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To the beloved ones

“Noli turbare circulos meos”

Lesson on the circle

Draw a circle in the sand

then cut it in two,

with the same stick of hazel tree cut it in two.
After that fall to your knees,

after that fall to your hands.

After that strike your forehead against the sand
and ask the circle to forgive you.

That’s it.

212 BC, Archimedes’ legendary last words

Lectie despre cerc

Se deseneaza pe nisip un cerc

dupa care se taie in doua,

cu acelasi bat de alun se taie in doua.
Dupa aceea se cade in genunchi,

dupa aceea se cade In branci.

Dupa aceea se izbeste cu fruntea nisipul
si 1 se cere iertare cercului.

Atat.

1979, Nichita Stanescu, Operele imperfecte
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Chapter 1

Introduction

1.1 What is the World made of?

This is one of the questions to which a child seeks the answer as the marvels of
the world unveil in front of his curious eyes. It is also the question that mankind
has pondered about for a long time, in its continuous pursuit of knowledge. The
answers to this riddle have ranged from the simple solution offered by the an-
cient Greek schools of philosophy, which proposed air, water, fire and earth as
the building blocks of nature, to the more complex, yet well structured table
of elements proposed by Mendeleev. All the answers, in spite of their variety,
show our quest to describe nature using fundamental building blocks and basic
interactions among these.

Todays answer to the question combines the simplicity of the ancient Greek
concept of the world with the quantitative edifice of Mendeleev: “The world is
made of quarks and leptons.” It is the modern particle physics and its successful
Standard Model that provides us with this statement and represents man’s cur-
rent organized effort to answer the question. The fundamental building blocks
of the Standard Model (SM) are the elementary particles, i.e. quarks and lep-
tons (see Table [L1]). They come in three generations and have a multitude of
intrinsic properties, like mass, spin, charge and other so called quantum num-
bers. The interaction between these particles is mediated by the force carriers
(see Table [[T]), and there are four types of interactions: electromagnetic, weak,
strong and gravitation. Although the Standard Model successfully incorporates
the electromagnetic, weak and strong interaction into one theory, gravitation has
not been consistently included.

All known elementary matter particles have spin 1/2. They are called fermions
and obey Pauli’s exclusion principle, according to which there can only be one
fermion in a given quantum mechanical state. All force carriers have integer
spin and are called bosons. Unlike the fermions, many bosons can share the
same state having the same quantum numbers. Thus, the spin property provides
a basic way of classifying particles and a rule for their arrangement in different
quantum states. The other quantum numbers of the elementary particles describe
the properties of these particles when interacting via the basic forces: the electric
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Table 1.1: The Standard Model matter constituents and force carriers. The
respective antiparticles have opposite charges. The electric charge is defined in
such a way that the electron charge is —1. The third component of the weak
isospin is presented, and for colour no charge (0), triplet (3) and octet (8) charges
are given. All values are according to the Particle Data Group [1].

Mass Charges
Name [GeV] | electric | isospin | colour

Ve el. neutrino <107® 0 +1/2 0

R electron 0.000511 -1 —1/2 0

< g [ v | muon neutrino [ <0.0002 [ 0 +1/2 | 0
o B M muon 0.106 -1 —1/2 0
% 2| vr | tau neutrino < 0.02 0 +1/2 0
| T tau 1.777 -1 —1/2 0
2 u up 0.003 | +2/3 | +1/2 | 3
S d down 0.006 | —1/3 | —1/2 | 3
g 8| ¢ charm 1.3 +2/3 | +1/2 3
L § s strange 0.1 ~1/3 | —1/2 3
S|t top 174.3 +2/3 | +1/2 3

b bottom 4.3 —1/3 | —1/2 3

w o photon 0 0 0 0
S = ZY Z boson 91.19 0 0 0
8 B |W=*| W hoson 80.42 +1 +1 0
A q gluon 0 0 0 8

charge is the source of electromagnetic interaction, the weak isospin is related to
the weak interaction, the colour charge is the source for the strong force. The
mass is generated in the Standard Model via the so called Higgs mechanism [2]
and determines the strength of the gravitational force. Thus, one expects one
more particle to be added to the above picture of elementary particles, the Higgs
boson. It is the interaction with the Higgs boson that makes the other particles
massive, yet the Higgs boson has not been observed so far I

The interactions that govern the matter particles, and implicitly their carriers,
have quite different properties. The electromagnetic interaction, which couples
to the electric charge of the particles, has an infinite range and is mediated
by massless photons. The weak interaction, on the other hand, is carried by
heavy bosons, called W and Z, and acts at very small distances of 107 meters.
Although the strength of these two fundamental forces is different for processes in
nature, the weak force being about 10000 times weaker than the electromagnetic

!There is an experimental indication of Higgs boson with a mass of 115.6 GeV from the
Large Electron-Positron (LEP) collider at CERN [3].
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one, the two interactions have been unified into what is called the Electroweak
Theory. The strength of the strong interaction is 100 times higher than the
electromagnetic interaction, but the range is limited to about 107!% meters. This
interaction acts on the colour of the elementary particles and is mediated by
gluons, which have no mass. The quarks are the only matter particles with non-
zero colour. The theory describing the interactions between quarks and gluons is
called Quantum Chromodynamics (from the Greek ‘khroma’; meaning colour).

In addition to these forces embedded in the Standard Model there is also grav-
itation. At the level of particle physics, the weakness of this force (1073% smaller
than the strong force) makes it insignificant compared to the other interactions
and can be safely neglected. The carrier is believed to be a massless particle
called graviton, and the range of this force is infinite. It is the goal of many
physicists within the field of particle physics to incorporate all interactions into
one unified theory.

How fundamental are these building blocks of matter? All particles in the
Standard Model are point-like particles, having no observed substructure down
to scales as low as 107!® meters. At particle colliders, which are like huge mi-
croscopes that allow us to study the inner structure of matter, there has been
a continuous race in the past few decades to increase the resolving power and
investigate how elementary these particles are. The experimental evidence from
these colliders gives us confidence in the Standard Model and its constituents (see

Table [LT)).

For this picture to be complete, a mirror image containing the antiparticles
needs to be supplemented. For each particle there is an antiparticle, which has
the same mass and spin, but opposite values for the electric charge, weak isospin
and colour. These antiparticles undergo the same fundamental interactions with
the same strengths, as their matter partners.

Having received all “Lego” blocks of nature and different “glues” to put them
together, the “child” can now proceed to build the World we live in. By adding
quarks together and gluing them with gluons, hadrons can be formed, among
them protons and neutrons (with sizes of 107! m). Binding these together with
the remaining strong glue results in nuclei, which supplemented with electrons
via the electromagnetic interaction give atoms, of typical size 107 m. From
atoms, the step to molecules is made just by adding many of them and relying
on the electromagnetic force to keep them together.

Living cells are made from atoms and molecules, and they can be as large
as 107 m. Nature with the objects that surround us is made of these atoms,
molecules and cells. At the macroscopic level in nature the gravitational force is
felt. Not only does it keep us bound to the Earth, but it also keeps the Earth
bound to the Sun, forming a system which is 10!* m large. This star gives us life
by burning its fuel, a process where the weak interaction between quarks inside
the protons and neutrons plays a crucial role.
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1.2 A colourful theory

The two main ingredients of the Standard Model are the Electroweak Theory and
Quantum Chromodynamics. While the former theory has managed to unify the
electromagnetic and the weak interactions, the latter deals solely with the strong
interactions. The Standard Model incorporates both these theories through the
extended symmetry given by the U(1)xSU(2)xSU(3) group. The abelian gauge
theory, invariant under transformations of the unitary group U(1).,, is Quan-
tum Electrodynamics. The Electroweak Theory adds the isospin SU(2) group
to the symmetry U(1)y hypercharge, and the symmetry U(1)y xSU(2) is broken
to U(1)em by the mechanism of spontaneously symmetry breaking. The scalar
Higgs boson and its interaction potential are responsible for this mechanism,
which provides masses to the fermions. By adding one more group, SU(3) colour,
the symmetry is extended and the Standard Model is set to include the strong
interaction.

The path towards establishing Quantum Chromodynamics (QCD) as the the-
ory of strong interactions was laborious and is worth mentioning. The interplay
between the experimental observations and the theoretical advances was crucial
in imposing a quantum field theory as a solution to the strong interactions of
hadrons. Such an approach was generally disbelieved in the fifties and sixties,
due to the failure of perturbative methods in describing the scattering theory
of hadrons. Other approaches emerged in those days, such as Regge theory [4],
which attempted to describe particles through the analytical properties of scat-
tering amplitudes.

The suggestion that hadrons are not fundamental particles, but instead are
composed of quarks, came in 1964 from Gell-Mann [5] and Zweig [0], as a result of
the studies in hadron classification and their mass spectra. The quark model was
born, with the term ‘quark’ adopted by Gell-Mann. The idea of a new quantum
number [7[§], later on called ‘colour’ by Gell-Mann, grew out of an attempt to
avoid the apparent breaking of Pauli’s principle, having quark spin 1/2 particles
with the same quantum numbers forming a baryon.

The first series of high energy experiments, with the goal of probing the struc-
ture of hadrons, was initiated in the sixties at the Stanford Linear Accelerator
Center (SLAC). The idea was to probe the hadron with a beam of structureless
particles, like leptons. The same method was used by Rutherford half a cen-
tury earlier when investigating the structure of atoms with, what he believed
were structureless, « particles. In this way the field of Deep Inelastic electron-
proton Scattering (DIS) started. The obtained experimental results [9] could be
understood if one assumed that the electrons scatter on almost free point-like con-
stituents in the proton, called partons, as proposed by Feynman [10] and Bjorken
and Paschos [11] in 1969. Thus the parton model appeared, with Feynman coining
the name ‘parton’.

The scaling property of the proton structure functions, as proposed by Bjorken,
was confirmed by the SLAC experiment. The interpretation of this scaling is that
the constituents of the proton are free and point-like when observed with high
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spatial resolution. The high resolution can be translated into a high momentum
transfer from the incoming electron. A direct consequence is the fact that the
interaction between partons becomes weaker at short distances. Finding a field
theory which had this property was the next step.

It was back in 1954 when Yang and Mills [12] introduced a gauge theory which
had a non-abelian (i.e. non-commutative) gauge symmetry. The generators of the
symmetry group are non-commutative, and they form a Lie algebra. This non-
abelian gauge field theory was successfully quantized by Faddeev and Popov [13]
in 1967, and 't Hooft and Veltman [14] showed in 1971-1972 that such theories
are also renormalizable. Thus, the original Yang-Mills theory had the ability of
being quantized in a manner which was both unitary and renormalizable.

The breakthrough was provided in 1973, by Gross and Wilczek [I5] and
Politzer [16] who found the property of asymptotic freedom in the Yang-Mills
theory. This means that the strength of the interaction is energy dependent,
with the coupling strength becoming weaker at high energies (short distances).
In other words, the parton model was rediscovered and the experimental results
from SLAC could be understood from the field theory point of view.

It became clear that the dynamics of the quarks is described by non-abelian
gauge field theories. The new symmetry, generated by the non-commutative alge-
bra, was quickly accommodated with the use of the new quantum number colour,
and the symmetry in the quark model (Fritzsch, Gell-Mann and Leutwyler [17]).
The non-observation of isolated quarks was to be understood in a natural way
within this symmetry, as well as other experimental findings, like the experimen-
tal data on the total cross-section for e e~ — hadrons. The partons, having the
same quantum numbers and properties as the quarks, could then be identified
with quarks. The theory describing the strong interaction was finally established
as ‘Quantum Chromodynamics’.

The gluon (a term also introduced by Gell-Mann [I8], however in the context
of neutral vector theories) is the mediator of the strong force. It carries colour
and it is self-interacting, a property which proved to be essential for the asymp-
totic freedom of QCD. The same property of gluon self-interaction was found
to lie behind the confinement of quarks at long distances [19,20]. This adds as
an important property of QCD, which now combines the short distance physics
represented by asymptotic freedom with long distance phenomena, like quark
confinement. However, QCD does not provide a single approximation method
which is applicable to all length scales.

With the advent of asymptotic freedom, perturbative Quantum Chromody-
namics (pQCD) was born, imposing perturbation theory as a tool which can be
safely used to describe short distance reactions. Asymptotic freedom is after all
a perturbative prediction, while on the other hand, confinement is not. The first
attempts in pQCD were to recover Bjorken scaling, and violation of this scaling
was found due to QCD corrections [21,22]. The experimental observation of such
violations [23] in muon-nucleon scattering, gave strong support to perturbative
QCD.

