y  ion  a c c e l e r a t o r  

The crucial quantity entering the design of every collider experiment is the avail- 
able luminosity L: 

N~k 
L =/74~ref l ,  , (1) 

where f is the revolution frequency, 7 is the Lorentz factor of the beam, e is the 
emittance, /3* is the betatron function at the collision point, k is a number of 
bunches and N is a number of particles per bunch. Since the event rate for a 
certain process is given by its cross section times the luminosity, the possibility 
of studying rare phenomena depends on the maximum luminosity accessible. At 
the same time the rate of background processes, which in general have large cross 
sections, will increase L, reaching at some point the maximum event rate that  the 
experiment can handle. 

These effects limit the luminosity half-life via the loss of ions in the bunch. The 
decay rate "~T is given by the formula: 

1 dN NIRL~T 
AT-- N dt - k ~  (2) 

in which Nia is the number of interaction regions and 0" T is the total cross section 
for the electromagnetic effects. Substitution for L from (1) into the last equation 
yields 

'~T O( No" T . (3) 

The maximum number N of ions per bunch then follows from the requirement of 
the luminosity half-life and from the value of ~W. 

580 Czech. J. Phys. 45 (1995) 
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2.1 Elec t romagnet ic  exci ta t ion in ul tra-relat ivis t ic  heavy ion collisions 

Discussing constraints imposed by the machine on the experiment with heavy 
ions, it may come first as a surprise to see that  at LHC these background processes 
are no more due to the strong interactions - -  with a characteristic dependence 
of the nuclear interaction cross section on a number of nucleons AIjI in colliding 
nuclei I and II 

2/~1/3 ~11/3 ~R = ~rr0~i + '~II  - 6) 2 with r0 ~ 1.35(fm) and 5 ~ 1.1 (4) 

- -  but are solely due to the coherent action of all charges in a nucleus. A classical 
description of this phenomenon dates back to Fermi [5], Weizs~cker [6] and Williams 
[7] and is known as a method of equivalent photons or Weizss approx- 
imation (WWA). It is based on the equivalence between the perturbative action of 
the field of fast moving charged particle and flux of electromagnetic radiation, or 
more properly, momentum of the radiation represented as a spectral decomposition 
into virtual photons. This equivalence is true as far as the effects caused by different 
spectral components add up incoherently, i.e., perturbation caused by the fields is 
small enough. 

The solution for the time-dependent electromagnetic fields mutually seen by the 
two ions can be found, for example, in the textbook on 'Classical Electrodynamics' 
[8]. The longitudinal (n) and transversal (_1_) field components, induced by a heavy 
ion I passing a target II at distance b and with velocity ~ are given by formula: 

-zwrPt  
Ell(t ) = (b 2 + 72~2t2)3t 2 '  

z~Tg (5) 

Bi l ( t )=0 ;  B • 2 1 5  

Let us note that  for 7 >> 1 these fields act on a very short time scale of order 
A t  ~ b/Tc. During this time fields E• and B x ( t )  are equivalent to linearly 
polarized pulse PII of radiation incident on a target in the beam direction. Thus 
according to the equivalent photon method, the strong and rapidly time varying 
field of the point charge Z1 is seen by a passing charge as a flux of virtuM (nearly 
real) photons with intensity 

r(~, b) = ~ I E ' ( ~ )  x J~(~v)l + IE• 2 --. z~, (6) 

where g'(,v), gC+v) and E• are fourier components of the fields ~, g and E• 
The energy spectrum of these photons falls as c< 1 / / ~  up to a maximum energy 

E ~  ~ = hTc/bmi~" (7) 

The interaction between colliding nuclei becomes dominantly electromagnetic for 
impact parameters b exceeding the size of the radii of colliding nuclei 

Czech. J, Phys. 45 (1995) 581 
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Returning back to the case of heavy ions at the LHC let us note that the most 
important background electromagnetic processes here are the creation of e+e - pairs 
with subsequent e- atomic shell capture (ec) and electromagnetic dissociation (ed) 
of the ion due to the field of another one passing close to it. At the LHC energies 
Crec = 106(Z/82) 7 barns and O'ed : 180(Z/82) 1~ barns [9]. The coherence shows 
up in a very strong dependence on the charge Z of the ions. For the Pb ions where 
electromagnetic processes are dominant limiting factor on the luminosity one gets 
in total ~rec+~ed ~ 300 barns which is well above value r r P b + P b  ~ 6 barns calculated 
from equation 4. The corresponding maximum number N is 9.4 • 107 ions/bunch. 

