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Preface
This thesis deals with mini-jet production in proton-antiproton collisions at

•y/s = 630 GeV, particle production and nuclear fragmentation in high energy
heavy-ion interactions. The results shown in the thesis are based on the experi-
ments EMU01/CERN, E863/BNL and UA1/CERN.

The thesis is organized in the following way. Chapter 1 gives an introduction
to the field of high energy heavy-ion physics. The EMU01/CERN and E863/BNL
experiments are described in Chapter 2. The details of a new automatic measuring
system based on the CCD technique and image processing are also given in this
chapter. Chapter 3 describes the mini-jet production in pp interactions at -^/s=630
GeV. The papers involved in this thesis are summarized in Chapter 4. The thesis
includes the following five papers.

1) M. I. Adamovich et. al. (EMU01 Collaboration), A systematic study of the
energy independent behaviour of the fragmentation regions in 160-Em interactions
from 3.7 to 200 A GeV. Z. Phys. C55 (1992) 509.

2) M. I. Adamovich et al. (EMU01 Collaboration), On the jet-like and ring-like
substructure in distributions of produced particles in central heavy-ion interactions
at ultra-relativistic energies. J. Phys. G: Nucl. Part. Phys. 19 (1993) 2035.

3) M. I. Adamovich et al. (EMU01 Collaboration), On the production of slow
particles in high energy heavy-ion collisions. Z. Phys. C65 (1995) 421.

4) A. Norton et al. (UA1 MIMI Collaboration), Production of mini-jets in pp
collision at ^=630 GeV. Helsinki University, Physics Report (1997).

5) H. Q. Wang et al., A CCD-based automatic system for tracking charged
particles in high energy heavy-ion collisions. To be submitted to Nucl. Instr. and
Meth. (1997).

During my Ph.D study I had the opportunity to attend the following interna-
tional conferences and presented my work:

1) European Research Conference on Physics of High Energy Heavy-Ion Col-
lisions, Vuosaari, Finland, June 17-22, 1994.

2) The International Nuclear Physics Conference-INPC'95, Beijing, China,
August 21-26, 1995.

3) Twelfth International Conference on Ultra-Relativistic Nucleus-Nucleus
Collisions (Quark Matter'96), Heidelberg, Germany, May 21-25, 1996.



Abstract

The thesis is based on the data analysis and detector development of
the EMU01/CERN, E863/BNL and UA1/CERN experiments.

Particle fluctuations are studied with the scaled factorial moments in
the fragmentation region of 16O-induced emulsion interactions from 3.7 to
200 A GeV. The intermittency indices show an energy independent be-
haviour in the target and projectile regions of pseudorapidity. In order to
study the origin of the fluctuations, jet-like and ring-like substructures of
particles produced in the azimuthal plane are investigated for the 32S-Au,
32S-Em and 160-Em interactions at 200 A GeV. The study shows that
the two-particle azimuthal correlations can be well understood if Bose-
Einstein correlations and 7-conversion are included. A nuclear rescattering
model, which incorperates the FRITIOF model, has been developed. The
model can well describe multiplicity distributions of slow recoiling protons,
evaporation particles and their correlations with particles produced in high
energy heavy-ion collisions.

In the autumn of 1994, truly heavy nuclei (Pb) were accelerated to 158
A GeV/c at the CERN/SPS. In order to improve the measurements of Pb-
induced collisions, an automatic system based on the CCD technique and
image processing was developed. This system has been used to measure
densities of the particles produced.

Mini-jet production is studied using the UAl 1987 minimum bias data
sample for pp interaction at v^s=630 GeV. The study shows that the ET
distribution of mini-jets is in good agreement with the QCD prediction.
The angular distributions of two leading jets show the behaviour of elastic
scattering of partons with gluon exchange.
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Chapter 1

Introduction

1.1 The building blocks of matter
The fundamental structure of matter was already discussed by the ancient Greek
philosophers. Building matter from basic constituents according to a few basic
principles started a dream at that time.

Our present knowledge tells us that all atoms consist of a nucleus surrounded
by an electron cloud. The nucleus is concentrated at the centre of the atom and
is about 10 000 times smaller than the atom. The typical size of a nucleus is
about several fm (l/m=10~15m). A nucleus consists of protons discovered by
Rutherford[1] and neutrons discovered much later by Chadwick.[2] With three
constituent particles, electrons, protons and neutrons and their electromagnetic
and nuclear interactions, one could build all atoms and understand the periodic
table.

Elementary particles are divided into leptons and hadrons. Today six different
leptons and their antiparticles are known, but there are hundreds of hadrons. At
the beginning of the sixties Gell-Mann[3] and Zweig[4] independently introduced
the quarks as the building blocks of the hadrons. By introducing three different
flavous called up (u), down (d) and strange (s) they could describe all the hadrons
that had been observed at that time. The first evidence that protons consist of
three quarks was obtained in 1969 at the Stanford Linear Accelerator Center in an
experiment where high energy electrons were scattered off a target of protons.[5]
By observing the scattering pattern of the electrons one could observe point-like
constituents in the proton in analogy with the Rutherford scattering on atoms. The
quarks carry a strong interaction charge called colour. There are three different
colour charges (together with their anticharges) which are called red, blue and
green. The force carriers of strong interaction are called gluons. The evidence for
gluons was first discovered at DESY in 1979 in the PETRA experiment.[6] After
the first introduction of quarks, three more quarks charm (c)[7], bottom or beauty
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(6)[8] and top (t)[9] quarks were discovered.
With the discovery of the t-quark one has reached what seems to be a complete

set of fundamental building blocks of nature, the leptons and quarks. According
to present knowedge, these particles are fundamental in the sense that they act as
point-like particles down to a scale of 10~ 16cm compared with the proton size of
10~ 13cro.

The theoretical understanding of high energy physics is summarised in the
Standard Model which explains the electromagnetic, weak and strong interactions.
In this gauge theory quarks and leptons are the building blocks of matter. The
force medium between quarks and leptons is the gauge bosons which are naturely
introduced by the gauge principle. From the gauge principle starting from the
matter field (quark and lepton fields) one gets the force fields (gauge bosons)
associated with the gauge symmetry by demanding invariance under local gauge
transformations. The gauge principle was extended to non-Abelian symmetries,
which have non-commutation transformations, by Yang and Mills in 1954.[10]

In fact the Standard Model consists of three gauge theories which are based
on different symmetries:

1) electromagnetism (QED), Abelian U(l)em;
2) electroweak interactions, non-Abelian U(l) 0 SU(2)x,;
3) Strong interactions, non-Abelian SU(3)c-
The corresponding gauge fields are the photon, the photon and the weak

bosons W^ and Z, and the gluons, respectively.

1.2 Physics motivation for high energy
heavy-ion research

In the Standard model there are two basic problems[ll] which are also the problems
of physics in this century. One is the Quark Confinement and the other is the
missing symmetry (mass origin of particles). All of the hadrons are made of
quarks but no free quarks have yet been observed. All present theories are based
on symmetries but most of the symmetry quantum numbers are not conserved.

The strong interaction is described by the Quantum Chromodynamics (QCD)
which is not as well tested as the QED and electroweak interactions, since the
quarks and gluons are not free particles. In QCD, the quark is said to have one of
three colours and the quark fields have three colour components. The underlying
Lagrangian of QCD is invariant under SU(3)c transformations. Requiring invari-
ance under local non-Abelian gauge transformations in colour space gives eight
massless gauge fields, the gluons, which mediate the strong force. Due to the non-
Abelian gauge nature of QCD, the gluons are self-interacting. At small distances
or large energy scales the strong coupling a, is small and the quarks and gluons
become quasi-free. The strong coupling constant a, is inversely proportional to
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ln(Q/A)2 in the leading order approximation.

12TT
a, = (1.1)

( 3 3 - 2 n / ) l n ( Q 2 / A 2 ) '

Here nj is the quark's flavour number. Q2 — —q2, q is the four momentum transfer
and A is the energy scale at which quarks are bound to form hadrons. As Q
approaches the A, the a , apparently diverges and quarks and gluons are confined.
One parameterization of the effective potential between quarks is fc-^ + ̂ r, which
is illustrated in figure 1.1. Here fc is the colour factor and K (~ 1 GeV fm~l)
is called the "string tension". When the distance between quarks increases, the
potential is increased, which confines the quarks into hadrons.

U ( r )

(GeV)

r (fm)

Figure 1.1: Sketch of the potential between Quarks

In the Standard Model, the matter field and the gauge bosons are massless.
Otherwise the Lagrangian of the system would not be invariant under gauge trans-
lation. But in the real world all observed particles are massive (except the photon
and the neutrino whose mass is under investigation). What is the mechanism
giving rise to this kind of observation? One explanation is spontaneous symme-
try breaking (Higgs mechanism).[12] In such a mechanism, the physical laws are
symmetric but the physical vacuum is not. The complex, massless Higgs fields <f>
were introduced and coupled to the gauge boson fields. The symmetry of physi-
cal vacuum is broken by a non-zero vacuum expectation value of the Higgs field
< 0\4>+(j>\0 > (vacuum condensation). This also gives rise to the mass term of
the gauge fields. In a more descriptive language one can say that gauge bosons
eat the Higgs fields to become massive. However one massive scalar Higgs boson
H° remains to be observed. The search for the Higgs particle is a hot topic in
today's high energy physics. By introducing the Higgs fields, the Lagrangian is
kept symmetric but the symmetry of the physical vacuum is broken. It is called
spontaneous symmetry breaking.

Although we know that the non-Abelian gauge nature of QCD causes the
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quark confinement and the mass produced through the Higgs mechanism, both
of which are connected with the QCD vacuum. The details of the QCD vacuum
are unknown. Can we investigate the QCD vacuum and the quark deconfinement
experimentally? It means that we need to produce a large volume of high parton
density. The state where partons move freely in a large volume with high energy
density is called the Quark-Gluon Plasma (QGP).

In QCD the chiral symmetry is broken in two ways: The finite quark mass
and the spontaneous symmetry breaking (finite expectation value of the vacuum).
At low temperatures the quarks are condensates (< qq > is not zero). As the
temperature increases, the condensation will melt gradually and when a critical
temperature is reached the condensation will completely melt and the chiral sym-
metry will be restored.

The early universe is believed to originate from a very hot and baryon-free
phase of QGP according to the Big Bang model.[13] The QGP is thought to be
created about 100 microseconds (10~6 - 10~5 Seconds) after the Big Bang. The
universe then cooled off to produce particles, neutrons and nuclear isotopes. The
natural way of reproducing the QGP in the laboratory is to compress and heat
nuclei to high densities and/or temperatures. By high energy nuclear collision, the
partons in the hot and dense matter created are expected to move freely in a large
volume.