From this moment on, the field of perturbative QCD has been flourishing.
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The introduction of operator product expansion (OPE) [24] provided a powerful
tool to extract the short-distance part in deep inelastic scattering. Perturba-
tive calculations were made for total cross sections in ete™ collisions at leading
order, and going even to next-to-leading order. The discovery of heavy quarko-
nia, which are bound states of heavy quarks, such as the J/¢ (charm) [25] and T
(bottom) [26], came right after the foundation of QCD, and their decays were suc-
cessfully described by QCD [27]. The concept of hadronic jets appeared [28], with
jets coming from quarks or gluons, and QCD notably described these. The first
evidence for gluons was found at Deutsches Elektronen-Synchrotron (DESY) [29]
from hadronic jets.

The justification for the use of pQCD lies primarily with experiment. Per-
turbative QCD has developed in the area of high energy collisions, at large mo-
mentum transfers. At small momentum transfers using perturbative methods is
problematic, as the gap between short distance phenomena and large distance
phenomena needs to be passed. After all, the experiments testing QCD start
from a short distance interaction and go towards large length scales, a transition
during which the strength of the coupling grows. It became clear that QCD pos-
sesses an ‘open’ problem, namely how to understand properly the large distance
phenomena, referred to as non-perturbative.

In spite of its continuous ‘open’ problem, QCD made its way as an integrant
part of the Standard Model of elementary particles and their interactions. Quan-
tum Chromodynamics is now-a-days regarded as one of the cornerstones of the
Standard Model. It should also be mentioned that numerical studies of QCD
based on a lattice formulation of the theory [30,31,32] added confidence to this
theory of strong interactions.

The scope of this thesis is to explore the realm of QCD in general, and in
particular, to deepen the understanding of non-perturbative QCD. In order to
explore different aspects of gluon interactions, the approach taken is to use the
basis of perturbative QCD to investigate long distance phenomena, relying on
the interplay between the so called soft, long distance physics and hard, short
distance physics.

The thesis is organized as follows. In chapter[2the main elements of Quantum
Chromodynamics are reviewed, starting with the basics of QCD as a quantum
field theory, the perturbative QCD approach and the issues of non-perturbative
physics. Chapter introduces the interplay between hard and soft processes
in QCD and the construction and properties of several phenomenological mod-
els that are used. In chapter dl a short introduction to a powerful quantization
method is given, as well as its relevance for quantum field theories, and in partic-
ular QCD. The summary of the papers on which the thesis is based can be found
in chapter Bl Finally, chapter [6] contains the conclusions and an outlook.

Throughout the thesis, the natural units have been used, h = ¢ = 1. Thus,
mass, momentum and energy are expressed in the same unit, which is GeV. Time
and length have units of inverse energy, normally GeV~!. The conversion to
ordinary units can be made by using the appropriate factors of h = 6.582 118 x
10725 GeV-s and ¢ = 299792458 m-s~ .



Chapter 2

Basics of Quantum
Chromodynamics

This chapter gives a short overview of Quantum Chromodynamics, introducing
the basic elements of QCD which are important for this thesis. For a thorough
study, the following reviews and books are recommended [33]134.35,[36] to the
interested reader. Certain basic concepts of relativistic quantum mechanics and
Quantum Electrodynamics (QED) are assumed to be known, and this thesis does
not make an effort in introducing or motivating them.

2.1 Fundamentals of QCD

Quantum Chromodynamics is a field theory which describes the strong interaction
between the quarks and gluons. It is generally assumed that all fundamental
particles (among them quarks and gluons) are represented by local quantum
fields. In particle physics there is a consensus to describe all local fields by
quantum field theories, and QCD is one such theory.

QCD, in its attempt to describe the strong interactions, introduces the con-
cept of quarks and colour. The quark fields represent the matter fields, and
although they are not directly observable, they form hadrons which are observed
in nature. In order to describe this observation, QCD is based on the non-
abelian SU(3) symmetry, and as a result the quarks have three charges, called
colours. The physical observables are invariant under a global symmetry of the
colour SU(3) group. Requiring the same invariance for local transformations of
colour, gives eight massless gauge fields called gluons, that mediate the strong
force. The gluons also carry colour, which makes them self-interacting. In the
following, these important properties of QCD will become clear from the detailed
construction of the theory.

The QCD Lagrangian
The starting point of QCD is the classical action, written as a functional of the

7
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fields
SO[wfﬂvZfaAZ] :/d4x°%classic(¢fal/jfaAZ;g7mf)a (21)

where %, j4ssic 18 the Lagrangian density, containing all the fields and the param-
eters of the theory. The fermionic fields v;(z) and () describe the quarks
and antiquarks, and the bosonic fields Af,(x) describe the gluons. Different quark
flavours are represented in the Lagrangian density via the label f. Furthermore,
the parameters of the theory embedded in the density %, jq4ssic are the strength
g of the coupling describing the interaction between quarks and gluons, and the
masses my of the different quark flavours. All quark flavours are taken into ac-
count, so f is an index running from 1 to Ny = 6.

The classical Lagrangian density of QCD, based on the non-abelian Lagrangian
originally written down by Yang and Mills [12], is given by

Ny
I 1 a v
agclassic = Z wf(@’YuDu - mf)¢f - ZFMVFM a’ (22)
f=1
where the covariant derivative and the field strength are introduced as
D, = 0,+igT,Aj, (2.3)
Fi, = 0,A, — 0,45 — gf“bCAZAf,. (2.4)

In the above, v are the Dirac matrices and 9, = %. The rest of the used nota-
tions will become clear in the following discussion, which will introduce different
key concepts in QCD.

The Lagrangian density has the crucial property of being invariant under
local gauge transformations. Gauge invariance means that one can perform a
redefinition of the colour quark fields independently at every point in space and
time, without changing the physical content of the theory.

These gauge transformations define a group, called the SU(3) group (3 stands
for the number of colours). In general, this group is denoted SU(N,), and one
can keep track of the number of colours N, in the theory. There are N*> — 1 =8
generators of this group, 7, with a = 1... N? — 1. These do not commute with
each other, but satisfy the following relation

(To, Ty) = i fancT", (2.5)

which defines a Lie algebra with the structure constants fup. of SU(3).

With the help of these generators, the covariant derivative D, acting on the
spinor quark fields, is introduced. The field strength F};,, is defined in terms of the
gluon vector fields A}, and the structure constants of the SU(3) algebra. Under a
local gauge transformation U(x) = exp(—ige®(z)T,), the different transformation
rules of the fields are

Vi(r) — Yi(x) =Ux)Ps(2), (2.6)
Au(z) = A%2)T, — Al(z) =U(x) (AH@) . é%) Ul(zx), (2.7
Fo(z) = F(2)T, — F,,(2) =U@)FL,(0)U " (2), (2.8)
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where €*(z) are arbitrary real functions defined at any point in space-time x.
The field strength tensor Fj, is not invariant under the gauge transformations.
This behaviour is given by the non-abelian character of QCD, and should be
contrasted with that of the electromagnetic field in QED, which is invariant. More
important is that the Lagrangian density and the action are invariant under the
gauge transformations, which can be easily checked using the formulae above.

The Lagrangian density is formed of several important pieces. It contains
the term 1 ;(iy*9, — my)y, which describes the free quark fields, as well as
factors of the type 0,Af - 0" A, describing the free gluonic field. The rest of
the terms in the Lagrangian represent the interaction between the quark fields
and the gluon fields g@va“T a Ay, or the interaction of the gluon fields among
themselves ¢ fabcAZAf’,(ﬁ“A”C) and g2 fape f“edAZAf,A“eA”d. This shows that the
parameter g of the theory controls the coupling of the interaction between quarks
and gluons. Furthermore, the latter terms show explicitly the self-interaction of
the gluon, which is an important property of QCD.

Other properties of QCD can be explored at the classical level. For example,
using the principle of least action, the equations of motions can be derived. The
quark fields will obey a Dirac-type equation

(i7" D,y — m)iby () = 0, (2.9)
while for the gluon fields the following equations of motion can be obtained
D, F", = gy Ty, (2.10)

where Duab represents the covariant derivative in the adjoint representation.
These equations are similar to Maxwell’s equations for the electromagnetic field,
but they describe the non-abelian colour field of QCD, where the righthand-side
gives the quark colour sources.

Quantizing QCD

The next step in the construction of a quantum theory for quarks and gluons is
to quantize the above Lagrangian. The quantization of a theory is not a unique
procedure, and there are a variety of quantization methods which lead to the same
physical predictions. For example, one can use the canonical operator formalism
introduced by Heisenberg and Pauli [37], or the functional-integral formalism
introduced by Feynman [38]. The latter formalism has the advantage that the
classical Lagrangian appears in the functional integral, which makes it convenient
to deal with its symmetries, like the gauge symmetries.

There are some difficulties in making a straightforward quantization of the
classical Lagrangian (2.2)) due to its gauge invariance. The action (2.I]), which is
used to construct the generating functional, does not depend on all of the compo-
nents of the gauge fields, which is a direct consequence of the fact that the action
itself is invariant under gauge transformations, SOWJ},@E},A;?] = So[zbf,qﬁf,AZ].
This means that when constructing the path integral

Z[0] = / Dipy Dy DAL e, (2.11)
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there will be an overcounting of the degrees of freedom by integrating over fields
which are connected via gauge transformations, and this integral will become
infinite. This implies, for example, that defining a propagator for the gluon field
makes no sense.

The solution to this problem is to introduce a convention for fixing the gauge
invariance through a gauge-fixing term. The physical results will not depend on
the way the gauge is fixed. Furthermore, the extra degrees of freedom can be
effectively cancelled by introducing new fields, called ghost fields [I3]. Thus, the
QCD Lagrangian will have the following form

"%QCD (¢f7 Qva AH7 m, ﬁ) = Z:lassic + ggauge—fiz + gghost- (2]—2)

The form of .Z4uge— iz can be chosen freely, and one common choice is the
covariant gauge

1
2%
where £ is an arbitrary constant. If this gauge-fixing term is imposed, then the
following ghost term needs to be added

ggauge—fir = (8#14;)2’ (213)

gghost - (a,uﬁa)(audac - gfa Ab)nc' (214)

bt

This term introduces new fields, n*(x) and 7, (), which are the ghost and antighost
fields. These fields do not correspond to physical particles, but are fictious fields
which will enable later perturbative calculations. These fields are scalar fields and
have both fermionic characteristics, in the sense that they obey Fermi statistics,
and bosonic ones, having a bosonic-like propagator.

As seen in Eq. (2.14) for the choice of covariant gauge, the ghost fields couple
to the gluon fields, which is not the case in QED. The covariant gauge fixing
has the advantage of providing a simple form for the gluon propagators. One
can choose other gauge-fixing procedures, like the axial gauge, which has the
advantage of decoupling the ghosts from the gluons, thus eliminating the ghost
fields from the calculations, at the expense of a complicated gluon propagator.

At this point, the quantization of QCD is complete, and one can write the
functional integral

Z[O] = /Dwai/;fDAZDnaDﬁa €xXp {(Z / d4$$QCD(¢f7 &f? AH? n, ﬁ)} . (215)

which represents the central piece for performing calculations in QCD. Without
expanding into details, the above path integral is used to construct the so called
generating functional Z[.J], which contains external source functions J(x). With
the help of this functional integral, all the Green functions can be generated.
These are the same Green functions that can be obtained using the canonical
quantization procedure, representing the vacuum expectation value of the time-
ordered product of field operators.

The Green functions supply the route towards experimentally observable quan-
tities. The Green functions themselves are not direct physical observables, but
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are related to the cross-section in the following way [39]. The scattering matrix,
called the S matrix, describes the amplitude for the scattering of two incoming
particles into several outgoing particles. From the Green functions one can derive
the S matrix, which in turn can be used to calculate the cross section describing
the scattering of the two incoming particles. The decay widths of particles can
be calculated in a similar manner.

In this way, QCD can provide predictions for the scattering of particles, which
can be tested experimentally in high energy particle collisions.

