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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[l.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
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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 v
(near midrapidity, integrated over pr) 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 v,, [R74]:

3 3
E% = %%(1 —1—22% cos(n¢)) (1.1)
where the reaction plane is approximated by the vector 5 = > w,,p_%(y) where pr(v)
is the transverse momentum and w, being an appropriately chosen weight for the
individual particle in an event. The azimuthally symmetric coefficient v is generally
called transverse radial flow, v; is called directed or sidewards flow and v, is called
elliptic flow.

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

Fig.. 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 (v > 0). At around 100
MeV /nucleon, the preferred emission turns into out-of-plane and v, 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 v > 3 (Epeam ~ 6 GeV /nucleon) this
shadowing disappears changing the pattern back to the in-plane emission. Above this
energy vy 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 vy > 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]. vy 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. 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 |R§] 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.. 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 /syy = 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 (y/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 \/syny = 17.3 GeV and /syny = 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 pp 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 \/syny = 200 GeV was
submitted. Funding to proceed with the construction was received in 1991 and on June
12th, 2000 first Au+Au collisions at /sy = 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
Vs = 14 TeV and intensities. The ion option (y/syn = 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, SchwerlonenSynchrotron (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.
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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. Let us note that in addition to well understood liquid and gaseous phases
plentiful spectrum of solid phases exists in which the Hy0 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.

_;-I].E_" W LT
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L | RAHIC
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]
& a2l ... 5P
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Figure 1.2: Left: The phase diagram of water [R22]. Right: The QCD phase diagram in
the temperature vs. baryon chemical potential (T, ug) 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 up = 0.93 GeV and the approximate
position of the QCD critical point at pup ~ 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
, 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 ny =0
calculations were performed on a N; = 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 7' < 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 (u = 45
MeV at RHIC [171] and negligible in the early Universe) we can use QCD lattice cal-
culations performed at g = 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 u ~ 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 g > 0 MeV and 7' > 0 MeV is more complicated (see the right
panel of Fig.. Here the wealth of novel QCD phases is predicted to exist [R2§]
including so called quarkyonic phase [R29]. At 7'~ 0 MeV and p > 1GeV a variety
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of color superconducting phases occur [R28,R30]. Somewhere on the phase boundary
at up ~ 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[I.3] where pressure
p and energy density € normalized to T* are plotted as a function of temperature 7.
Hadron gas to QGP phase transition shows up as an order of magnitude change in
in a narrow range of temperatures AT ~ 10 — 20 MeV around T =~ T, ~ 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 N, = 3 colors and
Ny = 3 quark flavors, the Stefan-Boltzmann (SB) limit:
P T € w2
7 Y90 1 9300
would be reached soon after the phase transition. This is at variance with the lattice
QCD calculations shown on Fig.. p/T* rises rapidly above T,, then begins to satu-

rate by about 27, but at values substantially below the SB limit indicating substantial

g=2(N}—1)+IN.N; =475  (1.2)

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 I' which
is the ratio of interaction energy to kinetic energy [R32|. Strongly coupled classical
electromagnetic plasmas I' > 1, are not exotic objects at all. For example, table
salt NaCl can be considered a crystalline plasma made of permanently charged ions
Nat and CI~ [R21]. At T ~ 10% K (still too small to ionize non-valence electrons) it
transforms into a molten salt, which is liquid plasma with I' &~ 60. Current estimate
of this parameter for the sQGP at RHIC energies I' = 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-
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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] (130%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 B-4.2] [.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] - (163]),
particle flow [4.3.2] ( [90]) and search for the chiral phase transition [4.3.2] [£.2] ( [59,(00])
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 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 ete™ — gg — 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 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
Simék and Sumbera [30]. A discrete distribution P(N) is said to be infinitely divisible
if V integer k£ > 0 there exists k independent identically distributed random variables
N1, ..., Ny whose sum is distributed as P(N). In terms of its generating function (g.f.)
Q(w) = 35 P(N)w" this means that Yk > 0 integer {/Q(w) is again the g.f. of a
certain distribution. Moreover, any infinitely divisible distribution can be written as a
Compound Poisson Dis&%l&l}ti:or}t ﬁg&]ﬂ)’ le‘é}QJs:re f(w) = e~ @D (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 7" and chemical potential p
using grand canonical partition function Z (7T, V, u). Since the particles are in mutual
interactions they have to be correlated. So we do not expect that their number dis-
tribution P(N) = 0ln Z/01np 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 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
v = 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 pp events at SppS collider at CERN [R45].
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Article reprint

ENERGY INDEPENDENT NUMBER OF CLUSTERS AND
MULTIPLICITY DISTRIBUTION AT COLLIDER AND BEYOND¥)