The only means to study the QCD excited vacuum, quark deconfinement,
chiral symmetry restoration and thereby to get an insight into the early universe
in the laboratory is thus to allow heavy-ions at high energies to collide.

1.2.1 History of experimental high energy heavy-
ion research

The first pioneering experiments with high energy nucleus-nucleus collisions were
performed in the 1950's and 60's with interactions induced by cosmic rays, since
no heavy-ion accelerators existed at that time. In the early 1970's studies of the
nucleus-nucleus collisions at 1 GeV per nucleon at the Bevalac in Berkeley began.
The initial aim was to study the equation of state of nuclear matter (energy density,
temperature, pressure etc.) when a small number of particles were produced. In
the early 1980's Lattice QCD simulations predicted clear evidence for a phase
transition from hadronic matter to QGP to appear in central heavy-ion collisions
at high energies. The development of the heavy-ion programme was stimulated
by these observations and in 1986, heavy ions were accelerated to 14.6 A GeV/c
at the AGS/BNL and 200 A GeV/c at the SPS/CERN. This started a new area
of research, namely particle production under extreme conditions of high energy
density and/or high temperature.
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1.2.2 History of theoretical high energy heavy-
ion research

Theoretical investigations of the complicated phase transition process, in particular
the phase transition itself, require non-perturbative techniques (LQCD) despite the
asymptotic freedom of partons in the high temperature plasma.

At present the Monte Carlo simulation of lattice regularized QCD[14] with
the help of suppercomputers is the most powerful tool available for a quantitative
analysis of the equilibrium properties of strongly interacting matter. Although
very time-consuming and thus only for limited systems, it can provide us with
quantitative information on the transition temperature, energy, entropy, order of
phase transition, equation of state etc. which are of immediate interest in the
experimental search of the quark-gluon plasma in heavy-ion collisions. Figure 1.2
shows the simulation results of LQCD.

135 140

I (MeV)

CO i

0.1 -

025-

.01 -

two
flavors s.

° second
s order

O
• B

"order ~~ \

pure
qauqc \

\ order'

E

one
flavor

y

01 .025

Figure 1.2: a) Entropy density S versus temperature for two light-flavour
quarks with (m^ = m^ = 0.01/7). b) Finite temperature QCD phase
transition as a function of rruu.^1 and m,l. The lattice is 163 x 4 and I is
the lattice spacing. The open circle indicates the location of the physical
strange, up and down quarks.

It was shown that when the temperature of a system is approaching the critical
temperature Tc ~ 140 MeV and the energy density is about 1-3 GeV/fm3 which is
about 10 times higher than the normal nucleon density, there is a phase transition
from hadronic matter to QGP.

The occurrence of such a deconfined phase can be understood by an analogy
with the well-known Debye screening in atomic matter. In the presence of many
electric charges the Coulomb potential which binds an electron to an ion is modified
from

e2/r -» e2/r • exp(-r/r£>), (1.2)
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where the Debye screening radius rp is inversely proportional to the charge density
of the system. With increasing charge density, the force which binds the electron
to the ion is decreased and finally the electrons are liberated from their bind-
ing potential. In the case of nuclear matter, similarly, the colour charges bound
by the linearly rising confinement potential of QCD become screened in a dense
medium[15]

t r r -K7r c ( l -e - r / r ° ) . (1.3)

Here rc is the colour screening radius. At sufficiently high density, the gluons will
screen the colour force between the quarks and eventually the interaction between
quarks will vanish and the quarks will be allowed to move freely. We say that the
matter has reached a deconfined state through a phase transition.

Figure 1.3 shows schematically hadronic and quark-gluon plasma phases in
a temperature versus baryon density plot. The normal matter is shown as a

Tc

200
Mev

0

Barly
Universe

p/p =5 -10Net baryon dens i ty p

Figure 1.3: Phase diagram

point in the diagram, surrounded by the hadronic phase. The development of the
early universe and a supernova are shown in the picture. The development of the
universe will follow the temperature axis in this kind of picture. A neutron star,
on the other hand, is a comparatively cold and dense object which might reach
the QGP along to the baryon axis.

There are two typical energy regions. One is the relatively low energy domain
produced at the SPS and AGS where a QGP environment associated with a high
baryon density might be reached. The other is the ultra-high energy region which
will be available in the future when the colliders RHIC (Relativistic Heavy Ion
Collider) at Brookhaven and LHC (Large Hadron Collider) at CERN are built
and a free, or almost free, baryon density region is expected to be produced at
LHC.
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1.3 Particle production and nuclear stop
ping power

The characteristic of high energy heavy-ion collisions is the copious production
of particles created from the kinetic energy. Particle production is, of course,
restricted by the kinetic energy of the incident nucleus but depends also strongly
on the nuclear stopping power. The nuclear stopping power is the fraction of
the energy lost by the projectile nucleus. Experimentally the stopping power is
obtained by studying the transverse energy distribution and/or the baryon rapidity
distribution. If the collision of two nuclei was "transparent" (low stopping power),
most of the kinetic energy would be carried away by the incident nucleons (leading
particles). There is little energy available and consequently only a small number
of particles could be produced in such interactions. However, the experimental
data show that in central collisions, the incident nucleus loses a large fraction of
its energy[16] and at AGS energies the two nuclei almost stop each other. With
a high incident enegy and a high degree of nuclear stopping we expect to form a
high energy density domain in the nucleus-nucleus collision. At AGS energy the
highest baryon densities of roughly lOpo are attained[17] at about 5 fm/c after the
first impact in Au-Au collisions. The energy density exceeds 2 GeV/fm3 at that
moment. These numbers agree with those obtained from the rapidity densities or
transverse energy measured at the CERN SPS[18] by applying Bjorken's formula.
Energy densities e = 2 — 3 GeV/fm3 for S+Au collisions are observed.

1.4 The spectator-participant picture
A general description of high energy heavy-ion collisions is given in the participant-
spectator picture based on the nuclear geometry. Because of the high incident
energy, the interaction time between the two nuclei is quite short, so that the
transverse disturbance of the nuclei can be ignored in the first approximation.
Figure 1.4 shows such a spectator-participant picture. There are three parts which
can be clearly identified; the projectile spectator, the target spectator and the
central region (participants) created by the overlapping parts of the projectile and
target nuclei.

The models describing high energy heavy-ion collisions are generally cata-
logued as macroscopic-, microscopic transport- and QCD-based models.

Macroscopic models
In the macroscopic model, the source (fireball) of particle production is treated

as a thermally equalibrated system with a large number of constituents. After the
two colliding nuclei have penetrated each other, a fireball is formed, which then
expands, cools down and hadronizes into hadrons which can be observed exper-
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Figure 1.4: Spectator-Participant diagram for high energy nucleus-nucleus
collision

imentally. Thermal quantities such as temperature, entropy, chemical potential
and so on are used to describe the properties and the evolution of the colliding
system. The phase transition and the formation of QGP can be incorporated into
the model through the equation of state.[19]

Microscopic transport models
The evolution of the system from the initial collision to the final freeze out

is described by transport theories. If nucleons pass each other within a certain
distance determined by the nucleon cross section, momentum is exchanged be-
tween the nucleons. A nucleon is then excited into a resonance or a string if
the exchanged momentum is above a certain threshold. The resonance or string
will then decay into the final state of hadrons. RQMD (Relativistic Quantum
Molecular Dynamics) is a typical representation of such models[20] in which the
hadrons propagate in classical trajectories. The potential interactions and Lorentz
invariant Hamiltonian constraint dynamics are also included in RQMD. Besides
the binary stochastic processes and decays, the model also includes effects such as
interactions of strings (colour ropes), rescatting etc.[21]

QCD-based models:
Nucleus-nucleus collisions are viewed as a convolution of nucleon-nucleon colli-

sions with the number of wounded nucleons. The wounded nucleons are the partic-
ipant nucleons calculated according to the nuclear geometry. The basic process of
nucleon-nucleon collision is described according to the QCD. The nucleon-nucleon
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collision is generally divided into three parts according to the time scale involved:
1) Hard processes in which large momentum is transfered between two partons.

The process is described by pertubative QCD.
2) Hadronization. The partons must hadronize to colourless hadrons when the

energy decreases to the threshold value.
3) Hadronic cascading and resonance decay.
In the above we need to know 1) The parton structure of hadrons from a

study of inelastic lepton-hadron scattering; 2) The initial state radiation of partons
(space-like parton showers); 3) The cross section for hard processes (the matrix
elements method or parton showers); 4) The final state radiation (timelike parton
showers, coherence, interference with initial state radiation); 5) The beam jet
structure 6) The fragmentation and decays.

Typically in the string fragmentation language, the force field between a qq
pair is thought of as being confined inside a narrow tube connecting the q to the q.
This tube acts like a string with constant tension k (energy per unit length of the
string). As the quarks fly apart after scattering, the energy in the field increases.
If the energy is large, the string will break with a certain probability at some point
to form new pieces of strings and so on, until some critical energy is reached.

In the above simple, extended, QCD-based model, only a convolution of the
wounded nucleons with the spectrum of the individual nucleon-nucleon collision is
used. Some models incorporate intranuclear cascading, string fussion etc, in order
to explain the experimentally observed collective phenomena. The details about
some string models can be found in reference[22].

1.5 Some observables in high energy heavy-
ion collisions

1.5.1 Some basic quantites

A quantity frequently used in high energy heavy-ion collision is the rapidity y,
which is defined in terms of energy (E) and longitudinal momentum (pi)

2 E - pL

The rapidity depends on the chosen reference frame but the rapidity distribution
is invariant. The particle energy and momentum are given by the relation

E = mr cosh(y), pL — m? sinh(y). (1.5)

my = y/m? + p\ is the transverse mass of the particle and m is its rest mass. In
many experiments, instead of measuring the energy and momentum, the emission
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angles of particles are measured. The pseudorapidity (TJ), which is a very good
approximation of rapidity, is defined as

JJ = - ln(tan(0/2)). (1.6)

Here 8 is the particle emission angle relative to the beam direction. In terms of
the momentum p the pseudorapidity can be rewritten as

The total and longitudinal momentum can be expressed as

|p| = pr cosh(Tj), pL = pr sinh(ij). (1.8)

where pj- = y/p2 — p\. Using these results the rapidity y can be expressed in
terms of the pseudorapidity rj and an exact relation between y and rj is

smh(y) = — sinh(»j). (1.9)

It is clearly seen that r\ —* y as pr —> TUT- This means that the pseudorapidity is
a quite good approximation of the rapidity y for light particles or particles with
high PT.

The invariant cross section Ej£ is generally factorized into transverse and
longitudinal components.

d3N _ dN
nvp dydtiyp d<f> dydpx

If the particle spectrum is expressed as J1^ in terms of the rapidity y, then the
distribution in the pseudorapidity variable t} is

drjdpr y ra|, cosh y dydpr

In many experiments, when only the pseudorapidity variable is measured, dN/dr]
is given, which is the integral of f Jt with respect to the transverse momentum
PT- Eq 1.11 reveals that far away from rapidity 0, two distributions are almost
the same, but close to rapidity 0, dN/dr) is depressed compared to dN/dy.