2.2 Perturbative QCD approach

The final statement in the previous section may seem promising, providing a
simple way to test the validity of QCD, however, the situation is more compli-
cated. If the particles corresponding to the fields are observable, like leptons and
photons in the case of QED, the above formalism can simply be applied to cal-
culate scattering cross sections for these particles. In QCD, however, the quarks
and gluons are confined and cannot be observed in an isolated state. The only
observable particles are the hadrons, composed of quarks and gluons, and only
scattering experiments with hadrons (and leptons) can be performed. Thus, a
method has to be employed, for obtaining the scattering cross section of hadrons
from the quark Green function. Such a method should involve the treatment of
non-perturbative QCD, as will be discussed later.

Feynman rules

Since QCD is a theory with interactions, it is not straightforward to solve it.
Even at the classical level, the equations of motion (2.9) and ([Z.I0) cannot be
solved exactly due to the interaction terms coupling the quarks and gluons. The
same problem is encountered at the quantum level, when calculating the Green
functions. In the case of a free field theory (with no interactions) it is possible to
evaluate the generating functional exactly, and subsequently the Green functions.
When interactions are added, the generating functional can no longer be evaluated
exactly, and a way out is provided by perturbation theory.

As seen in Sec. 2.l the interaction terms in the QCD Lagrangian are all

controlled by the parameter g of the theory, called the coupling. It is customary
in QCD to work with the following notation

as =, (2.16)
defining the strong coupling. When this coupling is small, the interactions can
be considered as perturbations on the free field solution. The smallness of this
parameter provides a way of expanding the generating functional in powers of
the coupling, thus allowing approximate calculations, order by order.

The first step would be to separate the Lagrangian density of QCD £%¢P
into two pieces, a free piece £, which contains all the terms bilinear in the fields,
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and an interaction piece .Z7 which contains the rest. The QCD action will have
the form

SQCD 280—1—81 :/d4l‘o%+/d4$$[ (217)

From the free action Sy, the 2-point Green function can be calculated, correspond-
ing to the free field solution. The 2-point Green function is called a propagator,
and represents the propagation of the particle between two space-time points.

It is customary to depict the Green functions using the so called Feynman
diagrammatic. The Feynman diagrams, as will be seen later, offer an intuitive
view of the interactions and processes between particles, as well as a recipe for
performing perturbative calculations. In such a representation, the free particles
propagating are represented by lines. The quarks are illustrated with straight
lines, whereas the gluons are illustrated with curly lines. For ghosts, present for
instance in covariant gauges, a dashed line is used. The arrow on the fermionic
lines shows the flow of the momentum, k.
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Figure 2.1: Feynman rules for the propagators in QCD: quark, gluon and ghost.

The second piece of the action, Sy, which contains all the interactions between
the fields, is proportional to the coupling parameter g. With our assumption of
a small coupling, S; can be treated as a perturbation and the Green functions of
the interacting theory can be calculated. These Green functions are called ver-
tices, and they represent the interaction between particles which propagate freely
towards and from the interaction point. These vertices form a set of Feynman
rules, like the propagators, and they are represented by points where three or
more lines meet. Although not written explicitly here, it should be noted that
all vertices from Fig. 2.2 are proportional to the coupling g, except the 4-gluon
vertex which is proportional to g2.
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Figure 2.2: Vertices describing the interaction between fields in QCD.
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In order to obtain transition matrix elements, the above set needs to be sup-
plemented with rules for the external lines. The external particles are assumed to
be on the mass shell. This can be done by adding the spin wave functions for the
external fermions,i.e. the Dirac spinors u(p) and v(p), or the polarization vector
e (k) for the external gluons. There are no external ghost lines. It should be
stressed that, since quarks and gluons are confined in hadrons, it is meaningless
to consider free on-shell states for them. It is convenient, however, to treat quarks
and gluons in approximate calculations as if they were in free states. Asymptotic
freedom, which will be introduced later, guarantees that quarks and gluons are
almost free at the short distances relevant for the interactions at high momentum
transfer, thus allowing the use of free on-shell states.

Based on the above fundamental vertices and propagators, all reaction am-
plitudes can be computed in perturbative QCD using the Feynman rules. These
rules are derived from the QCD action as shown above, and define a way of trans-
lating diagrams for the reactions into mathematical formulae. Also, additional
rules, like loop sign factors and symmetry factors, should be added. The first
additional rule takes into account the fact that the quarks and ghosts obey the
Pauli principle. Introducing the symmetry factors gives a way to account for the
bosonic nature of the gluons, which cannot be distinguished if they are in the
same state.

Figure 2.3: QCD Feynman diagram for quark-antiquark scattering amplitude.

The Feynman diagrams show the reaction in momentum space, where all lines
defining particles have well defined momenta, and are not literary pictures of the
reaction which takes place in ordinary space. Figure shows an example of a
Feynman diagram for the quark-antiquark scattering via a gluon exchange. The
antiquarks are represented by the same lines as the quarks, however the arrows
represent a propagation of the particles backwards in time. The time axis is going
from left to right.

The Feynman rules offer a systematic way of calculating order by order the
Green functions. Via these, the reaction cross sections can be obtained by squar-
ing the sum of all scattering amplitudes which have the same initial and final
configuration. The lowest-order calculation of a quark-gluon process corresponds
to what is called a tree diagram, like the one in Fig. 2.3l Counting the coupling
in the vertices, one finds that the amplitude for the above diagram has the order
g%, or a,. Higher order diagrams will contain more vertices, which means they
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will correspond to higher powers of as. One such example can be seen in Fig. 2.4]
which involves a loop. Including all relevant diagrams it is possible to compute
the cross section o(p) for any reaction as the square of all contributing ampli-
tudes, where p is a generic notation for the momenta of all the particles involved.
The perturbative expansion of this cross section can be written

o(p) = ar(p)a? + ax(p)a + ... | (2.18)

where aq, as, ... are the coefficients computed at each order.

Figure 2.4: Example of a higher order Feynman diagram for quark-antiquark
scattering.

Renormalizing QCD

The dynamical effects of QCD due to the gluon self-interaction, show up al-
ready at the tree level. These effects are also seen at higher orders, when QCD
radiative corrections are added. However, such diagrams generate divergencies
and this can be understood from Fig. 2.4l The internal loop has an arbitrary mo-
mentum, unlike the other legs or propagators which have well defined momenta,
and integrating over this momentum will give infinity.

In order to obtain a finite result, which should correspond to the finite phys-
ical observables, these divergencies need to be subtracted. This subtraction is
achieved by renormalizing the theory, and QCD was shown to be a renormaliz-
able theory [I4]. The first step is to require that the divergent integrals that arise
in the theory are mathematically manageable, and to introduce a device that
will separate the infinities from the finite results. This procedure is generically
called regularization, and it is not a unique procedure, i.e. there exist a variety
of regularization schemes.

All Green functions need to be regularized, like the propagators and vertices
given above. For example, in the case of the gluon propagator, one can calculate
the so called gluon self-energy. The relevant diagrams contributing to the gluon
self-energy are shown in Fig 2.5 Dimensional regularization is one of the useful
regularization schemes that can be used to regularize these diagrams. The dia-
grams [2.5bc are special for QCD due to the self-interacting gluon fields, and are
not encountered for the photon in QED.
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Figure 2.5: Diagrams contributing to the gluon self-energy.

Elimination of the infinities is done by shifting the fields and the parameters
in the Lagrangian, in such a way to absorb these infinities. The parameters of the
theory are in fact experimentally measurable and they are finite. The shifts in the
coupling a; and the masses my are motivated by the higher order contributions
to the quark propagators (containing my) and quark-gluon vertex (containing g),
contributions that yield infinities. After renormalizing the parameters and the
fields, a renormalized Lagrangian is obtained. This new Lagrangian has the same
form and symmetries as the original QCD Lagrangian and should be used as the
starting point for calculating scattering processes to obtain finite results.

Asymptotic freedom

It should be noted that there is an arbitrariness in how to define a divergent
piece and how much of the finite piece is to be extracted together with the infinity.
Furthermore, this subtraction inevitably introduces an arbitrary mass scale u,
called the renormalization scale. One simple way to understand why such a
scale appears, is to realise that the divergent loop integral can be limited with
an upper cut-off on the momentum, thus providing the mass scale. A possible
interpretation of such a regularization is that the theory is expected to break
down at that scale, where new physics may enter.

The computed cross section will then have a new dependence, o(p, u?), as
well as its contributions at different orders, a,(p, u?). Since o(p, u?) describes
unique physical phenomena, it should not depend on the choice of renormalization
scheme, or the renormalization scale i, so one can write

MQdi,uzU(p’ p?) =0 . (2.19)
This means that different renormalizations schemes have to be equivalent, and
requiring such an equivalence gives a relation between different schemes that
mathematically form a group, called the renormalization group [40,41].

From the same arguments it follows that the renormalized coupling o, depends
on the choice made for the renormalized scale p. Starting from Eq. (219) and
from the perturbative expansion of o(p, u?) given in Eq. (Z.I8), one can obtain
the following scale dependence

Qdias(u2) = B(a,) = —foa’ — fra’ — ... | (2.20)
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This equation represents the renormalization group equation for the coupling. It
introduces the g-function, which can be calculated perturbatively, and the first
two coefficients have the following expression

11N, — 2N;

= - °c =/ 2.21

ﬁO 197 3 ( )
17N2 — 5NN} — 3CpN;

= 2.22
b 2472 ’ (2:22)

where N, is the number of colours, Ny is the number of flavours and Cr = (N2 —
1)/2N, is the value of the Casimir operator for the fundamental representation.

The solution of Eq. (220) is known as the effective or running coupling. In
the leading order, the solution for the running coupling is given by

1

) = G 8

(2.23)

where A is the QCD scale parameter. A indicates the scale at which the coupling
a,(p?) becomes strong, and the perturbative approach would fail.

The property of asymptotic freedom can easily be seen from the running
coupling solution. As the scale u increases, the coupling decreases. This means
that for high energy scattering, where the large momentum transfer gives the
scale of the scattering, the running coupling is small. If the coupling is small,
perturbation theory can be performed successfully. It also means that the quarks
and gluons, at these high momentum transfers, are weakly bound and behave like
almost free particles.

The origin of asymptotic freedom can now be understood more easily. The
self-interaction between the gluons is the basic reason for the asymptotic freedom.
The diagram 2.5k contributes significantly to the value of 3, and ensures that 3y >
0. This type of diagram does not exist in QED, and that makes the corresponding
value of 3y negative, hence the lack of asymptotic freedom in this theory. Instead,
in QED, the electromagnetic coupling a.,, becomes stronger as the energy scale
increases, and the effect of ‘screening’ of an electric charge is present. In QCD,
asymptotic freedom can be thought of as ‘antiscreening’, 7.e. the colour charge of
the quarks is not screened by the gluons, which ‘leak’ away from the source. In
this way, for high spatial resolution, the quarks become almost free.

The parton model

How can scattering cross sections for hadrons be constructed from the ones cal-
culated using quarks and gluons? Asymptotic freedom provides now the answer:
“perturbation theory”. Within perturbation theory, the analysis of hadronic pro-
cesses can be formally made using the operator product expansion (OPE) [24].
OPE is a powerful tool for extracting the quark-gluon interactions from hadrons.
The parton model [10/11], however, gives a more intuitive feeling of the connection
between hadrons and quark-gluon Green functions.
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The parton model was born as a response to the observation of scaling, dis-
covered at SLAC [9] in Deep Inelastic electron-proton Scattering (DIS). The ex-
periment was set to investigate the structure of the proton, which afterwards was
described with the so called structure functions. In the first measurements, it
was observed that the structure functions were approximately independent of the
scale Q? = —¢? at which the proton was probed, where ¢ is the momentum of
the exchanged photon. This property, predicted in [11], can be seen as a conse-
quence of the scattering on charged pointlike constituents in the proton. These
constituents are called partons [10], and they are illustrated in Fig.
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Figure 2.6: Schematic representation of deep inelastic scattering in the parton
model. The electron strikes out a parton from the proton.

In the parton model, it is assumed that any physically observed hadron is
made up of partons, which later on have been identified with quarks and gluons.
In the infinite momentum frame, every relevant parton entering a scattering has
an initial momentum xp, representing a fraction x of the longitudinal momentum
p carried by the initial state hadron. In this way, the total cross section for DIS
can be calculated based on only tree diagrams and some probability densities

o) =3 [ dodtapa)fia) (224)

Here, 6;(xp, q) represents the cross sections for interaction with the individual
parton i, and f;(z) gives the probability density for finding the parton i inside
the hadron, carrying the momentum fraction z, 0 < z < 1.