3 Physics  wi th  ALICE 

Being the only one dedicated AA detector foreseen at the LHC, ALICE - -  
A Large Ion Collider Experiment [2] - -  is designed to be a general-purpose ex- 
periment, aiming at a comprehensive study of hadrons, electrons, and photons 
produced in the collisions of heavy nuclei, up to the highest particle multiplici- 
ties anticipated at the LHC. In addition to the program with heavy ions ALICE's 
physics agenda includes also a study of photon-photon reactions and a number of 
large cross-section pp processes not accessible to the dedicated pp experiments. 

3.1 Heavy ion collisions 

The aim of heavy ion physics programme will be the study of strongly inter- 
acting matter at extreme energy densities. Contrary to the RHIC various different 
approaches to search for the QGP must be integrated into a design of a single 
heavy ion experiment at the LHC. On the other hand the energies available at the 
LHC will provide a significantly better environment for QGP studies than at lower 
energies. Table 1 from [11] which is based on a survey of a large amount of models 
and predictions gives a summary of some of the relevant parameters for central 
Pb+Pb collisions. One can see that the system created in nuclear collisions at the 
LHC will be hotler, bigger and longer-lived. 

As a consequence of the high multiplicities achieved in central nucleus-nucleus 
collisions (see Table 1) many important quantities characterizing highly excited 
matter will be available on evenl-by-evenl basis. Let us note that at today's heavy 
ion accelerators (SPS or AGS) one can measure only the ensemble average of many 
individual events with similar initial conditions (e.g. similar impact parameter). 
However, different scenaria of hadronic to QGP phase transition may lead to nearly 
identical average values of observables but will generally differ in their fluctuations 
around this average. Let us give some examples. 

- Slope parameter To extracted from the transverse momentum distributions 
of pions and kaons in individual events will make it possible to characterize 
separate events by their 'temperature'. Events with extremely high tempera- 
ture which are predicted [14] to result from deflagration of QGP will be easily 
identified. 

582 Czech, _1. Phys. 45 (199S) 
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Table 1. Comparison between SPS, RHIC and LHC predictions for central Pb+Pb  col- 
lisions: d N / d y  - -  charged particle multiplicity; ( - -  energy density (assuming 1"0 --- 1 in 
all cases); Vf - -  final volume at freeze-out; 7"o - -  formation (thermalization) time; re - -  
time spend in QGP phase. For a number of these parameters, the average relative increase 
compared to the SPS is shown in a separate row (i.e., SPS numbers are one by definition). 

SPS 

RHIC 

LHC 

(GeV/u) 

17 

2OO 

5500 

dN r Vf 
dy (GeV/fm 31 (fm 3) 

500-800 1.7-2.7 ~ 10 3 

1 1 

700-2000 2.3-6.8 ~ 7 • 10 3 

2 7 

3000-8000 

(fm/c) (fro/c) r0 

> 1? < 1? 
1 1 

< 1? 1.5-4 
3 5 

4-11 
7 > 30 

8.0-27 ~ 2 x  104 _<0.2? 
7 20 

A measurement  of K/7r ratio provides information on relative concentration 
of strange and nonstrange quarks. Events with extremely large K/~" ratio will 
be good candidates for the formation of QGP where enhanced strangeness 
production results from chemical equilibrium of quarks and gluons. 

Correlations between identical bosons will allow to determine source param-  
eters and thus provide information on event freeze-out geometry and its ex- 
pansion dynamics. 

Fluctuations in particle ratios, energy density, entropy density and flow of 
different particle species as a function of transverse momentum,  rapidity and 
azimuthal  angle. These fluctuations may result from the process of hadroniza- 
tion of a QGP [15]. 

3.2 Large  cross  s e c t i o n  p p  a n d  p A  p h y s i c s  

Soft and semi-hard pp and pA collisions at the LHC besides serving as a com- 
parison data  for a heavy ion program represent an interesting subject in itself. Let 
us note that  particles produced in these collisions will spread more or less uniformly 
over a kinematic range of some 20 units of pseudorapidity, from - 1 0  < ~ < 10. In 
order to exploit the physics potential  of this region fully, it is impor tant  to extend 
ALICE coverage over this entire kinematic range. Physics agenda of such a ful l  

acceptance detector is vast, and largely orthogonal to that  of the planned major  pp 
detectors which focus on rare, high Pt processes. It consists of study of the following 
subjects: 

- Measurement of elastic scattering and total  cross-section. 