V., Simdk
Institute of Physics, Czechosi. Acad. Sci., Na Slovance 2, 180 40 Praha 8, Czechoslovakia

M. Sumbera

Nuclear Phvsics Institute, € 29(’!:0.!;!. Acad. Sei., 250 68 Res near Prague, Czechoslovalkia

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 hadronization via decaying clusters leads to energy-
independent number of clusters above the ISR energies, replacing the previous KNO-scaling.

i. INTRODUCTION

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

| N4 k- 1\ (NS
1 P \f = N ]_ —_ k s _
" M ( k—1 )q( v k + (N>

where k™! = (—0-098 + 0-008) + (0-0282 4 0-0009) In s 1s the parameter describ-
ing the KNO-scaling violation. The distribution (1) has been widely used for descrip-
tion of multiplicity distributions at high energies (see [ 3] and references cited therein).
The interpretation of (1) as a result of &k independently produced clusters decaying
according to Bose-Einstein distribution {BE) has been naturally considered [4].
The experimental non integer value of k = 3-69 X+ 0:09 together with decrease
of k with energy and its increase with the width of pscudorapidity 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.

. NEGATIVE BINOMIAIL. DISTRIBUTION WITH INCREASING NUMBER
OF SOURCES

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

A

Nk
(2) Qw) =3 PN)w\ = (—l_ q )
0

N= I — gw

*) Pedicated to the 30th anniversary of the Joint Institute for Nuciear Research.

Czech. J. Phys. B 36 [1986] 1267
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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) f(w} = exp [ (w = 1)]
o(w) = flg(w)] (-
n(l — gw
(3b) g(w) = (= q)

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

(4) vy =k.ln (.l + i};ﬁ)

each of them decaying according to the logarithmic distribution

n

(_5) Pn) = - ll‘l(lli—q) : % '

I

]

/
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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). Dashed lines represent the
{¥)1 correcied to the neutral particles.

1268 Gzech. J. Phys. B 36 [1986)
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Each cluster thus consists of at least one particle, with average number of particles
in a cluster

ND

(6) {n

Tk In(l+ NYJR)

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>.

S40 GeV

<V :H’jlc)

4
= Y A (8m=20)
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Fig. 2. Fig. 3.

Fig. 2. Normalized statistical moments predicted for high energies under the assumption of
constant number of clusters {v» — 8. Full curves correspond to the compound Poisson-loga-
rithmic distribution and curves a, b, ¢, d are calculated from distributions discussed in chapter I1I1

Fig. 3. Average number of clusters as a function of rapidity interval 5 centered at # == 0. Circle
corresponds to the full phase space. Dashed line represents the change of the slope of (v} and
dotted lines correspond to the moving window 4 according 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

() (NY = k[exp (<v)[k) — (] > k. exp (8/k),
N | .
(8) iDl ~ (K[ — oxp (= T2 - Jk |

Corresponding energy dependence of normalized moments C, for ¥ = 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 (1) (truncated in accordance
with experimental condition N > 0).

At fixed energy /(s) = 540 GeV (¥} is a rising function of the width of pseudo-
rapidity window . (fig. 3). The increase is, however, not 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 pscudorapidity. The constant number of clusters is also
a natural source of observed increase of long-range correlations of particles with
the cnergy.

III. COMPOUND DISTRIBUTIONS — 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)

N m N
¥ PNy = e 0y Ly ey
| ‘ N! i=0 j!
b) Poisson distributed BE clusters,
¢} Poisson distributed BE clusters with # > 1| (TBE)
. i . a—1
(]0) P(n) _- . (1 — 1)
{ny {ny
with

’ — ¢ TNV Y /N1 O IY
11 =e ] - e R SR A I
() Y= ( <n>) J--—Zl(.f - 1)1! (<n> - l)

The average number of clusters {v) in a}, b), ¢} equals to k, 2k, 2k{(N>/(2k + (N))
respectively. While in the a) and b) the {v) is entirely function of k, and thus falling
with encrgy, 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 valuc {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[(k — 1).

Taking as an input experimental values of the first two moments of multiplicity
distributions in the energy range ./(s) = (10-5 — 540) GeV as compiled in [2]
we have caleulated Cs, C, and C, 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 data — 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 energics. This leaves the
space for other more parametric distribution [9], e.g. Glauber-Lachs-Pefina-McGill
distribution, which can be also writlen into the form of Poisson distributed BE,
clusters.

1V. DISCUSSION

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

We have examined more modest approach to cvaluate 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 {¥> = 8 has been obtained
only from charged particle data. Inclusion of neutral particles ((N)r = 3(N>[2)
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 arc grateful to W.-Q.
Chao for paying our attention to this paper.

Received 28. 1. 1986.
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