The energy density in the central region can be simply estimated with the
Bjorken energy density formula[23]

1 dEf 1 dEj1

V dy TTCR? dy

Here r is taken as 1 fm/c and R = TQAP .
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1.5.2 Global quantities
Global quantities reflect the characteristics of the source of particle production.
The particle multiplicity, rapidity density, transverse energy (momentum) distri-
butions and two-particle momentum correlations in general provide information
about the entropy, energy density, temperature, flow and size of the sources.

Transverse momentum distribution
Transverse mass distributions of hadrons reflect the temperature of the system

at freeze out and the effects due to radial expansion.[24] A universal value for the
freeze out temperature at AGS and SPS energies appears to be 120-160 MeV. The
different temperatures between different particle species observed previously can
now possibly be explained by the presence of transverse flow.[25]

Recent observations of direct transverse flow[26] in peripheral Au+Au col-
lisions at the AGS provide the conclusive evidence for the collective motion of
hadrons in the final state at AGS energies.

Intensity interfernometry
The information on the spatial-time extension of the source emitting the par-

ticles is obtained by studying its intensity interferometry (HBT method). This
method has reached an astonishing level of sophistication for studying source
radii[27]

( }

Here q = pi — P2 and K = (pi + P2)/2 denote the four-momentum difference and
total four-momentum with the pi on-shell. The S(x, K) is the quantum mechanical
analogue of the classical phase-space density which gives the probability for creat-
ing a free particle with four-momentum K at the space-time point x. The source
size deduced from TTTT and KK correlations clearly exceeds the radii of the projec-
tile nuclei. [28] The larger radii deduced from TTTT correlations compared to those
observed from KK correlations are understood from the different cross sections for
pion and kaon interactions. Correlations can also signal a phase transistion, as
they measure the duration of hadronization and particle emission, which should
be long in both first- or second-order phase transistions.[29] The consequence of
such a duration is an apparent emission source of large radius in the "outward"
direction.

Fluctuations
Bialas and Peschenski[30] suggested the study of the non-statistical fluctua-

tions in multiparticle production by factorial moments. It is argued that pure
statistical fluctuations can be filtered and only the dynamic fluctuations are left
in the factorial moments. For example, the ith factorial moment is defined in the
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rapidity interval AY

M
{km(km ~ l)(*m - 2)...(tra - t + 1))

(1.14)

Here M is the number of bins, km is the number of particles in the 771*'' bin.
The bin size is given by 6y = y , If the factorial moment has a behaviour like

*' with <f>i > 0 (power law behaviour) the system is said to possess
intermittency (self-similar cascading) behaviour and <f>i is called the intermittency
index of the ith order. This kind of dynamic structure of multiparticle production
has been investigated in particle physics and nuclear physics. [31] The combined
effects of resonance production, semihard and hard scattering processes, Bose-
Einstein correlation and 7-conversion can also produce the power law increase of

The intermittency index seems to follow a set of universal scaling rules. One
is that the Fq-\ should be proportional to the inverse of the average particle den-
sity, i.e. l/(/>).[33] The basic idea is that two-particle correlations give the main
contribution to the intermittency effect. For F , % 1, the <j>q ~ \n{Fq) s» Fq — 1,
i.e. the same scaling rule should be true for <j>q. The scaling behaviour is shown
in the figure 1.5.[34]
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Figure 1.5: Intermittency indices of the second order, for various samples
of nuclear interactions, versus the associated density of charged particles.

As can be seen, all data points, with the possible exception of 32S-induced inter-
actions, seem to follow such an universal rule.
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Limiting fragmentation behaviour
The particle production mechanism is different in different rapidity regions. In

the fragmentation region, one important hypothesis for the momentum distribu-
tions of single-particle and multi-particles is that the distributions approach their
asymptotic limits as the incident energy E —• oo (limiting fragmentation).[35]
Experimentally the limiting fragmentation behaviour is observed in both hadron-
hadron[36] and nucleus-nucleus collisions.[37] In order to study the limiting frag-
mentation in the dynamic fluctuations, a new variable /2, which is sensitive to the
dynamic fluctuations, is defined[38]

h = y/{dnt{dnt-l))-{dnt)*ldr,. (1.15)

Here (dn3) is the mean multiplicity within the bin dr\. It is found that the de-
pendence of fa on the pseudorapidity in the fragmentation region is indepen-
dent of the incident energies from 3.7 to 200 A GeV for oxygen-induced emulsion
interactions.[38] This indicates that limiting fragmentation is also true for the dy-
namic fluctuations.

1.5.3 Examples of QGP signals
J/ifi production

It is possible to use the J/ip particles, rarely but certainly produced in the ini-
tial stage of interactions, to investigate the medium through which they propagate
before emerging into free space. Possible absorption of the J/ip on the way out is
said to carry important information on the absorption medium. Such arguments
were first proposed by Matsui and Satz.[39] Due to the Debye screening of the cc
binding potential by the freely moving colour charge in the QGP, the c and c can
move freely within the volume. It is much more likely for the c and c to find one
of the abundant u and u or d and d quarks to form open charm rather than a cc
binding to a J/V>- The prediction was quickly verified by the NA38 Collaboration
using lepton pair (/z+/x~) spectroscopy. [40] The question is whether the absorp-
tion medium is the QGP or dense hadronic matter, since the hadronic final state
interaction J/ip+h —• D + Z)+X also suppresses the J/ip production. [41] A recent
calculation of the J/if>-ir cross section based on QCD sum rules shows that the
cross section must be much smaller than the 3 mb required in the hadronic scenario
of J/ip suppression.[42] The arguement is that a slow J/ifi can not be broken into
a DD pair in hadronic matter with a volume and density that can be obtained
in nuclear collisions. The essential point is here that absorption requires interac-
tions with sufficient hard gluons, but the gluon distribution within hadrons does
not provide these for matter at meaningful temperatures. On the other hand, the
quarkonia can be broken in a deconfined quark-gluon plasma, which is expected
to contain much harder gluons.
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In order to find the origin of the J/ip suppression in A-A collisions we first
have to understand the suppression in p-A collisions. In p-A interactions, the first
stage of the production process is the formation of a coloured cc pair, which com-
bines with a collinear gluon to form a colour-neutral cc-g state, after some 0.2 to
0.3 fm. In its pre-resonance stage, however, it can interact with nuclear matter,
and this interaction must be taken into account before studying the suppression
of physical J/ifi. Theoretical estimates[43] give the cc-g state interactions with
hadrons a dissociation cross section of some 6-7 mb. This pre-resonance absorb-
tion in nuclear matter can describe the J/ip suppression observed in p-A collisions.
For nucleus-nucleus collisions, it is also found that the same pre-resonance sup-
pression mechanism can explain the J/ifr yield observed in O-Cu, O-U and S-U
interactions at the CERN SPS. Up to central S-U collisions, J/\j) does not suffer
any nuclear effect beyond the pre-resonance suppression in nuclear matter men-
tioned. In other words, the collisions do not produce a deconfinement medium,
even though the associated average energy density is expected to be in the range of
1-3 GeV/fm3. A QGP must thus lead to more Jftp suppression than that obtained
from the pre-resonance cc-g absorbtion. The details about the pre-resonance cc-g
absorption in nuclear matter can be found in reference[44]. The recent report on
a strong anomalous J/ifi suppression in Pb-Pb collisions at CERN may therefore
provide a first indication of deconfinement. [45]

Strangeness production
The strangeness enhancement in high energy nucleus-nucleus collisions was

thought to be another signal of the QGP.[46] If QGP is produced, the chiral sym-
metry will be restored and the mass of the constituent strange quarks will be
reduced dramatically. The strange quarks will be easily produced and will com-
bine with other quarks (most of the u and d quarks) to form strange particles, u
and d quarks will not easily be produced due to the Pauli exclusion principle and
the Fermi energy level which they have to overcome. So strangeness production is
enhanced in QGP. Alternatively, however, a trival explanation of the strangeness
enhancement is the intranuclear cascading between normal hadrons which will in-
crease the strange particle yield. The lowest threshold of kinetic energy needed
to produce strange particles is 671 MeV in the reaction p + n —> Ao + K+ -f n.
On the other hand, in the QGP, the threshold is only or even less than about
300 MeV (formation of an ss pair). Therefore strangeness production in QGP is
more favoured than in the hadronic gas. The predicted enhancement of strange
hadrons has been unambiguously observed at AGS[47] as well as at the SPS.[48]
The enhancement is seen in many channels from K and A to A, cascade to anti-
cascade, and w to Q. The K and A enhancement can be easily explained by the
hadronic cascade models. [49] The same models failed to describe the production
of antibaryons. Previously unobserved mechanisms such as colour ropes[50] and
multiquark clusters[51] have to be involved in order to describe the data. On the
other hand, the thermodynamic model (fireball) works extremely well[52] with or
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without the assumption of a QGP, but assuming chemical equilibrium.

Light vector meson production
Recently much attention has been paid to light vector meson (p, <f> and w)

production. The arguments are that their properties (mass, width and branching
ratios) may change in hot and dense matter[53] due to chiral symmetry resortation.
This is especially pertinent for the <f> meson since it is a bound state of ss and might
be sensitive both to strangeness enhancement and mass shift. Experimentally, by
studying the invariant mass of e+e~ pairs in S-Au interactions at 200 A GeV,
CERES collaboration observed an enhancement of e+e~ pairs in the mass region
of 0.3-1.2 GeV, which might indicate a mass shift for p and <j> meson production.[54]

Photons
Photons have little possibility to interact with surrounding matter and may

thus provide information from the early history of nucleus-nucleus collision. Their
production is suppressed by the small electromagnetic coupling constant.

There are four possible ways to produce photons in high energy heavy-ion
collisions.[55] Hard photon production through QCD processes, hadron decay,
hadronic bremsstrahlung and the thermal emission from the QGP.

Hard photons (high pr) come from the hard scattering of quarks and gluons
through the processes q+g —> 7+q, q+g —> 7+9 and q + q —» 7+g. The cross
sections can be calculated by pertubative QCD. These photons carry information
on the early stage of the interaction.

Decay photons come predominately from the electromagnetic decays of hadrons
To -> 7 + 7 and 77 —> 7 + 7.

Hadronic bremsstrahlung photons come from the radiation of the incoming
protons and of the produced charged particles. The yields of these photons can
be calculated in a semi-classical approach.[56]

The photons from hadronic decay and bremsstrahlung are the background of
thermal photons from the QGP, emitted by black body radiation.