- Study of soft diffraction (Pomeron exchange) including single and double 
diffraction. 
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Measurement of the rapidity distributions of heavy flavours, jets and gauge 
bosons in diffractive events. In the scenario where the Pomeron is regarded 
as a real particle this will make it possible to determine its gluon and quark 
structure functions. 

Measurement of the inclusive distribution of forward reaction products and 
studies of leading particles. Some strange phenomena, seen in cosmic rays, 
may find a natural explanation if the energy flow in the far-forward region is 
better understood. 

- Study of meson-meson and meson-nucleon interactions via leading particle 
tags. 

Study of the fractal nature of QCD phase space and the onset of color- 
coherence effects via analysis of multi-jet global patterns and of jets-within- 
jets. 

- Pattern analysis, including the search for disoriented ehiral condensate and 
related phenomena, and other correlation studies of multi-particle production. 

As an example let us discuss in more detail study of states containing rapidity 
gaps since they already encompass a wide range of phenomena. Rapidity gaps, 
namely regions of rapidity containing no final-state particles, are expected to occur 
between jets when a color-singlet is exchanged between the interacting hardpartons. 
The exchange of 7, W +, Z~ and QCD Pomeron is expected to give event such 
topology. Typical representatives of this class are so-called diffractive tags, such 
as a single far-forward proton, or an inelastic, low-pt, high-mass beam-fragment 
system, or a beam-fragment system containing a tagging jet, which define exchange 
of soft, semi-soft, and hard Pomerons, respectively [16]. Typical color-octet jet 
events (single gluon or quark exchange) have usually particles between jets, but 
even in these events rapidity gaps can be enforced by carefully tagging leading 
particles. Leading particle tags such as A, neutron, or unfragmented ion will create 
non-Pomeron rapidity gaps, within which occur meson-meson, meson-photon, etc. 
collisions at the TeV scale in the c.m.s.. Clearly the detector which wants to measure 
such exotic processes should have the capability not only of crisply defining these 
tags, which typically occur for ]7] > 6, but also to observe the collision products at 
smaller ~/. 

To summarize. In contrast to ATLAS and CMS experiments, ALICE will be able 
to study complete range of non-perturbative and semi-perturbative QCD processes. 

3.3 Two photon physics 

As already discussed in Section 2 fast moving nuclei are surrounded by a strong 
electromagnetic field, which can be seen as a pulse of real photons according to 
Weizs~icker-Williams method of equivalent photons. Intense heavy ion beams which 
will be available at the LHC represent a prolific source of such photons. Since 
their cut-off energy is inversely proportional to the ion radius (see Eq. 7), resulting 
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maximum invariant mass M of intermediate object X which can be produced via 
77 --+ X collision is 80, 170 and above 500 GeV for Pb, Ca and protons. Different 
decay channels of such intermediate objects into fermiomantifermion pairs X --+ 
ff  or charged boson pairs X --+ b+b - can be studied and reasonable statistics 
accumulated at high invariant masses M ~  well above the reach of LEP 200. In 
addition to this photoproduction physics, similar to what is done at HERA, can be 
performed at much larger c.m.s, energies. 

Cross section for particle production in heavy ion collisions via two photon fusion 
77 --+ X can be calculated using Weizsgcker-Williams method: 

i dooI / dcolInl(wi)nii(wiI)o'.r-,-+x(coi,~'ii). (9) 
ww 

O'AIA[I_. AIAII x ~--- 

Here ni(wi), i = I, II is the number of equivalent photons of energy wi for nucleus 
Ai and ~r-~-~+x(wI,wIi) is the cross section of elementary sub-process 77---+ X. The 
equivalent photon number n(w) can be expressed ill terms of elastic nuclear charge 
forln factor FA of the nucleus A moving with Lorentz factor E/mA = 7 as 

dk  . ( 1 0 )  
rrw t'Y 

Modern pat ton language formulation for expression (9) uses instead of energies 
of the photons fractions xi = wi/E and interprets a number of equivalent photons 
n(w) as a photon distribution function f.r/z(x). The result remains the same but 
allows extension of the calculations to the other processes. For example, if one of 
the photon distribution functions is replaced by the gluon distribution, function 
fg/A(x) cross section for photon-gluon fusion 7g --+ X process can be calculated. 
Let us note that  photon-gluon collisions allow the study of the gluon distributions 
in ions and, in the case of proton beams, one may also envisage photon-Pomeron 
interactions. 