In the case of collisions between two hadrons having momenta p; and ps
(Fig. 27)), the cross section can be written in a similar way. The cross section
contains the parton distribution for each hadron convoluted with the cross section
for the scattering of two partons ¢ and j

1
o(p1,p2) :Z/o dz1dzs 645(x1p1, m2p2) fi(z1) fi(22) - (2.25)

The parton cross sections ;; can be calculated as mentioned earlier in perturba-
tion theory, from the tree diagrams.
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The physical features of the parton model are easily understood in DIS, from
Fig. 2.6l Because of the high energy, in the center of mass system the proton
suffers both a Lorentz contraction and a time dilation. The life time of the
partonic state is thus much larger than the time it takes for the electron to cross
the proton. Therefore, the electron sees a collection of ‘frozen’ partons as it
passes the proton. Furthermore, the scale of the probe @? is high, translating
into a high spatial resolution. This makes it possible to write the cross section as
the probability of finding a single parton times the cross section for the interaction
with the parton (as in Eq. (2.24)).
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Figure 2.7: The collision of two hadrons represented schematically in the parton
model. The hard interaction happens between two partons in the hadrons.

After the hard interaction, the different fragments of the proton interact. Due
to the confinement of the quarks and gluons, only observable hadrons will emerge
in a process called hadronization. This process happens too late to play a role in
the electron-parton scattering, and it has a long time scale compared to the hard
scattering. The parton model does not attempt to solve the problem of hadron
binding. Instead, this information (the parton densities f;(x)) is extracted from
experiment, or it can be modelled [42].

Evolution equations

So far, in the description of the parton model, only the lowest order diagrams
have been considered. Going beyond the lowest order, which in the DIS case was
a pure electromagnetic process, means introducing QCD corrections. A simple
way to analyse the effect of QCD corrections would be to consider the case of
gluon emissions from a parton.

In the parton model, it is assumed that the partons have no transverse mo-
mentum. If the parton emits a gluon, it can acquire a transverse momentum k;,
with a probability proportional to asdk?/k?. This momentum can extend up to
the kinematic limit given by the probe Q?, and will give contributions propor-
tional to a, log Q% when integrated over. These log Q? effects are are induced by
QCD and they break the scaling given by the naive parton model. Such scaling
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violations have been observed experimentally (first time in [23]) and they show
that hadron structure functions have indeed a dependence on the scale Q2.

Y
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Figure 2.8: Deep inelastic scattering in the QCD-improved parton model.

The QCD corrections can be calculated in perturbation theory, and introduced
in the parton model. One problem arises, however, given by divergencies in some
of the diagrams that contribute, called collinear divergencies. These correspond to
the limit k2 — 0, which represents the long range part in strong interactions, not
calculable in pQCD. From the regularization of these infinities, in the same fashion
as presented earlier for the case of renormalizing QCD, a new scale emerges.
This scale is called the factorization scale upr, and basically represents the scale
where the perturbative physics factorizes from the non-perturbative part. These
infinities will be absorbed into the parton densities f;(x, u%) at the scale pip.

Thus one can write the cross section with the scale dependent parton densities

LVEDS / 06 6.(p, @) Fi (612 (2.26)

The factorization of the cross section into the two pieces, ;(£p, q) and f;(&, ur),
introduces a dependence on the factorization scheme which is similar to the renor-
malization scheme dependence described earlier. The choice of factorization scale
[F is arbitrary, just as the renormalization scale pu. Also, the parton densities
have been renormalized in a similar way as the strong coupling as.

The important observation is that all observable quantities do not depend on
the choice of the factorization scheme or scale. For o(p, q, u%), an equation similar
to Eq. (2I9) can be written. From this, the scale dependence of the parton
densities can be obtained at not too small x, giving the so called Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) [43] evolution equations

g4 [ 2] e 2o

Og(x, pg) _ Oés / g Zqu ( ) Fa(€,12) + Py (E) g(g,;fF)] (2.27)

O
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The functions Py, Py, P,y and P,, are called the splitting functions, g(z, u3.) =
fy(z, u%) is the gluon densfcy and fq(x u3) represents the quark or the antiquark
density in the hadron, with ¢ spanning all the quark and antiquark flavours. The

splitting functions are calculated perturbatively and are illustrated in Fig.
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Figure 2.9: The Feynman diagrams corresponding to the DGLAP splitting func-
tions in leading order. A splitting function, for example Py, (z), is interpreted as
the probability to find gluon g with momentum fraction z in a quark q.

The DGLAP equations are the analogue of the § function equation (220
describing the running of the strong coupling and are among the most important
equations in pQCD. In leading logarithmic approximation, the equations realise
a resummation of all the leading terms of the type [a,log @Q%]", arising from the
dominating diagrams where successive emissions of partons are strongly ordered
in transverse momenta (see Fig. 2.10).
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Figure 2.10: Ladder diagram for DIS showing suc-
- cessive emissions of partons. In the region of asymp-
Xny Kin E totically large Q?, the DGLAP resummation is valid
gﬁ“ 000000 and the dominant contributions are coming from the
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E : the region of asymptotically small x, the BFKL re-
666666@ summation is valid, and the dominant diagrams are
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The DGLAP equations are expected to become inaccurate for very small
values of x (z < 1), when terms of the type [aslog(1/x)]" become large. The
resummation of such terms is described by the Balitsky-Fadin-Kuraev-Lipatov
(BFKL) [44] equation, which includes diagrams that are not k;-ordered.

Through the above resummation techniques one improves the perturbative
QCD treatment at very high energies. DGLAP and BFKL include leading con-
tributions (large logarithms) from all higher orders. The need for resummation
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can be understood intuitively, since with an increase of energy, the available
phase space for emissions becomes larger and the probability for gluon emissions
increases, although the coupling is small.

2.3 Non-perturbative QCD

The theory of perturbative QCD presented above provides the basic approach to
study hadronic phenomena. The underlying dynamics of collisions of hadrons is
described at the parton level, although partons have not been directly observed
in nature. The notion of asymptotic freedom provides the explanation why such
an approach is viable.

Asymptotic freedom also separates the space-time scale where perturbative
theory lives, from the one where the measurements and the experimental setups
are made. The perturbative calculations can be trusted on very small scales, of
fractions of a femtometer, while the outcome of the process is measured very far
away, in detectors. The main observation is that there is no longer a partonic
picture, instead hadrons are observed experimentally.

Confinement

The outstanding problem of explaining why quarks and gluons are confined in
hadrons still remains to be solved. Confinement can be understood in general
terms from the arguments of the running coupling strength «g, which becomes
large for small momentum transfers. This makes the soft interactions very strong
and perturbation theory can no longer be applied. However, confinement is not
a prediction of perturbative QCD, while asymptotic freedom is. Confinement is
a soft phenomenon that must be understood using non-perturbative methods.

There are no generally accepted and uniformly applicable analytical tools
to handle the non-perturbative aspects of QCD, starting from first principles.
Many non-perturbative methods used to understand these aspects are based on
expansions complementary to the ordinary perturbation theory, while others are
just phenomenological models inspired from QCD.

One important long space-time ingredient of the parton model is the parton
distribution function, giving the structure of hadrons. The non-perturbative x-
dependence at small values of (? can only be obtained through parameterizations
from experimental data, or from phenomenological models (see for example [42]).
For larger values of %, perturbative QCD can be used to evolve these distribu-
tions, using the DGLAP equations (2.27).

It is very important to have a description of another long space-time phe-
nomenon, the transition from the stage of quarks and gluons to the stage of
hadrons. This phenomenon of hadronization, sometimes called parton fragmen-
tation, can so far only be approached through phenomenological models. Similar
to the parton distribution functions, the so called fragmentation functions give
the probability for finding a hadron emerging from a high energy quark or gluon.
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One can derive evolution equations for fragmentation functions, which are very
similar to the DGLAP equations.

There are more aspects to non-perturbative QCD, other than confinement and
hadronization. Although not discussed here, these are worth mentioning, for ex-
ample hadron spectroscopy, chiral symmetry breaking, soft scattering processes.
Among the non-perturbative methods used, one can enumerate the lattice QCD
(QCD on a discrete space-time lattice), chiral perturbation theory, instanton cal-
culus, 1/N. expansion, etc.

Hadronization

The most outstanding model for the description of hadronization is the Lund
string model [45]. In the Lund model the partons are connected by a massless
relativistic string, representing an essentially one-dimensional colour flux between
them. Due to the self-interaction of gluons, the colour flux lines do not spread in
space, but are contained in a thin tube-like region, which can be described ap-
proximately by a string. From the available field energy, qg-pairs will be created,
and the system breaks into smaller and smaller pieces until hadrons are formed.
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Figure 2.11: In ete™ — ¢gq, the string (double dashed line) in the Lund model
is stretched between a quark and an antiquark; emitted gluons are kinks on the
string.

The basics of the string model are best exemplified by considering a string
spanned between a quark ¢ and an antiquark g as produced in an eTe™ annihila-
tion (Fig. 2ZITh). The colour flux tube goes from the colour triplet charge of the
quark to the antitriplet charge of the antiquark. This tube contains a constant
amount of field energy stored per unit length. This picture of a linear rising po-
tential between ¢ and ¢, and the string formation, is supported by QCD lattice
calculations. The string constant s, representing the energy per unit length of
the tube, is known phenomenologically to be k &~ 1 GeV /fm.

Within the tube, quark-antiquark pairs can be produced from the field energy.
The string breaks into a hadron and a scaled down version of the original string,
which can break down through an iterative procedure until the last two hadrons
are formed (see Fig. 2.12h). Thus, the procedure is suitable for implementing into
Monte Carlo generators, which will be presented in Chapter [3l



2.3. NON-PERTURBATIVE QCD 23

006

Q1

string mesons

\q/\q/'

Figure 2.12: a) Illustration of the iterative string fragmentation into hadrons.
The multiplicity of produced hadrons rises with the available energy of the colour
field. b) The dynamics of a ¢ string in the center of mass. The field is broken at
different space-time points by the production of quark-antiquark pairs. Hadrons
are represented by the ‘yo-yo’ modes of the massless relativistic string.

The gq pairs are produced through a tunneling process, with the production
probability proportional to

exp(—7mm? /k) = exp(—mm?/k) - exp(—7p3 /K), (2.28)

where m is the mass of the produced quark and antiquark and p, represents their
transverse momenta (equal in magnitude, but opposite direction) relative to the
string. The first factor gives a suppression for production of heavier quarks, and
the second one represents a gaussian distribution of the transverse momenta.

The motion of the quark and the antiquark connected via the string is equiv-
alent to a ‘yo-yo’ mode of the massless relativistic string. In the center of mass
frame of the ¢g pair, the quark and antiquark will oscillate back and forth. In
order to form a meson, the quark and antiquark which have been produced in
two consecutive break-ups, will need to match their energy and momenta to form
the meson mass (see Fig. Z12b).

It is useful to introduce a variable related to the energy and momentum of a

particle, namely the rapidity
1 E+p.
—_— 2.29
y 20g<E_pz>, (2.29)

where p, represents the longitudinal component of the particle’s momentum. The
hadrons produced in the string breaking are distributed evenly in rapidity. They
are aligned along the qg axis, with transverse momenta provided by their con-
stituent quark-antiquark and longitudinal momenta given by the fragmentation
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functions. In every Lorentz frame, the slowest hadrons (small rapidity) will be
produced first.

The production of baryons is achieved in a similar way by effectively creating
diquark-antidiquark pairs from the field energy, but with a lower probability than
the qq pairs, resulting in a suppression of baryon production.

The fragmentation of gluons is solved elegantly by considering gluons as local-
ized excitations (‘kinks’) on the massless relativistic string. Thus, the motion of
the string stretched between quarks gets a kick (Fig. Z10b), and the fragmenta-
tion is done in the same way. The procedure can be generalized to many gluons.
This scheme is infrared stable, as all soft and hard gluons correspond to kinks
on the string, and a smooth transition between soft and hard emitted gluons is
achieved.

Figure 2.13: The Lund string model applied to deep inelastic electron-proton
scattering.

In the case of DIS and hadronic collisions, the initial state colour charges
and the hadron remnant(s) have to be taken into account when considering the
fragmentation (see Fig. 2.13). Depending on the parton which takes part in the
hard interaction, the hadron remnant is modelled in such a way as to preserve
the correct quantum numbers of the hadron. If the interacting parton is a valence
quark, the remnant is represented by a diquark, and if it is a gluon, the remnant
is modelled as a quark and a diquark. The longitudinal and transverse momenta
of the partons in the remnant are given by phenomenological models.