Thermal photons are believed to carry the most important information on the
QGP because thermal photons give direct information on the dense and hot phase
in heavy-ion collisions. The emission rates of thermal photons are calculated in
a similar way as for hard photons. Instead of the parton structure functions in
nuclei, parton thermal distributions in QGP are used.

The production of single photons in 200 A GeV S+Au interactions has been
reported by the WA80 collaboration.[57] A slight excess in the photon yield was
observed over that from TT° and r) decay in central S+Au interactions.

The question is how the thermal photons, which bear the information on the
hot and dense matter, can be distinguished from the huge background of pho-
tons from hadronic decays. Calculations at LHC energy by Ruuskanen[58] suggest
that at high enough multiplicities (dN/dyas 4000), and transverse energies of 2-3
GeV/c, the yield of thermal photons will be in excess of the background.
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Thermodynamic variables
In analogy to the water-vapor phase transition, the transition from nuclear

matter to the QGP phase, assuming a transition of the first-order, will result
in a characteristic curve in a temperature versus entropy density representation.
In high energy collisions, the mean transverse momentum is a measure of the
temperature of the system and the rapidity density reflects the entropy density.
Plotting the mean px versus the rapidity density might indicate a phase transition
from hadronic matter to QGP if there is a plateau followed by a second rise of
(pr). [59]

1.6 Mini-jet production
The parton structure of hadrons can not be resolved at lowp^. However, when the
PT is increased enough to resolve the individual partons inside a nucleon (•/s >
100 GeV) the hard or semihard parton scattering becomes important in the pp and
pp collision[60]. These hard or semihard scattering processes are also expected to
become more and more important in heavy-ion collisions at RHIC (-vA=200 GeV)
and LHC (v/s

;=5.5 TeV) energies.[61] It is believed that the quark confinement
mechanism prevents us from observing directly the partons themselves, instead,
we observe the particles into which the partons fragment. As long as the fragmen-
tation products are spatially clustered, one can distinguish these clusters from the
rest of the activity in a collision. We refer to these clusters as "jets".

There is no doubt that the high energy Ej jets (ET > 30GeV) are QCD jets.
The question which arises is to what extent the jets with reduced E? can still
be described by QCD. The UA1 experiment shows that the mini-jets (jets with
ET down to 5 GeV) are well described by QCD.[62] In this thesis the mini-jet
production from the 1987 UA1 minimum bias trigger events, with 10 times better
statistics than in the previously published 1985 data, was studied. It is confirmed
that mini-jet production can be described by QCD.

Interest in studying mini-jets in high energy heavy-ion collision comes from
similar reasons as the interest in studying J/ip. Also high energy jets carry infor-
mation about the medium through which they pass. [63] The jet is a colour-charged
object. The energy loss of a fast colour charge is different when passing through a
confined and a deconfined medium.[64] In confined matter, a colour-charged object
loses energy as it passes from one hadron to another through the "interhadronic"
vacuum and the energy loss is determined by the string tension K acting on the
colour charge as it leaves the field of a hadron.[65] In a deconfined medium, the
crucial quantity is the colour screening parameter fj, (the inverse of the screening
radius), which determines how many other charges the passing colour charge can
interact with and thus also how much energy it can lose per unit length.[66]

Recently much effort has been made in an attempt to understand the behaviour
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of partons produced after hard or semihard scattering of incident partons.[67]

1.7 Future prospects
From studies of heavy-ion collisions at the BNL AGS and the CERN SPS energies,
it has been shown that the energy density has reached the critical energy for a
phase transition to QGP, but no convincing evidence has so far been shown that
QGP has been observed. Theoretically, there is little progress so far in LQCD
simulations on the properties of the QGP phase transition at finite baryon density.
In order to extend the results of LQCD into the region of finite baryon density
relevant for present, fixed target experiments, some models based on hadronic gas
including baryonic resonances[68] have been proposed and information such as on
the phase boundary between hadronic matter and the QGP has be obtained.

In the near future there will be two colliders for heavy ions. The first one is
the RHIC at the BNL. RHIC will accelerate Au nuclei to 100 A GeV, giving an
Au-Au colliding energy of 100+100 A GeV. The other is the LHC to be built at
CERN. In LHC both proton and nuclei will be accelerated. The lead ions will
be accelerated and brought to collide at 2.8+2.8 A TeV. The energies in RHIC
and LHC will be 10-100 times higher than the energies we had achieved at AGS
and SPS. Table 1.7 lists the past, present and future accelerators for high energy
heavy-ion physics. At RHIC and LHC energies, due to the increased multiplicity,

Machine

SPS

AGS

RHIC
LHC

Location

CERN

BNL

BNL
CERN

Ion Beam

16O ) 32g

208pb

1 6 O, 28Si
1 9 7Au
1 9 7Au
208pb

Momentum
[A GeV/c]

200(60)
158
14.6
11.6
100

2750

[GeV]

19.4
17.4
5.4
4.4
200
5500

Start of
experiment
Sept., 1986
Nov. 1994
Oct. 1986
Apr. 1992

~ 1999
~ 2005

Table 1.1: Heavy-ion accelerators currently in use or under construction.

one interesting possibility will be to extract the thermodynamic properties of the
system on an event-by-event basis. Therefore the events can be catalogued into
groups according to thermodynamic properties and this could lead to an isolation
of those events involving QGP formation.
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Chapter 2

Emulsion Experiments

Emulsion for nuclear research has been used for several decades. In 1896 Henri
Bequerel discovered the spontaneous decay of uranium by noticing that a photo-
graphic emulsion was blackened despite being wrapped in black paper. Moreover,
the particles 7r+, x~, K+ and K~ were, discovered using emulsion detectors.[69]

Even today, nuclear emulsion is still in active service in high energy and nu-
clear physics research. There are many research topics involved, from studying
basic nuclear fragmentation[70], and multiparticle production[71] to searching for
T neutrinos in neutrino oscillation experiments.

The main difference between today's nuclear emulsion research techniques and
those used in the 1950's is that today nuclear emulsion can be studied with modern
techniques such as computer-controlled measurement systems and systems based
on CCD technology.

Nuclear emulsion is characterized by high spatial resolution ~ 1 fim, com-
plete 4ir angle coverage and almost perfect detector efficiency. It is well suited for
studying the extensive information on specific processes such as multifragmenta-
tion, multiparticle production and correlations. Its drawbacks are that it takes
a long time to accumulate data, it is difficult to identify the particles and it has
limitations for the measurement of particle momenta.

Nuclear research emulsion consists mainly of silver bromide crystals with a
small amount of iodine in the crystal lattice, gelatin and water. The crystals are
homogeneous in size, varying in diameter by only a few percent.[69] The density
of standard emulsion is about 3.81g/cm3. Table 2.1 shows the typical composition
of standard emulsion.

The ionization of a charged particle passing the emulsion will activate silver
bromide crystals along its trajectory. During the development of the emulsion the
activated silver bromide crystals will be reduced to metallic silver and deposited
in the gelatine as black grains.
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Element

H
C
N
O

s
Br

Ag
I

Z

1
6
7
8
16
35
47
53

A

1.0
12.0
14.0
16.0
32.0
79.9
107.9
126.9

No. of atoms
[n/kg-m-3

53.8
275.7
73.7

252.2
7.2

1331.9
1808.8
11.9

Reaction
Percentage (for S-Em)

13.99
16.33
3.95
12.42
0.23

24.68
28.23
0.17

Table 2.1: Chemical composition of standard emulsion and the interaction

percentage for 32S-Em interaction.

2.1 Interactions of charged particles with
nuclear emulsion

When a charged particle passes through the emulsion, it will interact mainly by
collisions with atomic electrons. The electrons can be liberated from the atom
to become free. The average energy loss per unit length (—dE/dx) of the track
produced by the charged particle is a very important quantity and can be obtained
from the Bethe-Block formula described in detail in reference[72].

The grain density can be used as the measure of the energy loss per unit
length, which depends on the emulsion composition, the charge and the velocity
of the particle. Different techniques to determine the charge of a particle have
been developed. For relativistic charged particles, the grain and/or gap density,
6 ray density and the width of the tracks can be used to determine the charge of
the particles.

In emulsion experiments the particles are classified as projectile fragments,
shower particles, grey particles and black particles. The shower particles are singly
charged particles with a velocity v > 0.7c. Most of them are pions. The grey
particles are those with a velocity smaller than 0.7c and a residual range greater
than 3 mm. Most of these are recoiling target protons which carry information
of intranuclear cascading.[73] Particles with a range smaller than 3 mm are called
black particles. These come from the evaporation of the target spectator which
is excited through intranuclear cascading, Coulomb interaction with participants,
surface reshaping of spectators etc.
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2.2 Mean free path (cross section) mea-
surements

The cross section of nuclear reactions in emulsion experiments can be obtained
by measuring the mean free path (A) of nuclei. A represents the average length
passed before the interaction and is determined by

Here L is the total length of the tracks traced and N* is the number of interactions
found. The inelastic cross section in homogenous material is related to A by

*=±, (2.2)

where p is the density of the material. The nuclear inelastic cross section can be
determined simply from geometrical considerations. For two nuclei with A and B
nucleons respectively, the cross section is estimated as the maximum area where
two nuclei can touch each other,

(2.3)

An alternative parameterization is

= *rliAl'3 + Bl/3 6)2 (2-4)
Where ro and 6 are fitted parameters from experimental data. By studying the
cross section from 0.1 to 10.1 A GeV, it found that 6 also depends on A and B.[74]
One widely used parametrization is 6 = 60(A~1/3 + B~1/3) with 60=1-H±0.05.[75]
With ro = 1.36, this is a value shown be valid also at energies used at the CERN
experiments. [76]

2.3 Emulsion stacks
Stacks of NIKFI BR-2 type emulsion pellicles have been exposed, with the beam
parallel to the emulsion plane (horizontally). Stacks of two different sizes were
employed, in one the pellicles were 20 x 10 x 0.04 cm3 and in the other 10 x 10 x
0.04 cm3. The sensitivity is about 30 grains per 100 microns for minimum ionizing
particles. The beam particle density ranges from 5000 nuclei per cm2 for oxygen
to 500 nuclei per cm2 for lead beams. The emulsion stack serves both as target
and detector. Figure 2.1 shows an Au event recorded in the emulsion stack for the
197Au-Em interaction at 11.6 A GeV/c. The gold ion forms a thick track built up
by a dense swarm of electrons. In the picture, the target fragments, the shower
particles can be seen.
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Figure 2.1: One Au-Em event at 11.6 A GeV/c.

The pellicle stacks provide a good estimate of minimum bias cross-sections
because "along the track" scanning can be used to determine the fate of all the
projectile ions that are observed. It the stacks it is possible to determine the
charge of the fragments by grain counting, 6 ray counting or photometric width
measurement.