Returning back to the two photon processes one can see after substitution of 
(10) into (9) that  erAyA increases with the fourth power of the ion charge. On the 
other hand, as already discussed in Section 2, the cross-sections for electron cap- 
ture er~r oc Z 7 and electromagnetic dissociation a~d or Zl~ scale with Z even 
more dramatically. This results in reduction of the beam lifetime and hence of the 
luminosities to max. 102r(1031) cm-2s -1 for Pb (Ca) ion beams. As a consequence, 
the highest two photon luminosities can be achieved neither with protons nor with 
Pb ions but with Ca beams. 

The large statistics which can be obtained with Ca ions enable extensive studies 
of C = +1 states and multiquark states even with low branching ratios into photons. 
As an example, 10000 ~b's can be produced in a 106 s run with Ca ions. The quark 
content of some exotic final states b created via 77 --* m+m - like 'multiquark 
mesons' (qq(t(t) can be analyzed since their coupling is similarly to the case of 
initial state heavy ions proportional to the fourth power of their charge. 

Let us note that  the cross section (9) for two photon fusion has to be under- 
stood as a total cross section in the impact parameter space of two colliding nu- 
clei. However, since strong interactions which take place at b <_ brain could mask 
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a clean experimental signal of the electromagnetic process cut-off in impact pa- 
rameter b > bmin must be introduced. Impact parameter dependent extension of 
equivalent photon method was developed in [17]. Calculations for the scalar stan- 
dard model Higgs-boson production via process 7"7 --+H show that the cross section 
is reduced only by factor ~ 2 when discarding collisions with b < brain. 

On the experimental side implementation of such trigger veto on nuclear pro- 
cesses will allow ALICE to study the production of intermediate-mass Higgs and 
supersymmetric particles in a much cleaner environment compared to deep inelastic 
pp collisions which will be measured by ATLAS and CMS. It is quite probable that 
decays of Higgs boson into beauty particles from reaction 7'7 --+ tt ~ bb may be 
observable. However, in view of the limited statistics and the beauty background, 
detailed studies are required before any conclusions about the detectability of new 
heavy particles can be drawn. 

As can be seen from the above list, physics agenda of 7"7 collisions is not less 
attractive than the QGP physics itself. However, before its full integration into the 
detector design further studies should be carried out in areas as the positive trigger 
for low invariant mass and the trigger veto against hadronic interactions. Physics 
of such 'silent events' which can be produced in heavy ion collisions at the LHC 
will be rewarding one. 

4 De tec to r  

Physics goals outlined in the previous section define design criteria and constrains 
which must be fulfilled by the detector. The most stringent one is the ability to 
analyze complex patterns in individual events. The ALICE detector should provide 
an opportunity to isolate and study interesting classes of events via their global 
pattern structure in phase space thus making it extremely versatile in the types of 
physics that it can tackle. 

4.1 Central part 

This part of the detector is devoted to physics at mid-rapidity, i.e. the region of 
minimum number of baryons and maximum energy density. The existence of this 
region is a unique feature of the LttC not shared by the lower energy machines like 
RHIC or SPS. Another important feature of heavy ion collisions at the LHC is the 
existence of a wide spectrum of observables which can be measured on event-by- 
even~ basis. 

In general, the sensitivity for all single event observables is proportional to the 
number of detected particles and therefore to the geometrical acceptance. On the 
other hand the rapidity region relevant to single event studies is in general smaller 
than the total width of the central region (4-5 units). This follows from the fact that 
the rapid longitudinal expansion will separate the total reaction volume created in 
nuclear collision into 'sub-volumes' at different rapidities, which are not in a thermal 
contact. Therefore the acceptance of the central part of ALICE ((90 4-45) ~ , i.e., 
Ir/[ < 0.9 over the full azimuth) has been chosen such that a sensitive event-by-event 
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analysis can be carried out at the highest particle densities expected for Pb+Pb  
collisions (see Table 2). 