In high energy processes with many quarks and gluons the way these are
connected via the confining colour field is important for the way the final state
hadrons are produced. The field topology must be taken into account, since
the position of the colour charges is not enough to define the confining field.
Conventionally, in the Lund model, the colour topology of the fields is given by the
perturbative phase. In perturbative QCD it is possible to compute amplitudes for
different colour combinations of the quarks and gluons, which can be associated to
different configurations for the colour fields. The strings will be stretched between
colour charges in such a way to conserve the colour flow from the perturbatively
calculated amplitudes.



Chapter 3

Hard and soft interplay

The principle of factorization underlies all theoretical calculations of high energy
processes involving hadrons and represents the field theory realization of the
parton model. Simply expressed, factorization is a statement that short and long
distance contributions to the physics processes can be separated. The predictive
power comes from the fact that the incalculable long distance effects are universal,
and can be extracted in one process and used in another. Proving factorization
represents a great success of QCD [46].

It is, however, difficult to approach analytically the study of the interplay
between the short distance processes, called hard, and the long distance ones,
called soft. While perturbative QCD is successful in describing the hard processes,
one has to rely on phenomenological models to gain understanding about the soft
physics. Furthermore, phenomenological models make the connection between
theoretical expectations and the experimental data. The models are able to
transform the theoretical predictions into the experimentally observed hadronic
final states.

3.1 Monte Carlo event generators

Monte Carlo event generators are complete models for high energy scattering,
situated at the border between theory and experiment. They comprise the essen-
tial elements of perturbative QCD and Electro-Weak (EW) interactions, as well
as phenomenological models describing the soft processes. Their basis is the fact
that the differential cross section is a probability distribution in the kinematic
variables, and Monte Carlo methods can be used to generate phase-space points
according to this distribution. Scattering events can be generated this way, and
the hadronic final state can be directly compared to the experiment.

The main philosophy behind the Monte Carlo generators is the factoriza-
tion of the physics process into different phases which can be treated separately.
These phases are similar for a deep inelastic scattering Monte Carlo (for exam-
ple LEPTO [47]) or a generator which describes hadron-hadron collisions (like
PyTHIA [48]), and are summarized in Fig. Bl

25
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hadrons

HADRONIZATION

Figure 3.1: The structure of a Monte Carlo event generator, exemplified with a
hadron-hadron collision:

1. The incoming particles coming towards each other have partonic substruc-
tures, described by parton distribution functions (PDF) giving the flavour
and energy sharing of the interacting partons.

2. Through series of branchings, initial parton showers (IS) will evolve the
partons in pQCD using the DGLAP equations (2.27)), up to the scale of the
hard interaction.

3. The hard interaction between the two partons gives the main character-
istics of the event, and is described by matrix elements (ME) calculable in
perturbation theory.

4. The outgoing quarks and gluons undergo final state parton showering
(FS), based on perturbative evolution equations for fragmentation functions
as described by DGLAP equations.

5. Additional interactions may occur between the partons in the incoming
hadrons, as they overlap. These multiple interactions (MI) are semi-hard.
6. The partons entering the hard interactions leave behind hadron remnants.
The internal structure of the remnant is modelled in what is called remnant

treatment (RT).

7. The hadronization step will connect the colour charged objects (quarks,
gluons and remnants) by force fields. Additional soft interactions can occur
before these fields (e.g. strings) will fragment into colour neutral hadrons.

8. Many produced hadrons are unstable and will decay.
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The interplay between hard and soft physics offers the opportunity to learn
more about non-perturbative aspects of QCD, using the tools provided by per-
turbative QCD. In the following, several methods and phenomenological models
used in this thesis will be described.

3.2 Soft Colour Interactions

The soft colour interaction models were developed with the aim of understanding
better the non-perturbative dynamics and to provide a unified description of
all final states. The basic assumption is that variations in the topology of the
confining colour force fields (strings) can lead to different hadronic final states
after hadronization.

There are two phenomenological models using this assumption, the soft colour
interaction (SCI) model [49] and the generalized area law (GAL) model [50].
These are added to Monte Carlo generators (LEPTO and PYTHIA) which simulate
the interaction dynamics of ep and pp scattering, and provide a complete final
state of observable particles. This gives powerful tools for detailed investigations
of the models and their ability to reproduce experimental data.

The starting point is that the hadronic final state is produced through the
hadronization of partons emerging from a hard scattering process which can be
well described by perturbative QCD. The basic new idea is that there may be
additional soft interactions at a scale below the perturbative treatment. These
soft colour interactions do not change the dynamics of the hard scattering, but
change the colour topology of the state such that another hadronic final state may
emerge after hadronization. The colour topology is changed via a soft exchange
of colour-anticolour representing non-perturbative gluon exchange.

The soft colour interaction (SCI) model is formulated in a parton basis, where
colour exchanges are done between the partons emerging from the hard scattering
process (including remnants of initial hadrons). This can be viewed as the pertur-
batively produced quarks and gluons interacting softly with the colour medium
of the hadron as they propagate through it. This should be a natural part of
the process in which bare perturbative partons are dressed into non-perturbative
ones and colour flux tubes are formed between them.

The probability for a soft exchange to occur is described by a phenomenolog-
ical parameter P, which is the only parameter of the model. The number of soft
exchanges will vary from event to event and can change the colour topology such
that, in some cases, colour singlet subsystems arise, as illustrated in Fig. 3.2l In
the figure, a colour exchange between the perturbatively produced gluon and the
quark in the remnant has taken place. This type of exchanges are of particu-
lar importance for the so called rapidity gap events (having a region in rapidity
without particles).

The generalized area law (GAL) model is formulated in a string basis, since
strings are assumed in this model to be the proper states for soft exchanges that
may not resolve partons. This model is very similar in spirit to the SCI model.
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Figure 3.2: Photon-gluon fusion in deep inelastic scattering with a string con-
figuration in a) the conventional Lund string model and b) after a soft colour
exchange between the remnant and the hard scattering system.

Instead of soft exchanges between partons, the GAL model assumes that soft
colour exchanges between strings can change the colour topology, resulting in
another string configuration, as can also be represented by Fig.

The probability for two strings to interact is in the GAL model obtained
as a generalization of the area law suppression e 4 with the area A swept out
by a string in energy-momentum space. The model uses the measure A;; =
(pi + p;)* — (m; + m;)? for the piece of string between two partons i and j.
This results in the probability P = Py[1 — exp (—bAA)] depending on the change
AA of the areas spanned by the strings in the two alternative configurations of
the strings, 7.e. , with or without the topology-changing soft colour exchange.
The exponential factor favours making ‘shorter’ strings, e.g. , events with gaps,
whereas making ‘longer’ strings is suppressed. The fixed probability for soft
colour exchange in SCI is thus in GAL replaced by a dynamically varying one.

Since the soft processes cannot alter the hard perturbative scattering pro-
cesses, the latter is kept unchanged in the models. Therefore, the hard parton
level interactions are treated using standard scattering matrix elements, plus
initial and final state parton showers (see Fig. B]). Thus, the set of quarks
and gluons, including those in the hadron remnants, are generated as in conven-
tional Monte Carlo generators describing ep or pp hard scattering processes. The
SCI and GAL models are then added as an extra intermediate step before the
hadronization is performed (step 7 in Fig. B.1]).

These models, therefore, employ perturbative QCD on the parton level as a

firm basis to approach the soft dynamics, which is the major unsolved problem
in QCD.
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3.3 Saturation Model

The partonic picture presented before provides the basis for introducing the par-
ton distribution functions and the key concept of factorization. The process of
deep inelastic scattering is viewed in the infinite momentum frame, where the
content of a proton is probed by a virtual photon (virtuality given by Q?). The
partons are manifest in this frame, and the virtual photon makes a localized
(Az ~ 1/Q) and instantaneous (At ~ 1/@Q)) measurement of the quark and gluon
structure of the proton.

An alternative view of DIS can be obtained in the proton rest frame. In this
frame, the interaction distance and time get strongly Lorentz transformed, to
values much larger than the proton size. The interaction looks like a fluctuation
of the virtual photon into quark, antiquark and gluons which happens before the
photon reaches the target (see Fig. B.3).
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Figure 3.3: Illustration in the proton rest frame of the fluctuation of the virtual
photon into a qq dipole upstream from the proton.

The deep inelastic scattering of a virtual photon on a proton can now be
viewed as being factorized into three stages: 1) the virtual photon fluctuates into
a colour dipole state built of a quark and an antiquark, 2) interaction of this state
with the static proton, and 3) formation of the hadronic final state. In this dipole
picture, the cross section is given by the following formula

1
o7 = / dz/ Pr [ 0(z,r)[2 62, 1?), (3.1)
0

where r denotes the transverse separation between ¢ and ¢ in the colour dipole, z is
the longitudinal momentum fraction of the quark in the photon (correspondingly
1 — z for the antiquark) and z is the Bjorken parameter, i.e. z = Q?/(2pq). The
cross-section ¢ (z,r?) is the dipole—proton total cross-section, and ¥(z,r) denotes
the wave function of the photon to produce a dipole.

The photon virtuality introduces the scale 1/@Q for the transverse dimension
of the ¢q pair. For small transverse sizes (r < 1/Q) of the fluctuating state, the
dominant scattered state is the qq colour dipole. The scattering of such a small
dipole can be calculated in perturbative QCD, and the cross section is related
to the gluon density of the target. The total cross section has a simple scaling
behaviour, so called colour transparency, o7 ? ~ 1/Q? (modulo log Q?), combined
with a powerlike dependence in z as typically observed in DIS.

Dipoles of large size (r > 1/Q) will interact with much larger cross section
due to the increased gluon content of the dipole. Because of the large colour
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separation of the dipole, the perturbative calculation of the photon wave function
is no longer appropriate. The incorporation of the unitarity constraint for high
energy scattering may be realised by assuming that the cross section has the
saturation property o7'? — const.
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Figure 3.4: The dipole-proton cross section and the two regimes of colour trans-
parency and saturation.

The saturation model introduced by Golec-Biernat and Wiisthoff (GBW) [51]
attempts to describe both properties in a common framework. Through an eco-
nomic parameterization of the dipole-proton cross section

6(x,r?) = o [1 — exp (—#Q(x))] : (3.2)

the perturbative regime, of a single hard scattering, is unified with the soft regime,
when multiple scatterings occur (see Fig. B4). The saturation radius Ry(x),
which controls the transition between the two regimes, is given by the following

x dependence
1/ 2\ M2
Ro(x) = — | — , 3.3
o) = o (£) 33

where Qg = 1 GeV. The three parameters of the model oy, A and z(, have been
fitted to describe experimental DIS data for small values of x.

The central concept is the z dependence of the saturation radius, which intro-
duces a new kind of saturation, called small-z saturation. While x decreases, one
has to go to smaller distances (higher Q?) in order to resolve the dense parton
structure of the proton. Thus, R%(z) = 1/Q?* defines a critical line, separating
the regime of a single gluon exchange from the multiple gluon exchange.

In this way, the dipole-proton cross section will exhibit the colour transparency
when the dipole is small, i.e. &(x,7?) ~ r?, as well as the saturation property
when the dipole is large 6 (z, %) ~ 0y, allowing the study of the interplay between
the two regimes.
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3.4 Gluon virtuality and k; factorization

In the QCD parton model presented so far, the cross sections for hadronic inter-
actions were written in terms of a process-dependent hard matrix element con-
voluted with universal parton density functions, the scaling violations of which
are described by the DGLAP evolution. Because of the strong ordering of vir-
tuality in the DGLAP evolution, the virtualities of the parton entering the hard
interaction could be neglected compared with the large scale Q? of the probe. In
this approximation the initial partons are treated as collinear with the incoming
hadron and the cross section is obtained in the collinear factorization scheme as

o _Z/o dx 6;(x) fi(z, 1) . (3.4)

When the longitudinal momentum fraction x of the partons becomes smaller,
there are no longer grounds for neglecting their transverse momenta k;. Attempts
have been made in models to incorporate the transverse momenta by a random
shift according to simple distributions. Although these models are lacking the-
oretical foundation, they showed the effect and importance of gluon transverse
momenta.

It is believed that the theoretically better approximation of the small-x do-
main is given by the BFKL evolution. Here large logarithms o, log(1/x) are
resummed to all orders, in a procedure where the transverse momenta of the
propagating partons are considered and their virtuality is not ordered. Another
evolution equation which resums these type of logarithms is the Ciafaloni-Catani-
Fiorani-Marchesini (CCFM) [52] evolution equation. This evolution introduces
angular ordering of the emission of the partons, in order to include correctly gluon
coherence effects. In the limit of small x it is equivalent to BFKL, but it is also
similar to the DGLAP evolution for large z and high Q2.