2.3.1 Charge determination of fragments
The charge of fragments can be determined by counting the grain (or gap) density
and the 6 rays as mentioned before, but it is quite time consuming. In order
to handle a large amount of data, a CCD-based measurement system was built
for measuring the charge of fragments at 400 MeV incident energy. [77] Later the
method was extended to measure the charge of projectile fragments for Au-Em
interactions at 11.6 A GeV/c. In the measurements, the mean width of the track
is determined for a track segment about 100-200 fim long. After calibration, the
measured width is used to determine the charge of the fragments. Figure 2.2 shows
the calibration curve for projectile fragments in Au-Em interactions. In order to
determine the calibration curve, a particles, fragments from fission events and Au
projectile nuclei were measured.

2.4 Emulsion chambers
In general, if the global multiplicity of charged particles is about 400, it is difficult
and time-consumimg to measure emission angles in horizontally exposed emulsion
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Figure 2.2: The dependence of the mean width on the charge of fragments
from gold projectiles.

plates. For this reason, another detector technique (emulsion chambers) was devel-
oped. The emulsion chamber consists of thin acrylic plates, coated on both sides
with FUJI ET-7B emulsion (emulsion plates) which are exposed perpendicularly
to the beam (vertical exposure).

Figure 2.3 shows the emulsion chamber used in the EMU12 experiments on
Pb-Pb interaction at 158 A GeV/c. The two plates just behind the target have

Figure 2.3: Sketch of the emulsion chamber. The origin of coordinates is
on the upper surface of first layer of plate 2.

an emulsion layer 180 fim thick, the rest of the plates have 90 pm layers. The
target foil is of 250 /zm-thick Ag, Au or Pb, located in front of plate 2. The
charged particles are visualized as tracks in the emulsion layers. The angles can be
measured, but momentum measurement and particle identification is not possible,
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since the exposures were made without a magnetic field.
The plates in the chambers are separated by honeycomb paper spacers which

consist of very little material, which means that the particles travel mostly through
air. This greatly reduces the secondary interactions and 7-conversion. The other
advantage of the design of the chambers is that the track pattern can be observed
at a long distance from the vertex (~ 5 cm). Therefore it is easy to separate all
the tracks even within the dense core in high multiplicity Pb+Pb interactions.
Interactions with multiplicities as large as 1500 charged particles, can easily be
measured using a newly developed automatic measurement system based on the
CCD technique and image processing.[78]

One disadvantage of the chambers is that "along-the-track" scanning is not
possible, so that the minimum bias cross-sections can not be determined. The
events in the chambers are found by "area" scanning, which is inefficient for finding
low multiplicity events. The tracks from a very peripheral event are hidden in the
dense core of the projectile fragment. A second disadvantage is that it is impossible
to measure large angles and backward moving particles. Only particles produced
within 30 degrees can be measured with nearly 100% efficiency.

2.5 The EMUPAD measurement system
In 1988, the EMUPAD, a computer-aided measurement system, was developed and
successfully employed for measuring central Au-Au interactions at AGS energy.[79]
The setup of the EMUPAD is shown in Figure 2.5 It consists of a microscope

Leitz
Projection Computer Monitor
Tube

r 7\T1
Beam
Sphting
Prism

LED Cursor
To

Microcomputer

r
X, Y Coordinate PAD

Figure 2.4: The EMUPAD station for emulsion chamber.

equipped with a projection tube, a digitizing pad and a microcomputer. Three
images, the microscope image, the image on the monitor of a PC computer and
a LED on the cursor of the coordinate digitizing pad are superimposed on each
other.

The event is measured through the whole chamber, starting with the emulsion
layer closest to the vertex point. All coordinates of tracks measured in the different
planes are transfered to a common coordinate system using non-interacting beam
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tracks in the vicinity of the collision as reference. The operator interprets the
emulsion image and measures each shower particle track and the result is also dis-
played on the screen in a position corresponding to the measured point. When the
measurement in one plane is finished, coordinates in the next plane are predicted
and projected onto the screen. When all predicted points have been handled the
operator can add further tracks in regions previously not measured. All tracks are
then reconstructed using a three-dimensional least square fit.

With this measuring station, events with 600 charged particles can be mea-
sured in 4 to 5 hours. With the emulsion chambers the resolution of pseudorapidity
is about 0.01 units over a wide range of pseudorapidity which is well suited for the
study of fluctuations in the particle density.[80]

2.6 An automatic measurement system
based on CCD technology and im-
age processing.

The EMUPAD has worked well over the last decade for measuring events with up
to 600 charged particles. In a central Pb-Pb interaction, the number of charged
particles is about 1500 and, even for a skilled operator, it takes several days to
measure. In order to handle such big events, an automatic system based on the
CCD technique and image processing was developed. Figure 2.5 shows the setup
of this measuring system. The main component of the setup is an IMAGE series
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Figure 2.5: The setup of the automatic measurement system based on
CCD-technique and image processing.

board (IMAGE-LC) which is installed in a host PC computer. A high-resolution
colour monitor, a CCD camera, a microscope with a mobile stage and focusing
controlled by step motors are also connected to the computer. The X, Y and
Z resolutions determined by the step motors, correspond to 5, 5 and 0.5 fim,
respectively. With software the X and Y resolutions are improved to 1.2/xm and
0.6/im, respectively.
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For the measuring procedure a menu-based software package was developed
to control the whole chain of measurements. A menu-based package simplifies the
introduction of new operators to the CCD system and decreases the possibility of
making fatal errors during the measurement procedure.

During measurements, each emulsion layer is divided into sequential sublayers
every 1 j/m along the beam direction. The microscope is focused automatically on
each sublayer and the image is grabbed by the image processor. After digitaliza-
tion, the image is transferred to the frame buffers of the base board and displayed
on the monitor. The image is treated by spatial filtering, is geometrically-scaled
and the images at different sublayers are summed pixel-by-pixel to enhance the
track signal to background ratio. This is done in the image real time processor
(Image-RTP). The summed images are stored on the hard disk of the computer.
When the summed images have been recorded, tracks are identified and recon-
structed by conventional methods. Details of the system are given in the following
paragraphs.

2.6.1 The image-series board
The Image-series board consists of several boards: the base board, the image-
RTP board and the digitizer boards. The base board is used to control the image
process and communicates with the host computer. Communication between the
base board and the other image-series boards takes place over the image-bus (30
MHz) which is much faster than the PC bus. As an interface, the base board
receives commands transmitted from the host computer and then sends them to
the appropriate modules. The base board also provides memory, display and
graphic functions. The architecture is shown in the Figure 2.6. The CPU on

Monochrome
Acquisition
Digitizer
Board

Color
Acquision
Digitizer
Board

Real-Time
Processor
Board

OEM
Add-On
Boards

IMAGE
ASD

IMAGE
CLD

IMAGE
RTP

CUSTOM
MODULES

, I 1

Base
Board

IMAGE-LC

IMAGE-BUS

Host-Bus(PC Bus)

Figure 2.6: Block diagram of the image-series board.

the base board is called Graph System Processor (GSP). In the image processing,
some of the GSP functions are executed immediatelly, without waiting for other
processes to be finished. It is therefore very important to synchronize different
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image processes, camera and the step motor operations in order to obtain correct
images.

2.6.2 The monitor and the coordinate system
The screen of the monitor has a 640 x 480 pixels configuration. The window from
(123,0) to (639,479) (corresponding to 312 x 295 fim2 with a 22x oil immersion
objective) is used to display the image from the camera and the left part of the
screen is used for command instructions. A non-interacting reference track is used
to define the coordinate system. This is calibrated in plate 1, before the interaction.
When a plate is changed, this reference track is manually moved to the centre of
the window. The step motors then move the stage to a position where the event
centre (or the x-y origin) is at the centre of the window. The coordinates of the
vertex are (0.0, 0.0, -zo). zo is consequently the distance between the vertex point
and the first emulsion layer of plate 2, and is determined by extraporation of track
trajectories measured in the first emulsion layer of plate 2. The algorithm for the
vertex reconstruction is the same as in reference[79]. It is necessary to know Zo
for the rescaling of the images as described in the following.

2.6.3 Spatial filtering and scaling of images
Spatial filtering means that a pixel's intensity is replaced by the weighted sum
or the min/max of the pixel's neighbourhood. The calculated pixel's intensity
depends on the choice of the size of the lattice and the weights of the neighbourhood
pixels. In general, the spatial filtering processing can enhance, blur, smooth areas,
accentuate edges or remove noise from the image. In the present approach, we
chose the weights in such a way that the difference between the pixel and its
surrounding is enhanced. Subtraction of the spatially filtered image from the
original image will result in an image in which large scale background variations
are strongly suppressed.

In order to distinguish between the tracks from the event and background
tracks, many images are summed pixel-by-pixel. The images are taken at different
distances from the vertex, and consequently the track pattern will show up in
different scales in the images. Before summing the images, this difference must be
compensated by rescaling. Figure 2.7 shows a sketch of how the image is scaled
from Z2 to z\ with z^ > z\. The coordinates (x2, Jte) of the image at Z2 are scaled
to the coordinates (xi, 3/1) at z\ according to

Xi = x0 + (z2 - zo) • (zi ~ zo)l{z2 - zo), (2.5)

Vi = 2/o + (j/2 - 2/o) • (21 - zo)/(z2 - zo). (2.6)

Where XQ, yo and ZQ are the coordinates of the vertex.
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/
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Figure 2.7: Sketch of scaling a image from z-i to z\. The shadowed area in

image 1 corresponds to image 2.

Figure 2.8 shows one summed image. The tracks from the event can easily be
distinguished from the background tracks.
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Figure 2.8: A summed image (22 images summed together) at 2 from 23130

to 23174 fj.m.
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2.6.4 Background subtraction and track recon-
struction

A track in a summed image is identified as a pixel cluster of about 3 x 3 pix-
els (corresponding to 1.8 x 1.8 /J.m2), with a pixel intensity above the background
threshold. The background level thresholds can be obtained from the intensity dis-
tribution of the pixels in the image. The window is divided into 5 x 5 subwindows
where the distributions of the pixels are calculated for each subwindow.

There are many tracks (several hundreds) in the images closest to the interac-
tion vertex but fewer (less than one hundred) tracks in the images from the later
plates (plates 5, 6 and 7). Due to light absorption by these tracks, the background
level depends systematically on the plate number and the x-y position. One simple
parameterization of the threshold level is

p t h = p+Vi + 6-D. (2.7)

Here p and D are the average intensity and dispersion of the pixel intensity dis-
tribution determined in each subwindow. i is the number of the emulsion plate
and 6 depends on the position of the subwindow. Figure 2.9 shows the map of
the subwindows and the parameter 6. This relation was used in the background
subtraction.
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Figure 2.9: The map of subwindows and parameters 6

After the track candidates have been identified, reconstruction starts with the
track candidates in the last plate. The track candidate is projected on the next
summed image in the vertex direction. The "search radius" is slightly dependent
on the position in the image,

Ar = ̂  + Ii£o>' ^
where r0 is 3.4 fj,m in the first layer of emulsion plate 2 and 2.1 pm in the other
plates, d is the distance from the centre of the window. This is continued for all
the summed images until the track disappears by merging with the dense core. A
track is accepted if it appears in at least 75% of the images.