The central part which is embedded in a large magnet with a weak solenoidal field 
(0.2 T) consists (from inside out) of an inner tracking system (ITS) with five layers 
of high-resolution tracking detectors (1 silicon pixel + 4 silicon drift detectors), a 
cylindrical time projection chamber (TPC), a particle identification array (TOF or 
RICH detectors), and a single-arm electromagnetic calorimeter PHOS. 

Table 2. Comparison of typical values of particle densities per square centimeter between 
SPS (as compiled from several heavy ion experiments) and ALICE. 

Detector Si-drift Si-pixel 

SPS ~ 10-20 ~ 5-10 
ALICE ~ 1-5 ~ 20 

TPC PHOS RICH TOF 

0.05-1.0 ~ 0.1-0.3 ~ 25 x 10 -4 occupancy ~ 15~ 
0.1 ~ 0.3 ~ 50 x 104 occupancy ~ 10~  

This part of detector which is very similar to the STAR detector at RHIC [1,10] 
is optimized for the measurement of the momenta and identification of particles 
of low pt, i.e. from a few tens of MeV to a few GeV, which constitute the bulk of 
particle production. However, it is designed to handle an order higher multiplicities 
than STAR (its granularity must be sufficient to track 16000 particles with good 
efficiency). Nevertheless, the situation will be in some respect even better than at 
the SPS Pb+Pb  ongoing experiments (see Table 2). First, at the LHC particles 
though more numerous than at the SPS are scattered not into a relatively narrow 
forward cone characteristic for fixed target experiments but into the full solid angle 
of 4~r. Second, the distance of the ALICE detectors from vertex has been chosen 
such that  even if the narrow jets of particles will be produced in hard scattering 
of partons the particle density should be less or comparable to SPS experiments. 
Hence, better separation of the individual particles is possible. 

4.2 Forward extensions 

Most of the physics topics itemized in Subsections 3.2 and 3.3 are inaccessible 
without extending ALICE into forward and far-forward region. Let us note that  
especially far-forward region (1~/I > 6) is very difficult to access experimentally since 
it corresponds to very high momentum particles emerging at few mrad in angle. 
The demands on the detector architecture for doing this are therefore high and 
will be defined by the physics priorities as time evolves. In the time of writing this 
contribution most of this 'non-QGP' programme is still in a preparatory state. What  
is, however, important even now is that the magnetic architecture of the forward 
detector, which affects the machine lattice, and the far-forward Roman-pot tracking 
system, which must be inserted within the final-focus system of machine elements, 
deserves the highest priority. The reason for this is the recent (]6 th December 1994) 
approval of the LHC, which sets the dead line for its opening to 2004 and hence 
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also for early finalization of the machine. Let us now briefly describe design of this 
part of ALICE. 

The free space in the two forward arms allows an extension from the central pseu- 
dorapidity region I~1 < 1.5 almost continuously into the forward and far-forward 
region. To match the acceptance of the central solenoidal magnet a dipole magnet 
with an aperture of about -4-15 ~ will be placed as close as possible to the endplates of 
the solenoid. The momentum resolution will be sufficient to resolve the resonances 
in the T family, i.e. less than 1% over most of the kinematic region. 

A second dipole magnet with a stronger field (around 1.5T), will be placed 
further upstream. It will deflect far-forward particles out of the beam. The highest 
energetic particles will then pass the forward quadrupoles and the dipole magnet 
D1 which separates the beams. 

Several hundred meters further upstream precise position detectors will measure 
diffractive as well as elastic scattered protons. Extrapolation to t = 0 can then be 
used for a luminosity independent determination of the total cross-section via the 
optical theorem. 

One of the two forward arms will be optimized for muon detection in heavy 
ion runs. To cope with the large particle density leading to many decay muons in 
the low Pt range, a dense absorber is foreseen close to the interaction point and a 
careful shielding of the beams. Muons will be well measured and identified in the 
pseudorapidity interval 2 < I~/I < 4. The absorber design will be determined by 
the ability to separate J / r  from r and to reduce the background to an acceptable 
level. For proton runs the muons will be identified with absorbers placed behind 
the track measurement. Thus the tracking architecture will be identical in the two 
forward arms. 