In both frameworks, it is possible to factorize the cross section just as for
DGLAP, as a convolution of hard matrix elements with universal parton distri-
butions. The convolution is done also over the transverse momentum k;, and one
talks about k; factorization [53] or semihard approach [54]. The cross section for
a physical process is given by

1
M =57 [ [ ot ) Fiw ) (35)
i 0

where 6;(z, k?) is an off-shell (transverse momentum dependent) partonic cross
section, and F;(z, kZ, u?) are the so called unintegrated parton density functions.

The off-shell partonic cross sections are calculated based on Feynman dia-
grams, where the virtualities and possible polarization of the incident partons
are taken into account. The off-shell matrix elements have a rather complicated
structure and are known for several processes, including heavy quark produc-
tion [53] in leading order (LO). At this order they already include some part of



32 CHAPTER 3. HARD AND SOFT INTERPLAY

the next-to-leading order (NLO) corrections of the collinear approach. In k; fac-
torization, the transverse momenta of the incoming gluons are only restricted by
kinematics and the gluons acquire a virtuality similar to the internal propagators
in a complete fixed order calculation (see Fig. B.1H]).

k; factorization ‘Loi NLO resolved photon
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Figure 3.5: Representation of the photon-gluon fusion in the k; factorization
approach, compared to the fixed order LO, NLO and resolved photon processes
in the collinear approach.

The unintegrated parton density functions F;(x, k2, u?) determine the prob-
ability to find a parton carrying the longitudinal momentum fraction x and the
transverse momentum k; in the hadron at the factorization scale p. They are
described by the BFKL or the CCFM evolution equations and reduce to the
conventional parton densities once the k; dependence is integrated out, 7.e.

2

w
fil1?) = / a2 i 12, ). (3.6)
0

The approximate sign indicates that there is no strict equality, as neither parton
distributions are observable. The dependence on the scale p? is not present in the
unintegrated densities obeying the BFKL equation, while in the case of CCFM
it is present and represents the maximum angle allowed for gluon emissions.

In the non-perturbative region, for low values of transverse momentum k;, the
unintegrated parton densities no longer obey the perturbative evolution equa-
tions, and one needs to rely on models and parameterizations that can be obtained
from the collinear parton densities f;(z, u?).

By explicitly carrying out the integration over k; in Eq. (30, one can obtain
a form fully consistent with the collinear factorization (B.4]), where the coefficient
functions &;(z) are no longer evaluated in fixed order perturbation theory, but
supplemented with resummation of all a;log(1/z) contributions for small x.

Thus, the specific effects of parton virtualities become manifest — one obtains
additional contributions to the cross section due to the integration over the k;
region above p, or broadening of the transverse momenta of produced hadrons
due to the extra transverse momentum of the interacting partons.
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BRST quantization

Gauge symmetries are quintessential for quantum field theories describing the
known fundamental interactions of nature. The interactions between matter par-
ticles arise by imposing the requirement of local gauge invariance of the theory
containing these particles. The presence of the symmetry indicates, however, that
the theory is formulated in a redundant way, with local degrees of freedom that
do not enter the dynamics. Although these can in principle be eliminated, there
are reasons for not doing so, like covariance, locality of interaction or simplified
calculations.

The quantization of gauge theories is not always straightforward and it in-
volves a gauge fixing procedure to render dynamical the degrees of freedom. Also,
ghost fields are introduced to compensate for the effects of the gauge degrees of
freedom, so that unitarity is preserved. It has been realised by Becchi-Rouet-Stora
and Tyutin (BRST) [55], that the gauge-fixed theory retains a global symmetry
involving transformations of both the fields and the ghosts. This BRST symmetry
is what remains of the original gauge invariance.

The BRST transformations critically involve the ghost fields, which are useful
for the quantization of gauge field theories. It is desirable to have a formulation of
gauge theories that automatically incorporates the BRST symmetry and includes
the ghosts from the onset. The so called antifield BRST formalism [56] relies on
the BRST symmetry as a fundamental principle and provides a powerful tool for
quantization and renormalization of gauge theories.

The BRST formalism has the advantage of quantizing theories which cannot
be treated by the Faddeev-Popov [13] functional integral approach, for instance
supergravity. It also has broader applications, being used to restate and simplify
proofs of theorems in renormalization theory [57]. The BRST formalism has also
been stimulated by the development of string theory. It gained popularity when
the open bosonic string field theory was successfully quantized, and it proved to
be useful for closed string theory and for topological field theories. Extensive
reviews about BRST symmetries and the antifield formalism can be found in [5§]
and [59].

33
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4.1 Quantization of Yang-Mills

In the following, a short account of the antifield BRST formalism will be pre-
sented, illustrated on the non-abelian Yang-Mills theory [12]. This will lead in
the end to the quantization of Yang-Mills theories, and subsequently to the quan-
tization of QCD as presented in Chapter 2

The starting point is represented by the Yang-Mills action, which is a func-
tional of the fundamental fields Af () and is written in terms of the field strength
Fg, (defined by Eq. 2.4)

1
SolAs] = -1 / d*zF,F",. (4.1)

The action is invariant under the local gauge transformations (2.7]), which can be
written in infinitesimal form

0AL = 0ue® () + g€ () Af(2) = D, (x), (4.2)

where D“ab is the covariant derivative from Eq. (2.3) written in the adjoint rep-
resentation. In general, these are called generators of the gauge transformations
and are functions of the fields of the theory, while the functions €*(z) are called
gauge parameters.

The first step in the antifield BRST formalism is to enlarge the original con-
figuration space consisting of the fields Af(z), to include additional fields like
ghost fields and antifields. Corresponding to the number of gauge invariances at
the classical level (a = 1...N? — 1 in Eq. £2), the same number of ghosts are
needed at the quantum level. In order to build the BRST symmetry, it is useful
to introduce the ghosts at the classical stage, so N? — 1 fields denoted n®(z) will
be added.

The whole set of fields is now ¢ = {A#* n?} and a new conserved charge,
called ghost number, is assigned to these fields. The original fields A** have
ghost number zero, whereas the ghosts have ghost number one. The ghosts
have opposite statistics to the corresponding gauge parameters €*(z), so n® are
fermions.

Next, for each field ¢* one introduces an antifield ¢ = {A%,,75}. The statis-
tics of each field ¢! is opposite to that of the corresponding ¢° (see Fig. ET)).
Although at this stage the antifields are introduced as a tool to develop the for-
malism, they can be interpreted as the ‘sources’ of the BRST transformations.
These fields will be eliminated by a gauge fixing procedure, and will not influence
calculations of observables.

The second step is to introduce in the space of fields and antifields a structure
called the antibracket

O"X oY  9"X MY
0¢' 0¢;  0¢; 94"

for any two functionals X and Y of the fields and antifields. The antibracket is an-
tisymmetric, it carries ghost number one and has odd statistics. The antibracket

(X,Y) = (4.3)
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Figure 4.1: Properties of the minimal sector of fields and antifields in the antifield
BRST formalism for Yang-Mills theory (statistics: 0=bosons, 1=fermions).

is similar to the Poisson bracket used at a classical level in the Hamiltonian
formalism, but it corresponds to the Lagrangian formalism at the classical or
quantum level. The antifields ¢! can be thought of as conjugate variables to the
fields ¢', since (¢*, ¢}) = d;.

In the next step, the classical action Sy is extended to include terms involving
ghosts and antifields. Let S[¢’, ¢}] be an arbitrary functional of the fields and
antifields, with the same dimension as the action Sy, ghost number zero and even
statistics. The equation

(5,8)=0, (4.4)

is called the master equation, and is the fundamental equation of the BRST
formalism. The solution to this equation represents the starting action to quantize
covariantly the gauge theory, and if the equation is solved the BRST symmetry
will be completely determined.

To make contact with the original theory, the solution to the master equation
must contain the original action Sy. The boundary condition

Sle', 7]

ensures the correct classical limit, when the antifields are trivially eliminated.
The solution can be found by expanding S into a power series of the antifields,
and the first term is necessarily Sy. For the case of Yang-Mills, the first terms of
this expansion are given by

§= / d'z {—iFﬁuF M AL DM+ %772 “bcn”nc} : (4.6)
In the first order, the contributions are driven by the gauge generators D", and
the structure constants f9_. of the gauge algebra.

The BRST symmetry can now be constructed with the help of the func-
tional S. The antifield formalism exhibits BRST symmetry even before gauge-
fixing. After gauge fixing, this symmetry will survive and can be regarded as
the substitute of the original gauge invariance. The BRST transformation of a
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functional X is defined via the antibracket and the solution of the master equation

sX =(X,9) (4.7)

The BRST operator s has the property of nilpotency, s?X = 0, which follows from
the properties of the antibracket. The field-antifield action S is BRST symmetric,
since sS = 0 via the master equation. The same is true for any observable O of
the theory, i.e. sO = 0.

It is instructive to look at the BRST transformation rules for the fields (which
can be determined from Eq. [4.7))

SA”“ —_ Duabnb ’ Sna — %fabcnbnc 7 (48)

since the BRST transformation of the gauge fields A** is similar to their gauge
transformations (.2)), where the role of the gauge parameters ¢* is now taken by
the ghost fields n®.

The next process towards the quantization of the theory, is the process of
gauge-fixing. Although ghosts have been incorporated, the action S still possesses
gauge invariance and is not yet suitable for quantizing via the path integral ap-
proach. A gauge-fixing is needed and one introduces the concept of gauge-fixing
fermion W, which is a functional of only the fields, with odd statistics and ghost
number —1.

Since there is no field with negative ghost number in the minimal sector of
fields (see Fig.[dTl), one needs to introduce additional fields, called auxiliary fields,
to construct the fermion W. These are trivial pairs of fields {7,, B*}, where 7, has
ghost number —1 and are known as Faddeev-Popov antighosts of n®. These fields
have corresponding antifields {7**, B¥} constructed in the same way as presented
before.

In the configuration space containing all the fields ¢* = {A** n* 7,, B*} and
antifields ¢f = {A%,, nt, 7%, B}, the solution to the master equation is extended

o
to contain the new fields, by

S — S+ /d4:v 7" B,. (4.9)

This solution is called non-minimal action and shares all the properties of the
minimal action from Eq. (@6), including the BRST symmetry.

The gauge-fixing fermion ¥ can be chosen freely and it corresponds to the
choice of the gauge-fixing procedure. Choosing a particular ¥, however, can
greatly simplify calculations of observables. Also, one would like to eliminate
all the antifields from the theory before computing observables. The antifields
cannot be simply set to zero, since the action S would reduce to the classical
action Sy which is not suitable for quantization. The elimination of the antifields
from the action and incorporation of the gauge fixing is done via

.o

(4.10)
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The gauge-fixed action obtained in this way

, ov
S\I/ES [¢17¢:: 8¢Z:| )

(4.11)

will retain the global BRST symmetry as a remnant of the original gauge invari-
ance.

To obtain the covariant gauge in Yang-Mills theories, the following gauge-
fixing can be chosen

U= /d4:v Ta (—%B“ + aﬂA;‘;) : (4.12)

Eliminating all the antifields using Eq. (£I0) leads to the gauge-fixed action

1
Sy = /d4:c {—ZF;;VF“”G + O D"’ — (gBa — 8”14#&) B“} : (4.13)
The final step is to construct the path integral corresponding to the gauge-

fixed action Sy, and to perform the gaussian integral over the fields B¢, obtaining

_ . 1 a v _ a 1 a
7 = /DAZD%D% exp <z/d4a: {—ZFWF“ 4 0, DM — i(@“AH)Q})
(4.14)
The action from the path integral (£I4]) has BRST symmetry and is invariant

under the transformations of the fields and ghosts from Eq. (4.8]), supplemented
with the BRST transformation of the antighosts,

E
§

These are the global symmetries left at the quantum level from the original clas-
sical gauge symmetries.

