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Abstract

Measurements of two-particle angular correlations for charged particles emitted in
e*e collisions at a center-of-mass energy of 91 GeV are presented. The archived
data are collected with the ALEPH detector at LEP. The correlation functions are
measured over a broad range of pseudorapidity and full azimuth as a function of
charged particle multiplicity. No significant long-range correlation is observed in
both the lab coordinate analysis and in the thrust coordinate analysis, where the
later is sensitive to a medium expanding around the color string between the out-
going qq pair from the Z boson decay. The associated yield distributions in both
analyses are in better agreement with predictions from the pythia event generator
than those from herwig, providing new insights into the hadronization modeling.
These results serve as an important reference to the observed long-range correlation
in proton-proton, proton-nucleus and nucleus-nucleus collisions.
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Chapter 1

Introduction

Heavy ion physics is primarily devoted to studying the quark-gluon plasma (QGP),
which is believed to have existed microseconds after the big bang, when the universe
was roughly 10 billion degrees Fahrenheit (5.5 billion degrees Celsius). A full descrip-
tion of the properties of the QGP would elucidate a wealth of information about the
origins of the universe and the basic building blocks of nature. Without question,
many exciting discoveries have already been made in heavy ion physics and many
more are still to come.

Historically, QGP has been studied at the Alternating Gradient Synchrotron
(AGS), Super Proton Synchrotron (SPS), Large Hadron Collider (LHC) and the Rel-
ativistic Heavy lon Collider (RHIC) using a variety of collision systems. Currently at
the LHC, proton-proton (pp), proton-lead (pPb), lead-lead (PbPb), and xenon-xenon
(XeXe) collisions are studied [1]. On the other hand at RHIC, more exotic com-
binations of heavy particles such as deuteron-gold (dAu), helium-gold (HeAu), and
gold-gold (AuAu) are studied [2]. In combination, these colliders enable physicists
to compare data from numerous energies and sizes, enabling detailed studies of the
properties of the QGP.

Only a few years ago, results from the LHC surprisingly showed thaip col-
lisions exhibit similar properties as heavy ion collisions [3]. Though there is yet
to be a de nitive theoretical interpretation of these results, some believe that they

demonstrate that QGP can be produced in small systems, and thus that "heavy ion
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physics" is not unique to heavy ion collisions. Because of this, understanding better
the physics ofpp collisions is one of the major goals for the coming decades of high
energy physics. There is one missing piece in the spectrum, however, that from the
viewpoint of heavy ion physics is not obvious; there has never been a study of the
smallest collision systemg® e , in this context.

This is not surprising, though, because until now there was no need to studye
collisions in the context of heavy ion collisions. Traditionally, heavy ion physics is
interested in studying the phase transitions of quantum chromodynamics (QCD), a
theory of the Standard Model of particle physics, which was believed to only be acces-
sible at the temperatures reached in heavy ions collisions, the QGP. The results,
which are usually used as reference for heavy ion collisions, challenged this assump-
tion and left many wondering what the minimum conditions to produce QGP are. To
answer this question it is absolutely necessary to stuady e collisions. Moreover, the
results from small systems have shown that the division between elementary particle
physics and heavy ion physics is less de ned than it was once believed to be. The
goal of this thesis is to use the study o' e in the context of heavy ion physics to
help bridge the gap between these elds.

The remainder of this chapter will be focused on introducing two of the basic
components of the Standard Model (SM) of particle physics [4], the electroweak the-
ory and quantum chromodynamics. A combination of equations, gures known as
Feynman diagrams, and plots are used to explain the operational characteristics of
them. Discussions of the Higgs mechanism are omitted so that this chapter remains
focused on the interactions most relevant to heavy ion physics and the measurement

shown in this thesis. An excellent description of it can be found in [5, 6].
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1.1 The Electroweak Interaction

At everyday temperatures the electromagnetic and weak forces behave distinctly and
can be probed independently. At higher energy scales, however, a striking phe-
nomenon occurs they merge into a single force known as the electroweak interaction
[7].