The impact parameter of the collision will be determined by measuring the total 
energy of non-interacting nucleons with three different Zero-Degree Calorimeters 
(ZDC). Neutron, proton and negative particle's ZDC will be located about 29m 
downstream of the the LtIC dipole magnet D1. Later it will provide separation 
between the neutron and proton spectators and the beam remnants ( Z / A  ~ 0.4). 
Two identical sets of such calorimeters will be placed on both sides of the interaction 
point. 

The ZDC between the separated beams, will be complemented by electromag- 
netic calorimeters, with emphasis on high spatial shower resolution. The electro- 
magnetic calorimetry wilt cover the complete pseudorapidity region [~/I > 1.5. 

5 Conclusion 

Few months after this school a long awaited news came from CERN. On 16 th 
December 1994 CERN Council agreed to approve construction of the LHC. Ac- 
cording to its decision an accelerator should be build as a 2-stage project. First 
stage being a particle collider with an energy of 10 TeV must be ready to start the 
research programme on top quark, charge parity violations and heavy ion physics 
in 2004. By 2008 the accelerator will be upgraded by adding additional magnets 
to reach the final c.m.s, energy 14 TeV. From now on, more than nine years before 
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the startup of the LHC, the design work on the detectors is gaining on speed. The 
heavy ion community is looking with great excitement to the coming years, when 
a mQor  step in our understanding of strong interactions is expected to occur. 
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5.3.3 Further developments

Recent review of electromagnetic processes expected at LHC can be found in [R81,
R82]. Corresponding maximum number N obtained in [228] 9.4 × 107 ions/bunch is
very close to more recent estimate [236] 7 × 107 ions/bunch reflecting change in the
number of interacting regions from 2 to 3.

Experiment ALICE at LHC at CERN (Fig.5.2) will study heavy-ion collisions at a√
sNN = 5.5 TeV. Almost a factor 30 higher than at RHIC. The expectation from 1994

on the most important parameters characterizing matter produced in central Pb+Pb
collisions at LHC and their comparison to SPS and RHIC are summarized in Table
1. Note that at that time no results on ultra-relativistic collisions of heavy systems
were available. That’s why the values in Table 1 are based on the models or on the
p+p/light ion extrapolations only.

In contrast to that the Table 5.2 is based on the extrapolations [236,R1,R64] from
the SPS [63,78,90,94] and the RHIC [171] measurements to the LHC. The final volume
at freeze-out was estimated as Vf = Rlong ⋅Rside ⋅Rout using the already mentioned linear
dependence of the radii on (dNcℎ/d�)1/3. The energy density was estimated from the
relation

�(�0 =
1

�R2

1

�0

dET
dy

(5.1)

due to Bjorken [R68] which may serve as a conservative upper limit. Here the initially
produced collision volume is approximated by a cylinder of length dz = �0dy and the
transverse radius R ∝ A1/3.

A part of the differences between the values of both tables is due to unexpectedly
rapid thermalization of the super-dense matter created at RHIC. That matter was
found to be strongly and not weakly interacting and its explosive character produces
too small freeze-out volumes and much smaller number of final state hadrons than
originally conceived.

Table 1. (from [228]): Comparison between SPS, RHIC and LHC predictions for central

Pb+Pb collisions: dN/dy – charged particle multiplicity; � – energy density (assuming �0 = 1

in all cases); Vf – final volume at freeze-out; �0 – formation (thermalization) time; �c –

time spend in QGP phase. For a number of these parameters, the average relative increase

compared to the SPS is shown in bold in a separate row (i.e., SPS numbers are 1 by definition).

Another important difference between the tables is due to a change of a paradigm.
Nowadays the nuclear collisions at LHC are expected to be driven by parton-parton
or even classical fields scaterrings [R29] rather than by the nucleon and string degrees
of freedom. The bulk of multiparticle production at LHC will be from partons with
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√
s dN � Vf �0 �c �c

(GeV/u) dy (GeV/fm3) (fm3) (fm/c) (fm/c) �0

SPS 17 380±20 3 ± 0.6 ≈150 ≥ 1? ≤ 1?
1 1 1 1

RHIC 200 650±50 6 ± 1 ≈200 ≤ 0.1 ≈3
2 4/3 3 30

LHC 5500 1100 - 2200 8 - 10 ≈400 ≤ 0.01? 4 - 11
2.5 3 7 ≥ 30

Table 5.2: Comparison between measurements (SPS, RHIC) and LHC predictions for
central Pb+Pb collisions. The legend is the same as in Table 1.