Starting with the properly defined path integral Z one can perform perturba-
tion theory and calculate propagators of the Yang-Mills theory. The introduction
of quarks in the theory will lead to QCD, which can be quantized in the same
manner. Through the specific choice of the gauge-fixing fermion from (412, in
the BRST formalism one can obtain the same functional integral (2I5]) as in the
Faddeev-Popov procedure.

st =

9" A (4.15)






Chapter 5

Summary of papers

5.1 Diffractive hard scattering

Diffraction is an old subject which goes back into pre-QCD times, when hadronic
interactions were described using the Regge approach. The interactions where
one of the participating hadrons will get ‘diffracted’ off the other hadron which
remains intact were always considered soft, thus suitable for Regge phenomenol-
ogy. In the modern QCD times, the idea of understanding diffraction on the
parton level, gave birth to a new branch of diffractive hard scattering. The intro-
duction of a hard scale would give the possibility of resolving partons and making
perturbative QCD calculations.

The field of diffractive hard scattering was born with the proposal by Ingelman
and Schlein [60], that one should use a hard scattering process in connection with
a diffractive event, to investigate the structure of the ‘pomeron’; an exchanged
object with zero quantum numbers believed to mediate the diffractive scattering.
This was followed later on by the experimental discovery at CERN [61], when
striking events were observed in pp collisions, having jets of hadrons with a high
transverse momentum (the signature of a hard scattering) and a leading proton
carrying a large fraction xp 2 0.9 of the beam proton momentum (the definition
of diffraction).

The requirement of having an intact proton after the scattering, taking a
large fraction of the beam momentum can be translated through kinematical
constraints into a rapidity gap. A rapidity gap simply represents a region in
rapidity with no produced particles. Instead of the rapidity y, it is convenient to
use the pseudorapidity n = —logtan€/2 ~ y, since it is written in terms of the
polar angle § with respect to the z axis of the beam (the approximation becomes
exact for massless particles). The requirement of a large rapidity gap adjacent to
the proton, which experimentally means a region in the detector with no particles,
is an alternative definition of diffraction.

Although predicted and proposed [60] as being a cleaner process for investi-
gating the partonic structure of the pomeron, the observation of diffractive deep
inelastic scattering events at HERA [62] came as a surprise. The observation of
a high fraction (~ 10%) of rapidity gaps events in DIS is well explained in terms
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of the pomeron model. It was soon shown, however, that this model fails to re-
produce the hard diffractive data (~ 1% of events have gaps) at the pp collider
at the Tevatron, when parameterizations of the pomeron structure functions and
pomeron flux from HERA were used.

In diffractive hard scattering, the rapidity gap in the forward or backward
rapidity region connects to the soft part of the event and non-perturbative effects
on a long space-time scale are important. This is the philosophy behind the soft
colour interaction models, which provide a different approach to diffraction.

Both models, SCI and GAL, give a good description of diffractive DIS events
at HERA, where the only parameter of each model has been fitted. They also
give good results when applied to pp collisions at the Tevatron, as described in
the papers below (Papers [l - [VT)).

It should be noted that non-diffractive observables are described as well by
the soft colour interaction models, for example the observed rate of high-p, char-
monium and bottomonium at the Tevatron [63], which is factors of ten larger
than the predictions based on conventional pQCD.

A different kind of rapidity gap events have been observed in pp collisions at
the Tevatron [64], with a central rapidity gap between two high-p, jets. This
gap corresponds to a large momentum transfer across the gap, and it cannot be
described satisfactory by soft processes, but needs to be explained in terms of a
hard colour singlet exchange [65].

Paper [I

This paper compares the results of the soft colour interaction models with the
recent experimental data from the pp collisions at the Tevatron [66], on high p,
dijet events with an observed leading antiproton which signals diffraction. Both
the SCI and GAL models are able to reproduce the fraction of observed diffractive
events without introducing any new parameters, and keeping the only parameter
fixed at its fitted value from diffractive DIS. The models give a good agreement
with the kinematical distributions (transverse momentum and rapidity of the
jets) for this type of event.

Other models cannot reproduce the measured diffractive ratio, the Monte
Carlo generator PYTHIA alone gives too small rates, and the standard pomeron
model gives larger cross section for diffractive events.

The measurement of the leading antiproton provides a test of how exactly the
beam particle remnant is handled in the models. Several alternatives for treating
the remnant have been investigated, resulting in substantial variations that show
some model uncertainties.

Paper 11

This paper presents a very detailed study of the soft colour interaction models
applied to pp collisions, considering also the general problem of the underlying
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Table 5.1: Ratios diffractive/inclusive for hard scattering processes in pp collisions
at the Tevatron, showing experimental results from CDF and D@ collaborations
compared to the SCI and GAL soft colour exchange models.

Observable Vs Ratio [%]

[GeV] Experiment Observed  SCI GAL
W + gap 1800 CDF 1.15+055 1.2 0.8
Z + gap ® 1800 DO 144 7908 1.0 05
bb + gap 1800 CDF 0.624+025 0.7 14
J/y + gap @ 1800 CDF 1454025 14 1.7
jets + gap 1800 CDF 0.754+0.10 0.7 0.6
jets + gap 1800 DO 0.654+0.04 0.7 06
jets + gap 630 DO 1.194+0.08 09 1.2
gap + jets +gap ® 1800 CDF 0.26+0.06 0.2 0.1
P + jets + gap P 1800 CDF 0.80+026 05 04

& Predictions which have been confirmed later on
b Ratio of two-gap events to one-gap events

event including the beam particle remnants. All available hard diffractive data
from the pp collisions at the Tevatron are reviewed in this paper (see Table [(5.1]),
and compared with the results from the SCI and GAL models which were tuned
to diffractive DIS data.

A good description is found for production of W, beauty and jets in diffractive
events defined by a rapidity gap in the forward region. Also the rates of jet events
with a leading antiproton, or in association with two rapidity gaps in the forward
and backward region, are well described.

Of special importance are the diffractive events with both a leading proton
and a leading antiproton with associated gaps. These events occur naturally in
the soft colour interaction models, where the final colour string topology may
produce two rapidity gaps in the same event through a single mechanism. The
observed events at the Tevatron [67], with a dijet system in the central rapidity
region and gaps or leading particles in the forward/backward direction, are well
described.

Predictions for diffractive Z and J/¢ production are given. The latter is
particularly interesting, since the soft exchange mechanism produces both a gap
and a colour singlet c¢ state in the same event.

The soft colour interaction approach is also compared with the pomeron based
models for diffraction and possibilities to experimentally discriminate between
these different approaches are discussed.
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Paper 1T

This paper summarizes the success of the SCI and GAL models in describing
hard diffractive scattering at the Tevatron. The early prediction for production
of J/1 in association with rapidity gaps was found to be correct (see Table B.1]).

Preliminary predictions for diffractive Higgs production at the Tevatron and
LHC are introduced. It is hinted that the cross sections for diffractive Higgs
at the Tevatron are uninterestingly small, but become significant at the higher
energies of LHC.

The special events with rapidity gaps between jets are shortly discussed. Due
to the large momentum transfer across the rapidity gap, the soft colour models
cannot give a satisfactory explanation. Good agreement with data is obtain if one
considers a colour singlet exchange, based on a complete solution to the BFKL
equation, including non-leading corrections. The soft colour effects are used to
provide a dynamical gap survival probability, which varies from event to event.

Paper [V

In this Letter we report on the possibilities of observing the Higgs boson in
diffractive events. It has been argued in the literature that the Higgs can be
more easily reconstructed from its decay products in diffractive events at high
energy colliders, based on the lower hadronic activity in the events with rapidity
gaps.

Based on the success of the soft colour interaction models in describing all hard
diffractive data from HERA and the Tevatron, our models can provide reliable
predictions for diffractive Higgs production.

The rate of diffractive Higgs events with one or two leading particles (or
corresponding gaps) is too low at the Tevatron to be useful, for a Higgs with a
mass 115 < myg < 200 GeV. In contrast, the high energy and luminosity of the
LHC will facilitate the study of diffractive Higgs production, and events with two
leading protons can be observed.

We also find that diffractive events at LHC are not as clean as expected,
since the large available energy is enough to produce a hard system containing
the Higgs, one or two leading protons, and still populate the forward detector
rapidity region with particles.

Paper [V

This paper gives a summary of the predictions for different diffractive processes,
made using the soft colour interaction models. The predicted ratios for diffractive
Z production are in good agreement with those recently found at the Tevatron
(see Table [5.1)).

The predictions for diffractive Higgs at the Tevatron are discussed, with em-
phasis on production of a central system in rapidity containing the Higgs boson,
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accompanied by two leading particles or rapidity gaps.

A process with similar dynamics has already been observed in pp collisions [67],
events having a hard (p; > 7 GeV) dijet system located central in rapidity, with
a leading antiproton and a gap on the proton side.

The soft colour interaction models describe well the cross sections of the latter
process at the Tevatron (Paper [[I)), as well as more exclusive quantities such as
distributions in transverse energy and rapidity of the jets. In this paper, another
measurement is well described by the SCI model, the distribution in the dijet mass
fraction (fraction of the available energy in the central system of DPE events,
that goes into the production of the two jets). This success gives confidence in
the prediction for diffractive Higgs with two leading protons, with too low cross
section at the Tevatron, but a visible one at the LHC.

Paper VI

This paper deepens the study of diffractive Higgs production at hadrons colliders
and it introduces predictions for diffractive production of prompt photon pairs.

One crucial issue is whether the cross section for diffractive Higgs production
is large enough. Another issue is which decay mode for Higgs is considered.
Although H — 7~ has a small branching ratio, it gives a very clear experimental
signature and is often considered for a Higgs of intermediate mass (115 < mpy <
160 GeV).

The study of diffractive prompt photons is interesting because the production
process gg — 7y is similar to the dominating Higgs production process gg — H,
involving a quark loop. Thus, the experimental observation of prompt photon
pairs in rapidity gap events can be used to test the models for diffractive Higgs
production, and in this paper predictions are given for single diffractive and DPE
events at both the Tevatron and LHC.

Furthermore, we find that photon pair production provides a dominating ir-
reducible background for H — v+, implying that other decay modes of the Higgs
have to be used in order to study single diffractive and DPE Higgs at hadron
colliders.

5.2 Photon structure and v interactions

The photon is one of the basic elementary particles with properties that follow
from the Standard Model. It is a massless, chargeless object with a point-like
coupling to the charged fundamental particles. As such, it provides an ideal tool
for probing the structure of more complicated objects, like hadrons.

The concept of the structure of the photon is very natural in quantum field
theory, since the photon can fluctuate into various states with the same quantum
numbers. These virtual states may consist of mesons, lepton-antilepton pairs,
quark-antiquark pairs, etc., which can be realised due to an interaction providing
the necessary energy-momentum to make the state become real.
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In soft photon-hadron interactions, similarities between the interactions of a
photon and those of the vector mesons p, w, ¢ have been observed, making the
hadronic properties of the photon more apparent.

In perturbative QCD, the fluctuation v — ¢q leads to the partonic structure
of the photon. This can be probed in an analogous way as testing the structure
of hadronic objects — using a hard probe, often provided by another photon.

Since in the present experiments there are no beams of high-energy real pho-
tons, testing the structure of the photon is performed at the ete™ colliders or
eTp colliders. In both cases, the flux of initial photons arises from the elec-
tron or positron beams through bremsstrahlung, and can be calculated using the
Weizsacker-Williams approximation. Thus, one can study the properties of the
photon in ey deep inelastic scattering and ~+ collisions, or in yp collisions (called
photoproduction).

In the past two decades, a wide range of experimental measurements have
been performed on photon-photon interactions and photon structure. The cross
sections for collisions of vy [68] and v*y* [69] of different virtualities are known
for high energies (~ 200 GeV), as well as the photon structure functions [70] for
a wide range of Q2 and z.

The photon structure provides one of the basic tests of QCD, since QCD
can give definite predictions for the structure function of the photon and its
logarithmic rise with @2, or the large quark densities in the photon for large
values of . The direct coupling of the photon to the quarks makes the process
fully calculable in QCD, providing an advantage over the case of proton structure.

The photon interactions, and in particular v*v* interactions, also offer a good
testing ground for QCD resummation techniques at high energies. The con-
cept of parton density saturation is a recent development of QCD theory and
phenomenology, and it can also be tested in photon interactions (Papers [VIII
and [VIIT)).

Additional information on the structure of the photon is coming from the
production of heavy quarks in photon-induced processes [71,[72]. In such pro-
cesses, the heavy quark mass provides in a natural way the hard scale allowing
the application of perturbative QCD. A large discrepancy was found for bottom
production in 47y collisions [72], between the measured cross section and the QCD
predictions. Similar enhancements of bottom production have been reported in
~vp and pp collisions, suggesting the presence of an important systematic effect
omitted in the QCD analysis. Taking into account gluon transverse momenta in
the framework of k; factorization could provide an answer (Paper [X]).