During track reconstruction, it is important that the event centre of the
summed image is at the centre of the window and that the distance between
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the matching images is correct. A substantial misalignment will result in erro-
neous track reconstruction. It is not unusual that the distance between two emul-
sion plates deviates somewhat from the nominal distance. These may also be a
transition error in the coordinate system, since the lead track used to define the
coordinate system is quite fuzzy. The error in the measurement of the centroid
may be several microns. To compensate for these effects a final alignment is done
manually by pattern recognition. Figure 2.10 illustrates the alignment procedure.
Image a) is at z = 1672/im and image b) is the projection of the image from
z = 812/im to z = 1672/im. The track pattern marked in the square in image a)

Put

House

On

left

to
right

image

Stop

X Y

29

183

Cor-

rect

a

' ». *

Figure 2.10: Comparison of two images a) image at z = 1672/*m and b)
image scaled from z=812 to 1672

is easily recognized in the triangle in image b). It is obvious that the two patterns
are at different positions (40 pixels off along the y direction, which is the worst
case encountered). After matching obvious track patterns in different images, the
final alignment of the images is done using computer software.

2.6.5 Comparison with the EMUPAD measure-
ment

To check the reliability of the CCD system, several central events were measured
with the CCD system and the EMUPAD system. The centrality criterion was
na < 1 and the absence of heavy projectile fragments. Here na is the number
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of Q particles from projectile Pb. The corresponding cross section of such events
is about 4.7 ± 1.6 % of the total inelastic cross sections. Figure 2.11 shows a

EMU01 Pb-Pb 158 A GeV/c
EMUPAD
CCD

,i

1 I

LiU< i'L

, • . .
L

i

E t c

Figure 2.11: Comparison of the pseudorapidity distributions of the central
events measured by the CCD and the EMUPAD system.

comparison of the pseudorapidity distributions of charged particles measured by
the CCD and the EMUPAD system. The two measurements are quite consistent.
It takes several days to measure one such event with the EMUPAD system but
only about 2-3 hours with the CCD system.
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Chapter 3

The production of UAl
mini-jets

3.1 The UAl detector
The UAl experiment is based on a general wish to achieve an almost complete solid
angle coverage down to polar angles of 0.2° with respect to the beam direction. The
UAl detector has been extensively described.[81] Its main characteristics are full
solid angle calorimeter coverage and a charged particle tracking chamber, CD., in a
dipole magnet. The detector uses both track detection and calorimeters to identify
and measure the properties of photons, electrons, jets, neutrinos (missing energy)
and muons. The detector is shown in figure 3.1. Starting from the interaction

Figure 3.1: Sketch of the UAl detector.

region, and moving outwards, the main parts of the detector are 1) The central
detector (CD.), a high resolution drift chamber surrounding the interaction region
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and extending over the angular region 5° < 6 < 175°. 2) The electromagnetic
calorimeters, which surround the Central Detector. They are split into two parts,
one covering the central region(gondolars) over the angles 25° < 6 < 155° and
two endcaps (bouchons) covering the forward regions (5° < 9 < 25° and 155° <
6 < 175°). 3) The dipole magnet, which encloses both the Central Detector
and the electromagnetic calorimeters. It generates a uniform field of 0.7 tesla
throughout the volume of the CD. 4) The hadronic calorimeters (C's and I's),
which lie outside the electromagnetic calorimeters, have approximately the same
angular coverage and layout, and also serve as the return yoke for the magnet. 5)
The muon chambers, which are the outermost part of the detector. They consist of
two layers of drift chambers used to detect charged particles that are not stopped
inside the body of the calorimeter.

During the collider run at pSPSp in the Autumn of 1987, the UA1 detector
recorded about 2.3 million minimum bias pp events (integrated luminosity 70.123
fib'1) at -y/^630 GeV with a collision rate of 105 Hz and a luminosity of ~ 1029

c m ' V . Before the data taking, the electromagnetic calorimeter was removed
from the detector. The primary physics motivation for taking this data sample was
to make possible a trigger-bias-free study of the production of jets with transverse
momentum between the lowest value for which jets can be recorded in the UA1
detector, namely, up to E? ~ 50 GeV. In the mini-jet study in this thesis, only
the hadronic calorimeter is involved. Table 3.1 shows the main parameters of the
hadronic calorimeter. The central hadronic calorimeter consists of 16 C-modules,

Iron plate thickness
Scintillator thickness

Cell Size (<5T? • 6<t>)
Number of cells

No. of depth samplings (per cell)

C cell
5 cm (5.0A)

1 cm
0.3X15°

192
2

I cell
5 cm (7.1A)

1 cm
0.4X15°

128
2

Table 3.1: Main parameters of the hadronic calorimeter.

8 on each side of the beam pipe, and 12 I-modules make up part of the end-caps of
the detector. Figure 3.2 shows a sketch of the hadronic calorimeter. A C-module
in the figure consists of a stack of rectangular sheets of 5 cm-thick iron and 1
cm-thick scintillator. The scintillator sheets are read out from two opposite edges
via BBQ wavelength-shifter bars which absorb scintillation light at 420 nm and
reemit it at 480 nm. Each C-module is divided into twelve azimuthal sections
(cells), each with two photomultipliers. Light division is then used to reconstruct
the position of the energy deposition for each sampling.
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Figure 3.2: Sketch of the hadronic calorimeter.

3.2 Calibration
For the hadron calorimeter, a nitrogen laser of wavelength 337 nm is used for
calibration. The light is carried to the centre of each plate by means of fibres
200 fim in diameter. The light intensity is calibrated using reference scintillation
counters. They are also calibrated with cosmic ray muons. The response to muons
was determined by test beams.

3.3 The minimum bias trigger
The minimum bias trigger system consists of 5 sets of scintillation hodscopes lo-
cated around the beam pipe. The trigger required at least two charged particles
to hit the hodscopes in opposite rapidity hemispheres, in the range 1.5 < |rjj <5.5,
in order to select an event. The hits must be consistent in time with the particles
going outwards from the interaction point. At the same time this trigger removes
most of the background, such as beam-gas collisions and cosmic rays. The trigger
efficiency for selecting the non-diffractive inelastic events is 96± 2%.[82]

3.4 Cuts on the experimental data
Double interactions are events in which more than one pp interaction takes place
in the same beam crossing. Other background events arise from beam halo and
cosmic ray interactions in the detector in coincidence with a pp collision. Beam
halo interactions arise from interactions with surrounding material such as the
beam-pipe and the magnets. These interactions result in very energetic particles
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that originate outside the detector, but still deposit their energy in the calorimeter.

Double interactions :
To remove double interactions, the total energy of the event, Etot, is required

to be less than 700 GeV. This cut removes 97% of all double interactions. The
remaining 3% is removed by further cuts (second primary vertex).

Beam halo and cosmic rays :
Beam halo and cosmic rays are removed by a missing transverse energy cut.

The missing transverse energy. E™1" , is defined as

(3-1)

here i indicates the ith calorimeter cell, £^ Ez(i), £^ Ey[i) are the vectoiial sums
of the calorimeter cell energy vectors in the y and z direction, respectively (x
direction is parallel to the incident proton). From minimum bias events, the dis-
tributions for 53 Ey and ^2 E, are found to be Gaussian, centred at zero with
widths given by 0.5 \ / 2 i ET{I). Here ^T ET is the scalar sum of the transverse
energies in all calorimeter cells. The width of the missing ET is also found as a
function of £ ET [83]

J^ (3.2)
The variable N™" = E^"/a{E^u') is a measure of the significance of the

missing transverse energy of the event. A cut with N™1" < 2.5 removes most
events with detector malfunctions, beam halo and cosmic ray interactions in the
detector.

3.5 Correction of the transverse energy

in "C" cells
In the 1987 UA1 detector run, the first scintilator in the first sample of the hadronic
calorimeter in the Top and Bottom (Top@Bottom) region (corresponding to I2
from 11 to 14 and 23 to 2, see figure 3.2) was removed. In front of these regions
there is a magnetic coil (aluminium) in which particles lose their energy and were
even stopped. Figure 3.3 shows the transverse energy distribution in the calorime-
ter cells. In the Top@Bottom region (corresponding to <j> around 90° and 180°),
the transverse energies measured are obviously smaller than those in the side re-
gions. Before jet reconstruction we have to correct the non-flat transverse energy
distribution in the azimuthal plane.
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Figure 3.3: The raw transverse energy distribution versus the index of the

hadronic calorimeter cells from the 1987 minimum bias data.

3.5.1 Detector simulation
We used the standard UAl simulation program to generate three particles ( T + , TT~
and 7r°) per event according to flat <j> and r\ distributions and a power law pr
distribution

P(pr) = A/(l+Pr/&)<>. (3.3)

Here A = 1.0, p§i = 1.0 GeV/c and a = 7.2. The particles are generated in the
region —1.3 < T) < 1.3 (corresponding to the index of 71 from 2 to 9 along the r)
direction) and 0° < <f> < 360° (corresponding to indices of 72 from 1 to 24 along the
azimuthal direction). These particles pass through the central tracking detector
and reach the calorimeter. The energies generated, lost in the coil, deposited and
reconstructed in the calorimeter are denoted as E%, E%, E$ and E?, respectively.

The Monto Carlo simulation shows that in the side region (corresponding
to 72 from 5 to 8 and 17 to 20) the energy generated is almost the same as
the energy deposited or reconstructed. In the Top@Bottom region the energies
reconstructed are smaller than the energies deposited. The relations among the
transverse energies in the ith calorimeter cell is

in the side regions, and

in the Top@Bottom region.

HIT .

(3.4)

(3.5)
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The dependence of E$ on E$ is as, E$(i) = A{E^(i), and is illustrated in
figure 3.4. The parameter A{ is listed in table 3.2.

Simulation, PT 1.04.3 GeV/c, With magnetic field
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Figure 3.4: The distribution of transverse energy deposited and recon-
structed in the hadronic calorimeter cells for simulated data.