momentum fractions x ≤ 10−3 [236]. Partons with these very small x values interact
coherently with several partons in the other nucleus. It thus is very unlikely that
the pQCD collinear factorization approach resulting in a convolution of probabilities
will suffice for describing multiparticle production at the LHC [R64]. One way to
understand the properties of the nuclear wave function at small x is to realize that at
sufficiently small x, the parton distributions saturate. This happens when the density
of partons is such that they overlap in the transverse plane, their repulsive interactions
are sufficiently strong to limit further growth to be at most logarithmic [R63]. The
large parton density per unit transverse area provides a scale, the saturation scale Q2

s.
The estimate for the LHC Q2

s = 2 − 3 GeV2 ≫ ΛQCD i.e. �S ≪ 1 shows that even
though the physics of small-x partons is non-perturbative, it can be studied with weak
coupling [R29].

Existence of this semi-hard regime was predicted already in 1984 [R63] but it took
about the next 15 years to get accustomed to it. Nowadays the situation is very differ-
ent. There are even attempts to interpret the forward suppression observed in d+Au
collisions at RHIC invoking the saturation picture [R29] even though more standard
explanation is at hand [242].



5.3 M.Šumbera: High energy nuclear physics and multihadron dynamics 274



Chapter 6

Conclusions

The program to study high-density nuclear matter was formulated a long time ago
[R10–R12]. At about that time new phase of QCD matter – deconfined and chirally
symmetric QGP – was predicted [R16,R17]. Over the last 30 years the author of this
thesis had a privilege to participate in a wide international effort to search for the new
states of high-density strongly interacting matter at JINR Synchrophasotron [8], GSI
SIS [43]- [52], [50], CERN SPS [63]- [59], [78]- [67], BNL RHIC [166,171,180,200] and
at CERN LHC [228,236,238] accelerators.

On the road toward this ‘Holly Grail’ of contemporary nuclear physics several in-
teresting phenomena were encountered. The squeeze-out of neutral pions [43, 46] and
general scaling laws of subthreshold particle production [43,48,49,52] at SIS. The super-
dense highly non-trivial medium [90] exhibiting the thermal features [63] accompanied
by a large particle flow effects [90] at SPS. The other phenomena, like the hypothetical
disoriented chiral condensate, remained hidden beyond the observation limits [59].

Even in simpler hadron-hadron system the multiparticle production at high en-
ergies provides mixed and sometime puzzling signals hidden behind non-perturbative
hadronization drapery. It is thus gratifying to learn that some general and robust
phenomenological regularities governing its asymptotic behavior can be established
[30,33,40].

First, essentially circumstantial evidence about the QGP, came from the CERN SPS
experiments. The result [R51] was based on combination of several observed signals
(strangeness enhancement, J/ suppression, dilepton [90,97,110] and direct photon [80]
production) each of them also allowing for a non-QGP explanation.

Soon after the CERN QGP announcement the RHIC machine started to deliver
its new results. The following three years have witnessed a plethora of interesting,
sometimes even unexpected, results [171]. The first RHIC data have confirmed that
the magnitude of observed collective phenomena is consistent with equation of state
expected from the QGP. Hadronic degrees of freedom are unable to account for the
early formation of significant pressure leading to explosive collective behavior [R6]. The
non-trivial properties of the matter created at RHIC were also found in the region where
according to standard wisdom pQCD calculations should be valid: large deficit of high-
pt hadrons (the jet quenching), large (and approximately pT -independent) azimuthal
asymmetry and baryon/meson ratio much larger than in the usual jet fragmentation.

The QCD matter found at RHIC thus exhibits so far unobserved behavior. Very
high density, strongly interacting partonic matter (made of constituent quarks) is
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formed, reaching thermal equilibrium very early in the collision [171]. Surprisingly
enough, the superdense matter does not behave as the ideal gas of free quarks and
gluons that was searched for during previous decades but as a perfect fluid of very low
viscosity [R6,R21,R31].

In the meantime the new analyses [112,117] of the old SPS data rediscovered some of
the RHIC most prominent findings at the lower energies. It remains to be seen whether
the same kind of matter awaits us also at the LHC or ideal gas QGP will finally show
up there or, what is most likely, some surprises will happen [228,236,R2,R21].
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