Paper [VII

This paper extends the basic principles of the GBW saturation model to describe
v*v* scattering cross section, providing a test of the saturation model in a new
environment and confirming the universality of the model.

The v*v* scattering is described within the formalism of two interacting colour
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dipoles into which the virtual photons fluctuate (Fig. B.I). The interaction be-
tween the two dipoles is modelled to incorporate the saturation property, with
the saturation radius Ry(z) taken from the GBW analysis of the *p interactions
at HERA.

Figure 5.1: Diagram illustrating v*~* interactions in the dipole representation.

This approach makes it possible to describe in a unified way the variations of
the energy dependence of the cross section with the change of the virtualities of
the photons (Q? and Q3).

With a suitable choice of quark masses, the model gives a very good descrip-
tion of the observed 47 total cross section (both photons are real), the v*v* total
cross section for two virtual photons and the photon structure function F) (z, Q?)
of a real photon, for low values of = (measured in v*v interactions).

In the region where the saturation effects become important, the model gives a
steeper dependence of the cross section on the collision energy than that obtained
in the case of y*p scattering, as confirmed by the experimental observations.

The production of heavy quarks in 7 interactions is also studied, with a
reasonable description of observed production of charm quarks, but insufficient
for bottom production. We also present predictions of the model for the very
high energy range which will be investigated at future linear colliders.

Paper [VIIT

This paper briefly presents the saturation model for photon-photon interactions,
based on a QCD dipole picture of high energy interactions, where the two-dipole
cross section is assumed to satisfy the saturation property.

The saturation model accounts for an exchange of gluonic degrees of free-
dom, which dominate at high energies. In order to get a complete description
of the photon-photon interactions, the terms important at low energy are added,
i.e. the so called quark-box contribution when both photons couple to a quark
loop (similar to Fig. 52h), and non-perturbative contributions related to Regge
trajectories of light mesons.

In this paper, the main results of the model are summarised. The model gives
a very good description of the experimental data on vy, v*v* and v*v interactions.
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Paper IX]

This paper approaches the production of heavy quarks in photon-photon interac-
tions through the k; factorization formalism. This approach is motivated by the
observed enhancement in the calculations of the cross section for bottom produc-
tion in pp collisions due to the inclusion of non-zero transverse momenta of the
gluons, as compared to the collinear formalism.
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Figure 5.2: Bottom production in v collisions through different mechanisms:
a) direct production, b) one photon is resolved and ¢) both photons are resolved.

The unintegrated gluon distribution F,(z, k?, 4?) in the photon is determined
using the Kimber-Martin-Ryskin (KMR) [73] prescription, which gives F(z, k7, u?)
as an approximate solution to the CCFM equation. In addition, a model of the
unintegrated gluon density is proposed based on the saturation model extended
to the region of large = values.

Using the k; factorization approach, the above gluon densities are applied
to obtain the cross sections for charm and bottom production in ~p, and for
the first time in 7y collisions. We investigate both direct and resolved photon
contributions (see Fig. [(.2]) and make a comparison with the results obtained in
the collinear approach and the experimental data.

While the charm production cross section is found to be consistent with the
experimental data for both v*p and v~ collisions, the estimates obtained for bot-
tom are below the observed cross sections. Due to theoretical and experimental
uncertainties, one cannot claim a significant disagreement for bottom production
in vp collisions, but a substantial discrepancy of bottom production in photon-
photon collisions still remains.

5.3 BRST quantization of reducible theories

The BRST formalism provides a very powerful method of quantization for gauge
theories. The advantage of this formalism over other quantization methods (for
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example Faddeev-Popov approach) is that it can be applied to irreducible as well
as reducible gauge theories.

Irreducible theories are the simplest gauge theories for which all gauge trans-
formations are independent. An example of an irreducible theory is Yang-Mills
theory, and one can see in Eq. ([£2]) that the generators of the gauge transfor-
mations are all independent. This theory can be quantized using Faddeev-Popov
approach, or the antifield BRST formalism, and the result will be the appearance
of ghost fields, corresponding to the gauge transformations.

In reducible theories, the gauge generators are not independent. These the-
ories involve a redundant set of gauge invariances, so there are relations among
the gauge generators. These relations can be thought of as ‘gauge invariance’ for
gauge invariance. Furthermore, these new relations might not be independent as
well, leading to a complex structure of the gauge theory (for example the open
bosonic string field theory).

Modifications of the Faddeev-Popov procedure have been developed by intro-
ducing the so called ghosts of ghosts, which will correspond to the new gauge
invariances. Such modifications do not work, however, for general reducible the-
ories, and the BRST formalism is the only one which can systematically quantize
these theories.

A reducible theory is called first-stage reducible if the relations between the
gauge generators are independent. Examples of such theories are the spin-5/2
gauge theory (Paper [X]) and the topological Yang-Mills theory (Paper [XI)). If
there are several stages of reducibility, where every obtained relation for the
‘gauge invariances’ can be further reduced, one talks about L-stage reducible
theories. The open bosonic string is an infinite-stage reducible system.

The first-stage reducible theories can be quantized in the BRST formalism,
following a simple idea of transforming the reducible system into an irreducible
one [58]. This system can then be quantized using the irreducible BRST approach,
as presented in Chapter [

Paper X

This paper presents the quantization of massless spin-5/2 gauge theory in an irre-
ducible manner using the BRST formalism. This theory has a remarkable gauge
symmetry and, through its connection to string theory, provides a promising
candidate for building a unified physical theory.

Although this theory is first-stage reducible, it can be quantized using the
BRST approach without introducing ghosts of ghosts. This is achieved by intro-
ducing some fields with the help of which the reducible gauge generators will be
replaced with irreducible ones.

These fields have trivial field equations, carry spin 1/2 and are associated with
the relations between the gauge generators. The action containing these fields is
invariant under the gauge transformations of the spin-5/2 fields and the spin-1/2
fields, and these gauge transformations are independent. Thus, an irreducible
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system has been constructed. The physical observables of the original reducible
theory and the new irreducible theory coincide.

The irreducible theory is quantized using the antifield BRST formalism and
different gauge fixing procedures are discussed. Also the BRST-anti-BRST [74]
procedure is used to quantize this theory and a consistent result is found.

Paper XTI

The quantization of the topological Yang-Mills theory is presented using the ir-
reducible BRST approach. The topological Yang-Mills is a first-stage reducible
theory and it provides an interesting test of the BRST machinery, since both the
gauge generators and the reducibility functions depend on the gauge fields.

Furthermore, it is believed that topologically non-trivial configurations play
a dominant role in phenomena like the quark confinement in QCD. In particular,
the topological Yang-Mills theories could be embedded in the ordinary Yang-Mills
theories to account for the non-perturbative sectors of the theory.

The idea behind the quantization of topological Yang-Mills theory is to trans-
form the reducible gauge transformations into some irreducible ones by means of
enlarging the original field spectrum with scalar fields. For every reducibility re-
lation a new field with a gauge transformation is added. The fields are introduced
such that the physical content of the system remains unaltered.

The obtained irreducible theory is quantized using two approaches, the an-
tifield BRST method and the Hamiltonian BRST approach [58]. The two ap-
proaches are shown to lead to the same path integral, thus verifying their equiv-
alence.
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Chapter 6

Conclusions and outlook

The experimental success and consistent theoretical construction of the Standard
Model has established it as the “Standard Theory” of particle physics. It describes
the fundamental constituents of matter, quarks and leptons, and the interactions
among these, describing in a common framework the electromagnetic, weak and
strong interactions. The Higgs boson, yet undiscovered, is the missing link which
keeps the Standard Model from being complete.

An important sector of the Standard Model, consisting of quarks and glu-
ons, is described by Quantum Chromodynamics, which is now established as the
theory of strong interactions. After its great success in describing a wealth of
experimental data at high energies, QCD is no longer under scrutiny for testing
it as the relevant theory, but for testing our understanding of it. There is still one
major missing piece in our understanding of QCD — confinement. Why cannot
quarks and gluons exist as isolated particles in nature, but are instead confined
in hadrons?

Understanding confinement is a “million dollar” question, an open problem
at the beginning of the century. While the discovery of the Higgs boson is an
experimental challenge, which is undertaken at the present and future particle
accelerators, the understanding of confinement is a theoretical challenge.

Confinement is related to the long distance part of strong interactions, i.e.
QCD in soft interactions. The interplay between soft and hard physics offers a
way to investigate such soft dynamics, using well known perturbative QCD as a
basis. This thesis is exploring the hard-soft interplay in QCD with the goal of
extending our understanding of the strong interactions. Different aspects of these
interactions mediated by gluons emerge from the various approaches used in this
thesis.

The soft colour interaction models deepen our understanding and description
of hadronization. In hard interactions, soft gluon exchanges can rearrange the
colour structure of the final state, leading to a different observable final state.
This thesis shows how the soft colour interaction models successfully describe all
observations on diffractive hard processes in deep inelastic scattering and hadron-
hadron collisions. The models have predictive power, and the thesis also presents
the prospects of observing Higgs bosons or prompt photons in this type of events.

49
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Insight into the photon structure and photon interactions at high energies
can be obtained based on new ideas about gluon interactions. Multiple gluon
exchanges in photon-proton collisions at high energies have been associated with
saturation. This idea has been extended in this thesis to photon-photon colli-
sions, and good agreement with experimental data has been obtained. Another
new idea concerning the distributions of virtual gluons inside a hadron has in this
thesis been considered for the photon, resulting in the first parameterizations for
off-shell gluon distributions. These distributions can be used for calculations of
different processes involving incoming photons, where the effects of gluon trans-
verse momenta are important, for example production of heavy quarks.

The BRST method of quantization has proven to be a very powerful method
of quantizing gauge theories. This thesis explores the benefits of this method on
different gauge theories with a more complex gauge structure than QCD. Such
theories could provide promising candidates for unified physical theories (spin-
5/2 theories), or shed light on the non-perturbative sector of QCD (topological
Yang-Mills theories).

Although the Standard Model is very successful, there are still some funda-
mental questions without an answer. Why are there three generations of funda-
mental particles? If the Higgs particle is not found, what is the mechanism for
mass generation? How can gravity be unified with the other fundamental forces?
There are reasons to believe that the Standard Model will be insufficient at higher
energies than those available today and that future colliders might discover new
physics. The new physics could hold the answer to these questions, in terms of
supersymmetry, extra spatial dimensions or string theory.

As for the longstanding fundamental problem of QCD — confinement — a solu-
tion might emerge in the future from several approaches based on first principles.
One of them is the translation of QCD to a discretized euclidian version of the
theory with the aim of performing lattice calculations [75]. The understanding of
non-perturbative non-abelian gauge theories might be obtained in the framework
of AdS/CFT correspondence (Anti de Sitter/Conformal Field Theory) [76}[77]
between the string theory and Yang-Mills theory.

The studies of gluon dynamics presented in this thesis have increased our
knowledge of strong interactions, and will contribute to a future understanding
of all aspects of QCD.
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pure thoughts and thanks: “ce bine ca esti, ce mirare ca sunt!”.
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List of acronyms and

abbreviations
BFKL Balitsky-Fadin-Kuraev-Lipatov
BRST Becchi-Rouet-Stora-Tyutin
CCFM  Ciafaloni-Catani-Fiorani-Marchesini
CERN Conseil Européen pour la Recherche Nucléaire
CTEQ Coordinated Theoretical-Experimental project on QCD
DESY Deutsches Elektronen-Synchrotron
DGLAP Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
DIS Deep Inelastic Scattering
DPE Double Pomeron Exchange / Double leading Proton Event
EW Electro-Weak
GAL Generalized Area Law
GBW Golec-Biernat and Wiisthoff
HERA  Hadron Elektron Ringanlage
KMR Kimber-Martin-Ryskin
LEP Large Electron-Positron collider
LHC Large Hadron Collider
LO Leading Order
ME Matrix Elemets
MI Multiple Interactions
NLO Next-to-Leading Order
OPE Operator Product Expansion
PDF Parton Distribution Function
PDG Particle Data Group
pQCD perturbative Quantum Chromodynamics
QCD Quantum Chromodynamics
QED Quantum Electrodynamics
RGE Renormalization Group Equations
SCI Soft Colour Interaction
SD Single Diffraction
SLAC Stanford Linear Accelerator Center
SM Standard Model
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