Index
I2M

12
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

11 - v direction
2

1.573
1.552
1.357
1.273
1.071
1.080
1.066
1.062
1.269
1.174
1.492
1.645
1.645
1.492
1.174
1.269
1.062
1.066
1.080
1.071
1.273
1.357
1.552
1.573

3
1.5U2
1.475
1.074
1.090
0.941
0.912
0.915
0.916
1.079
1.074
1.458
1.488
1.488
1.458
1.074
1.079
0.916
0.915
0.912
0.941
1.090
1.074
1.475
1.502

4
1.42U
1.428
1.075
1.051
0.912
0.916
0.938
0.914
1.138
1.089
1.453
1.441
1.441
1.453
1.089
1.138
0.914
0.938
0.916
0.912
1.051
1.075
1.428
1.420

5
1.450
1.392
1.008
1.040
0.924
0.921
0.942
0.928
1.066
1.112
1.470
1.466
1.466
1.470
1.112
1.066
0.928
0.942
0.921
0.924
1.040
1.008
1.392
1.450

6
1.450
1.392
1.008
1.040
0.924
0.921
0.942
0.928
1.066
1.112
1.470
1.466
1.466
1.470
1.112
1.066
0.928
0.942
0.921
0.924
1.040
1.008
1.392
1.450

7
1.42U
1.428
1.075
1.051
0.912
0.916
0.938
0.914
1.138
1.089
1.453
1.441
1.441
1.453
1.089
1.138
0.914
0.938
0.916
0.912
1.051
1.075
1.428
1.420

8
1.502
1.475
1.074
1.090
0.941
0.912
0.915
0.916
1.079
1.074
1.458
1.488
1.488
1.458
1.074
1.079
0.916
0.915
0.912
0.941
1.090
1.074
1.475
1.502

9
1.5Y3
1.552
1.357
1.273
1.071
1.080
1.066
1.062
1.269
1.174
1.492
1.645
1.645
1.492
1.174
1.269
1.062
1.066
1.080
1.071
1.273
1.357
1.552
1.573

Table 3.2: Parameters Ai = E$(i)/E${i) in the C celles.
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Figure 3.5 shows the dependence of the ratio (Erf)/(Eq!) on E° in the Top@Bottom
region. The value of the ratio decreases with increasing deposited energy and

A
1 0 ' r
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!
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Energy Lost in the Coil, 11=2

Simulated PT (0.2 - 15 GeV/c )

10
2 4 6 8 10
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D ( GeV )

Figure 3.5: The dependence of (E%)/(E$) on E$ in the Top@Bottom

region for simulated data.

reaches almost a constant 0.1 when E^ is above 4.5 GeV/c. The dependence of
Ej, on Ej, is parameterized as,

-PiE$(i));E$ < 1.5,1.5 < E$ < 4.5GeV/c (3.6)

E%(i) = 0.lE?{i), E$ > 4.5GeF/c. (3.7)

The fitted parameters ot{ and 0i are listed in table 3.3.

11-7,

2
3
4
5
6
7
8
9

tlr <l-5
1.10
0.90
0.92
0.79
0.79
0.92
0.90
1.10

1.5< ET <4.5
-0.80
-1.30
-1.30
-1.11
-1.11
-1.30
-1.30
-0.80

Er <1.5
1.30
1.60
1.70
1.50
1.50
1.70
1.60
1.30

ft
1.5< ET <4.5

0.25
0.33
0.36
0.27
0.27
0.26
0.33
0.25

Table 3.3: Parameters cti and ft for the correction of the lost energy in the
coil in the Top@Bottom region.

After fitting the simulated data the parameters A ,̂ oti and ft can be obtained
for the different calorimeter cells. The corrected energy in the Top@Bottom region

is

ET(i) =
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exp(ai - (3.8)

3.5.2 Corrections of the 1987 minimum bias trig-
ger data

In principle using the parameters Ai, Q; and Pi obtained, the experimental data
can be corrected. In fact this correction is done in three steps.

1) Correcting the raw experimental data E^,aw by Ai, which gives the first
correction results E^{i)

E?(i) = AiET
T

aw(i). (3.9)

2) By requiring the simulated data E^(i) and the first corrected data Ep-(i)
to have the same shape for the distribution,

E?(i)/{E$(6, 7,18,19)) = BiE^{i)/{Ec
T\&, 7,18,19)), (3.10)

Bi can be determined. Here (E^(6, 7, 18, 19)) is the mean transverse energy in
the side region of the calorimeter. With Bi determined, E!j?(i) is calculated as

(3.11)

Table 3.4 lists the parameter Ai

Index
I2(<£)

12
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

11 - r\ direction
2

2.441
0.931
1.461
1.020
1.124
1.522
1.127
1.248
0.918
0.534
0.840
0.535
0.361
0.744
0.798
0.827
0.957
0.995
1.078
0.850
1.295
0.921
0.787
0.359

3
0.671
1.181
1.238
1.322
0.739
0.933
0.957
1.096
1.019
0.735
1.106
0.568
0.588
1.085
0.742
0.934
0.867
0.824
0.804
0.815
1.086
1.402
1.352
0.574

4
0.9Y8
1.686
1.804
1.6590.977
0.922
1.149
0.943
1.314
1.686
1.782
0.915
0.732
1.481
1.566
1.372
0.731
0.959
0.756
0.841
1.639
1.976
2.081
0.961

5
1.253
2.244
1.304
0.873
0.697
1.050
0.960
0.755
1.880
1.275
1.689
1.453
1.376
2.104
1.141
1.187
1.100
0.884
0.932
0.901
1.079
1.463
2.402
1.279

6
1.290
2.088
1.975
1.2630.849
0.885
1.193
0.758
1.059
1.500
2.167
1.549
1.020
1.903
1.808
1.011
0.745
1.058
0.930
0.896
1.218
1.663
2.475
1.163

7
1.169
1.698
1.955
1.601
0.835
1.003
0.953
0.865
1.241
1.352
1.674
0.892
1.084
1.543
1.694
1.275
0.814
0.948
1.046
1.111
1.563
1.971
1.855
1.211

8
0.366
1.113
1.142
1.231
0.781
0.916
1.014
0.697
0.903
0.760
0.896
0.747
0.596
1.027
0.977
1.135
0.760
1.051
1.113
1.008
1.141
0.986
1.272
0.691

9
0.506
0.879
1.353
1.641
1.068
1.126
1.105
0.972
1.153
0.805
0.799
0.485
0.511
0.787
0.671
1.293
0.846
0.883
1.064
0.877
1.450
1.326
0.926
0.354

Table 3.4: Ai • Bi parameters for correcting the deposited energies in the

ith "C" cells for the 1987 minimum bias data.

3) Correcting Efj?(i) by the parameters ai and Pi (listed in table 3.3),

(3.12)
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After the three-step correction the final corrected transverse energy of the ith

hadronic calorimeter cell in the Top@Bottom region is,

exp(a, - / J ^ S ,

In the side regions the corrected energy is

(3.13)

(3.14)

Figure 3.6 shows the transverse energy flow in the hadronic calorimeter cells in
the azimuthal plane at different pseudorapidities after correction. The ET distri-
bution of calorimeter cells is quite flat in the azimuthal plane after the correction.

15 20 5 10 15

11=2
> 15000 ;

11=9
:Sot r A
5000 'r . \ \ \

10 '5 20 '5 20

11=3
20000 f
150CC FL
10000 E- ; -5C3g LLL

0
11=4

11=8

j=ji

20000
15000
10000

-' I

2U 10 15 20
11=7

20000 r

'oooo ̂ i r

11=5
10 15 20

12

10000 I

0
0 5

11=6
20

12

Figure 3.6: The corrected transverse energy distribution of the hadronic
calorimeter cells in the azimuthal plane from the 1987 minimum bias data.

3.6 Jet reconstruction
After correcting the transverse energy of the calorimeter cells, the jets are re-
constructed by using the standard UA1 jet algorithm AR = \/Ar)2 + A<j>2 < 1,
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which is based on transverse energy deposited in the calorimeter in r)-<f> space. The
aim of the jet reconstruction algorithm is to combine the observed hadrons into
clusters whose energies and directions reproduce the corresponding partons. The
calorimeter cells with ET larger than 1.5 GeV are used to initiate a jet (the ET
of the jet initiator is 1.5 GeV), all other calorimeter cells whose ET fall within
a cone in pseudorapidity-azimuth space (77,cf>) centred on the initiator are merged
into the jet. The jet energy and axis are defined by the vector sum of all energy
depositions in the cone of radius AR—l.

3.6.1 Corrections due to the underlying event

and the jet cone
The energy of a jet found with the above algorithm is, in general, not equal to
the original parton energy. This is due partly to the hadronization process. In
addition, the jet energy is affected by the resolution of the calorimeter, systematic
effects due to the algorithm (mainly due to the cone size), inefficiencies of the
detector, and the effects due to the underlying event, which are very important
for low ET of jets (ET around 5 GeV). The jet algorithm introduces systematic
errors into the measurement of the jet energy. The algorithm associates each jet
with all the particles inside the AR < 1 cone. Any particle originating from the
jet but falling outside the cone (mainly soft particles bent outside the cone by the
magnetic field) will be excluded. In addition, any activity from the underlying
event (soft gluons and contributions from spectator partons) inside the cone will
be attributed to the jet. The hard scattering of partons will generate leading jets.
The initial state bremsstrahlung or final state bremsstrahlung of hard partons
produce extra partons which can be observed as new distinct jets if they have
enough transverse energy and are well isolated in r)-<j> space from the leading jets,
otherwise they contribute to the broading of leading jets or to the increase of
transverse energy and particle multiplicity. To study these effects a Monte Carlo
simulation was used to compare the reconstructed and the generated jets. [84] The
underlying event contribution was subtracted from the reconstructed energy. The
results are expressed in the form

— = —— —, (3-l5)

where ETT is the reconstructed energy. The ET3 is the generated jet energy
without underlying event contribution. Figure 3.7 shows the energy correction of
jets. It is clearly seen that the energy correction due to the underlying event is
very large for ET <10 GeV. For high jet ET this correction becomes less important
and the correction starts to be dominated by energy escaping the Ai2=1.0 cone of
the algorithm for finding a jet.
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Figure 3.7: Jet transverse energy correction for the effect of the underlying
event and the jet algorithm.

3.6.2 Correcting the smearing factor due to the
energy resolution of the detector

The associated energy resolution O{ETg)/'ETg as a function of the generated ETg

is also studied for 200, 500 and 900 GeV cm. energy. [84] The three distributions
are almost equal and can be expressed as

(3.16)J
ETg

The detector resolution influences the jet ET distribution (smearing factor) and
the correction of the detector resolution function is shown in figure 3.8
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Figure 3.8: The correction function for the detector resolution.
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3.6.3 Jet reconstruction efficiency
The jet reconstruction efficiency is studied by a Monte Carlo simulation.[85] 800
two-jet events from ISAJET 5.32 were generated for which the scattered partons
have pr > 20 GeV/c. These generated events also contain partons from initial and
final state bremsstrahlung, making it possible to study jets with lower pr- The
Monte Carlo events have been fully reconstructed with the UA1 detector simula-
tion program. The calorimeter jets have been reconstructed using the standard
UA1 jet algorithm. The parton jets have been reconstructed using all outgoing
partons. The partons with the highest pr are used to initiate the first jet and all
other available partons within a cone of size AR =1.0 centred on the initiating
parton are included in the jet. The energy and momentum of the jet are recon-
structed from the scalar and vector sums of the energies and momentum of the
partons in the jet.