The electroweak interaction was proposed in 1968 by Glashow, Salam, and Wein-
berg as a resolution of the problems known to exist with Fermi's original weak inter-
action [8, 9]. They hypothesized that above a critical energy scale, rougt2y6 GeV,
the weak and electromagnetic interactions would become indistinguishable from each
other. To enable uni cation, they formulated the weak interaction around force carry-
ing gauge bosons similar to quantum electrodynamics (QED). Unlike QED, however,
the weak interaction was short ranged, meaning that those force mediators needed to
be massive unlike the massless photon)( They called these patrticles theN*, W ,

and Z bosons.

Nearly fteen years later in 1983, physicists at the Super Proton Synchroton mea-
sured the masses of the W and Z bosons and found that they agreed with the predicted
masses 080:4 GeV/c? and 91:2 GeV/c?, respectively [10, 11]. Using the same data,
experimentalists veri ed that the weak and electromagnetic coupling constants were
re ective of a uni ed theory, thus con rming the electroweak uni cation. In the fol-
lowing decade physicists were devoted to understanding the phenomenology of this
theory and its relationship to quantum chromodynamics (discussed later), culminat-

ing in the construction of the Large Electron Positron (LEP) Collider at CERN.

1.1.1 The Electromagnetic Force

The rst piece of the electroweak interaction is QED, the theory that describes how
electrically charged particles interact with each other. It is formulated as abelian

gauge theory with the symmetry group U(1) leading to the Lagrangian

19



I—QED = @ e (A ) m %-F F (11)

This equation encodes the way in which bispinor elds and describe spini=2
fermions and interact with the e ective electromagnetic gauge eldA . Within it,

the Dirac matrices  describe the chirality of the spinors, the coupling constang
guanti es the interaction between the fermions and the gauge eld, and the classical
electromagnetic eld tensorF enables the presence of an emergent massless 4pin-
photon.

QED allows for three basic interactions involving electrons and photons: an elec-
tron moving from one location and time to another, a photon moving from one lo-
cation and time to another, and an electron emitting or absorbing a photon at a
certain location and time. Rarely, however, does one need to think of the details of
L oep to describe these actions. Instead the physics of this theory can be understood
using pictorial descriptions known as Feynman diagram's The diagrams below, for
example, show what happens when electrons repulse each other, known as Moller
scattering. The time axis is in the vertical direction and the spacial axis is in the

horizontal direction.

Figure 1-1: Moller Scattering

Each of the basic actions can be seen in this diagram: two electrons moving in
space-time, a photon moving in space, and an electron absorbing or emitting a photon.

Similar diagrams can be drawn for all types of" e interactions, with QED playing

1An introduction to Feynman diagrams can be found here [12]
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a fundamental role in each of them.

1.1.2 The Weak Interaction

The weak interaction, often called the weak nuclear force, is most commonly known
as the mechanism through which radioactive decays occur. In this picture, fermions
interact through the exchange of W, W , and Z bosons. Since the mediating par-
ticles each have mass much greater than those of the proton or neutron, the weak
force is a short range interaction (roughlyL0 8 meters). One commonly known weak
force process is the beta decay shown below. The W bosons enable an up quark to
be converted to a down quark (discussed later), and vise versa, which allows bound

neutrons and protons to decay into each other.

Figure 1-2: decay:h p+e + .. Figure 1-3: " decay: p n+ €'+ ..

The W and Z bosons also serve an important role & e collisions, in which they
can mediate their annihilation by replacing the photon. This process is similar to the
original Moller Scattering process shown earlier, but is greatly enhanced at a center
of mass energy energy ne®&1:2 GeV, corresponding to the mass of the Z boson. As
will be discussed later, this makes high energg/ e collisions appealing for probing

physics beyond the electroweak interaction.
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1.2 Quantum Chromodynamics

The strong interaction as described by quantum chromodynamics is perhaps the most
fascinating and certainly the least understood of the fundamental forces included in

the Standard Model. At its basic level, it describes the dynamics of the fundamental

particles that make up composite hadrons such as protons and neutrons [13].