The parton jet and the reconstructed jet are associated if the separation be-
tween the two jet axes is less than AR = 1.0. In practice this is a very loose
association criterion, the resolution of the jet direction being much smaller than
the typical size of the jet (AR = 1.0). However, this loose association has the
advantage that potential complications due to systematic shifts in jet direction in
specific regions of the detector (in the corner between C's for example) are avoided.
If a parton jet is associated with a reconstructed jet, it means that the parton jet
is detected.

The distribution of the jet separation AR between the parton jets and their
nearest reconstructed jet is studied as a function of the parton jet p?. The jet
efficiency is defined as the fraction of parton jets which have a reconstructed jet
(no restrictions on the reconstructed jet pr) corrected for random overlaps be-
tween unassociated jets. The jet efficiency has been extracted from the AR plots
by estimating the background from random overlaps of unassociated jets inside
the region AR < 1.0 to obtain the number of genuinely associated jets, and fi-
nally calculating the fraction of parton jets that are genuinely associated. The jet
efficiency is shown in figure 3.9.

oca>

S , •> UA1 V S = 630 GeV 1987

i Minimum Bias Trigger

! i, O Jet finding efficiency

,- \ . . . T ,
:• 5 '0 15 70 7 5 3i: 35 43

Pr (GeV/c)
Figure 3.9: Jet reconstruction efficiency versus the ET of parton jets.

It is clearly seen that the jets with pr >10 GeV/c have high efficiency and
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jets with pr < 7 GeV/c have poor efficiency.
For a high ET jet, it is an unambiguous fact that the jet is from a QCD hard

process. The question is whether it is reliable to take a low ET jet (in particular
at about several GeV) as a QCD jet. The probability to find artificial jets due
to energy fluctuations is also studied.[85] It was found that the probability is
negligible above 10 GeV, but that it increases rapidly with decreasing ET, reaching
70% at ET=h GeV.

3.7 Results on mini-jet production
Applying the above cuts on 2.3 million minimum bias events, we studied mini-jet
production for pp interactions at y/s=630 GeV. The corrected ET distribution of
jets from 5 to 60 GeV is in good agreement with the prediction of Next-Leading-
Order (NLO) QCD with 5 flavours.

If the low ET jets are genuine QCD jets they should have an angular distribu-
tion of the form (1 — cos26~)~2, typical of elastic scattering of incoming partons
(gluon exchange). Here the scattering angle 9* is calculated with respect to the
incoming partons in the rest frame of the two-jet system (C.M.S of two jets). The
direction of the incoming parton is taken to be the average direction of the proton
beam.[86] In this frame, we define the variables Xf,

Plx + P2x ,„ 17N
X = = X X ( 3 1 7 )

and T (the x-axis is along the beam direction),

M2

(3.18)

Here M\^ = (pi +P2)2, Pi is the four momenta of jet i and p,x is the z-component
of the momentum of jet i in the laboratory frame. The quantities x\ and x2 are
the fractional momenta of the partons that participated in the hard scattering. Xf
can be interpreted as a measure of the longitudinal boost of the two-jet system.
M2j is the invariant mass of the system. From equations 3.17 and 3.18 we obtain

(3.19)

with the convention Xf > 0. The four momenta of the parton and the antiparton
are ( £ i ^ , 0 , 0 , £ j ^ ) and ( - 2 ^ , 0 , 0 , ^ ^ ) respectively. Implicitein this assignment
of four momenta is the approximation that the interacting partons are massless.
Having obtained xi and x2 we can now boost to the C.M.S where we define the
angle 9" as the angle between the jet axis and the beam direction. Due to the
detector resolution, the jet-jet system is in general not perfectly balanced in ET-
As a result the boost is no longer only along the z-axis. It has a transverse
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component as well. Let p[cm* and p~2Cm* be the momenta of the incoming partons
in the C.M.S. We can then define an average beam direction[86] Pj^*m given by

-cms -'Cms ->cm» /o on\
Pbeam = Pi ~ V2 • (3.20)

The angle 6" is defined with respect to this axis

Here pjCml is the jet momentum in the C.M.S of the two-jet system.
Due to the limited geometry of the hadronic calorimeter, the acceptance of the

jets drops very fast at the edge of the calorimeter. This drop can be understood by
studying QCD Monte Carlo-generated jet events which have been fully simulated
in the detector, then processed and analysed in the same way as real events. The
angular distribution of two-jet systems agrees with the prediction of QCD elastic
scattering of partons with gluon exchange.
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Chapter 4

Summary of the papers

Paper I: A systematic study of the energy independent behaviour of the
fragmentation regions in 16O-Em interactions from 3.7 to 200 A GeV

In this paper two-particle pseudorapidity correlation functions, which are sen-
sitive to dynamic fluctuations in the particle production, are introduced. The
dependence of the correlations on pseudorapidity for 16O-induced emulsion inter-
actions from 3.7 to 200 A GeV is investigated and an energy-independent behaviour
is observed in the fragmentation regions. The factorial moments of charged parti-
cles are also studied in the fragmentation regions. Instead of pseudorapidity, the
variable x is used in the calculation of factorial moments in order to avoid the
influence of the shape of the particle densities in the fragmentation regions. The
definition of x is

H
and ensures a uniform distribution. It is found that the intermittency indices are
independent of the incident energies from 14.5 to 200 A GeV in the target and
projectile fragmentation regions, which means that limiting fragmentation is valid
also for the dynamic fluctuations.

Paper II: On the jet-like and ring-like substructure in distribu-
tions of produced particles in central heavy-ion interactions at ultra-
relativistic energies

It is known that if there are several particles falling in a narrow region of
rapidity and/or azimuthal angle, they will give a large contribution to the factoral
moments and enhance the intermittency signal. Therefore, understanding the
origin of particle production in narrow regions of phase space is a most important
issue. We thus studied the particle distribution in the azimuthal plane in narrow
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bins of pseudorapidity. The particles are ordered in the azimuthal plane from 0
to 2TT. The difference in azimuthal angle (6<j)) between two adjancent particles is
studied. Two variables are defined one (S2) sensitive to pairs with large separation
angle 6<f> and the other (Si) sensitive to close pairs with small 6<j>.

Y, (4-2)
and

S2 = I > 0 ) 2 , (4.3)
Providing the fluctuations are purely statistical, the average values of Si and S2
are

<sx)'(a( = n r f x ; 1. (4-4)
fc=i *

< * > " " = ^ (4-5)

Where nd is the number of particles in the pseudorapidity bin. The Fritiof model
is used to represent statistical fluctuations. In the S-Au and S-AgBr interactions
at 200 A GeV, pure statistical fluctuations underestimate the data, but after in-
cluding 7- conversion and Bose-Einstein correlations, the data can be satisfactorily
reproduced by the Fritiof model.

Paper III: On the production of slow particles in high energy heavy-
ion collisions

In this paper we developed a model which incorporates intranuclear cascading
into the Fritiof model. This model is used to describe the production of grey and
black particles and their correlations with shower particles.

In a central collision the projectile drills a cylindrical hole through the tar-
get nucleus, striking every nucleon in its path. Some of the nucleons struck will
penetrate into the spectator part, while some will escape through the hole. It
is assumed that effectively only those nucleons that originated in the surface re-
gion of the cylinder penetrate into the spectator and that these nucleons move
away from the centre of the hole. The thickness of the effective cylinder volume is
chosen so as to correspond to the outer, one-nucleon-thick layer of nucleons, and
the corresponding effective number of target participants is denoted as Pr,eff-
These Pr,ef) nucleons will encounter the target spectators and lose their energy
on the way out of the spectator. The number of nucleons encounted (secondary
nucleons) is proportional to the path length of the nucleon inside the spectator.
Assuming that the Pr,eff nucleons will produce secondary nucleons independently,
the probability of producing ra secondary nucleons is taken to be a geometrical
distribution [73].

) "»lC (4.6)
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and (m) is the average number of secondary collisions made by all the nucleons
struck in the surface region, and is proportional to the mean length of the path.
Of m nucleons some will become grey particles and the rest become black particles
if they are charged. The spectator left over from the target nucleus will be excited
due to the surface energy and the energy from the target participants. If the
excitation of the nucleus is greater than a certain critical energy ec, the nucleons
will escape from the system and, if charged, appear as black particles.

With this model, the multiplicity distributions of grey and black particles and
their correlations with the shower particles are well described from nucleon-nucleus
to nucleus-nucleus collisions.

Paper IV: Production of Mini-jets in pp interactions at -Js =630 GeV

The high transvese energy (ET > 30 GeV) jets are well described by QCD. The
question is whether a QCD description is still valid for lower transverse energies
(ET % 5 GeV). In this paper mini-jet {ET about 5 GeV) production is investigated
for proton-antiproton interactions at y/s =630 GeV. After corrections, the inclusive
jet ET distribution is in good agreement with the prediction of NLO QCD with 5
flavours.

The angular distribution of two leading jets is also studied and compared with
the QCD jet events. The scattering angle of the jets is calculated with respect to
the incoming partons in the rest frame of the two-jet system. By selecting events
with a widest acceptance angle, the two-jet angular distribution is well represented
by the QCD jets.

Paper V: A CCD-based automatic system for tracking charged par-
ticles in heavy-ion collision

In the Autumn of 1994, Pb ions were successfully accelerated to 158 A GeV/c
in the SPS at CERN. In Pb+Pb interactions, the number of charged particles
is as high as about 1500. In order to handle such large events, an automatic
system based on the CCD technique and image processing was developed. The
main component of the system is the Matrox IMAGE-LC installed in a host PC
computer. The matrox IMAGE-LC consists of several boards (the base board, the
image real time processor board and the digitizer boards).

Each emulsion layer is divided into sequential sublayers along the beam direc-
tion. The microscope is focused automatically on each sublayer and an image is
grabbed to the image processor. After being digitized, the image is transferred to
the frame buffers and displayed on the monitor. The images from different sub-
layers are treated by spatial filtering, scaled and summed pixel-by-pixel in order
to enhance the track signal to background ratio. The summed images are stored
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on the hard disk of the computer.
A track is identified as a pixel cluster (typical size about 3 x 3 pixels) with a

pixel intensity above the background threshold in the summed images. The back-
ground threshold is obtained by studying the pixel intensity distribution. The final
tracks are reconstructed by conventional methods by tracing tracks in emulsion
plates, starting in the last plate.

Rapidity density and azimuthal distributions measured by the CCD system
are consistent with measurents using the EMUPAD system. The application of the
CCD system will reduce the demands on the operator and also reduce measurement
times by a factor of about 10.
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