Just as in electrodynamics, QCD is build upon two basic ingredients the quark
and gluon. The quark is a spint=2 particle that comes in three types known as
"colors", red, green, and blue, and has an electric charge of either% or 1. The
gluon is a force carrying gauge boson with no electric charge that comes in eight
color superpositions. Both particles also have an additional property known as color
charge. Consequently, QCD gives rise to three basic interactions: a quark emits or
absorbs a gluon, a gluon emits or absorbs a gluon, and two gluons directly interact;
see Figure 1-4 below. In comparison, QED only permits that an electron can emit or

absorb a photon because the photon is charge-less so it does not radiate as it moves.

Figure 1-4: Fundamental QCD processes from left to right: a quark absorbs or emits
a gluon, a gluon absorbs or emits a gluon, and gluon-gluon interaction [14].

Without going into the details, which can be found in [13], the mathematics of
QCD is described by a non-abelian gauge theory with symmetry group SU(3) through

the Lagrangian

X _ 1
I—QCD = g;a |( @ ab S tgbAC mq ab q;b ZFA FA : (1-2)
q

Similar to Lqep, this equation describes how the Dirac quark- eld spinors 4.5 in-
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teract with the gluon gauge eldsAC. The script g runs from one to six for the six
experimentally observed generations, known as avors. The color charge subscapt
runs from one to three for the three colors. The gluon eld subscripf runs from one
to eight for the eight gluon colors. Within the Lagrangian, quark masses are given by
mq, the coupling between the quark and gluon elds is quanti ed bygs and enabled
by the SU(3) generator matriceg$,, the gauge boson emerges from the gluonic eld

tensor F# , and the gamma matrices encode the chirality of the spinors.

Figure 1-5: (Left) The QCD coupling constant s measured for a range of energies
Q [15]. While the coupling constant becomes asymptotically small at high energies,
at low energies it becomes large, rendering perturbative calculations at low energies
impossible. (Right) Evolution of the electromagnetic coupling constant from mea-
surements of Bhabha scatteringg"e ! e€*e . In this case, the coupling becomes
asymptotically large at higher energies [16].

Several key properties unique to quantum chromodynamics emerge from this equa-
tion, including asymptotic freedom which says that quarks interact more strongly the
further they are apart [17]. Because of this, quarks and gluons have never been exper-
imentally observed as free particles and their presence is only inferred by measuring
the hadrons in which they are con ned. Consequently, the coupling constants is
said to "run" which means that it becomes weaker as a function of energy, rather
than stronger as is the case for the electromagnetic coupling constant; see Figure 1-5.

For this reason, perturbative calculations of QCD are not possible in the low energy
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regime because the coupling constant is too large.

A qualitative interpretation is often described by the Lund String model [18], in
which a "color" string connects the quarks and grows in tension as the quarks move
away from each other; see Figure 1-6. When the tension becomes too large, it is
energetically favorable for the color eld to break the string and form a newq pair

while the outgoing quarks or gluons become con ned within hadrons.

Figure 1-6: The Lund string model of hadronization [19] in which the breaking of a
color string creates a nevgq pair while the outgoing quarks hadronize.

As the quarks continue to move away from each other, a spray of hadrons and
other particles, known as a jet, is produced via subsequent fragmentation. Jets are
powerful tools when de ned by clustering algorithms because they can be calculated
theoretically and measured experimentally [20], unlike many other QCD physics ob-
jects. Since the lifetime of QGP is too short to inject additional probes into a collision,
jets serve an important role in heavy ion physics as they are one of the only tools
available to study the QGP with.

Taking a step back, QCD and lattice QCD (LQCD) are fascinating from the
viewpoint of heavy ion physics because they gives rise to several unique phases of
matter. The current understanding of the QCD phase diagram is shown in Figure 1-7
as a function of temperature and baryon doping, the excess of quarks over antiquarks,

parameterized by the chemical potential for baryon numberg [21]. It shows that
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