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Introduction

The science of physics describes Nature. This statement is perhaps too "grand". Physics
does not tell us what Nature is. Rather it tries to build models which imitate different
phenomena in Nature. Such moduls are very useful and they often give sufficiently satisfying
answers to questions asked. At least if the one asking is a physicist. Physics can for example
explain why a rose is red in colour: Light that hits the object will be reflected or absorbed by
the molecules at the surface depending on the structure of the molecules and the wavelength
of the light. Light itself, the molecules etc. are notions defined and described in physical
models. Such an explanation is of course only one possible way - the physicist's way - of
understanding Nature. Another explanation could be that the rose is red while it is the
flower of love, and the colour of love is as everyone knows red. Such an explanation is of
course equally "true". And if we had been able to ask Nature herself she would probably
not even have understood the question.

In order to build a model it is necessary to perform experiments. The experimental results
generate notions and relations which can build up a model that describes the investigated
phenomenon. Such a model - or theory - can also be used to make new predictions about
phenomena in Nature that not yet have been experimentally investigated. For this to be
possible the model has to be rather general. This means that the model should be built on
simple and fundamental laws. Thus, we may for example by studying apple-trees build a
model that describes how apples fall to the ground. By formulating this model at a very
basic and general level, it would also be possible to describe the corresponding situation
for a pear-tree standing on the moon.

A physical model can be expressed in the form of mathematical equations. This language of
physics is extremely powerful and has been crucial for the development of modern physics.
Since the beginning of the 18th century modern mathematics and physics have developed
side by side and this is one of the reasons for this excellence of the language.

While constructing the models in the form of mathematical equations, based on experi-
mental results, we often extract more than just a simple description of the phenomenon
investigated. One very nice example of that is the construction of Maxwell's four equations,
describing the electromagnetic force. A number of experiments were performed on electric
and magnetic phenomena in the 17th to 19th centuries. All the results were described in
four single equations. Maxwell realized however, that these four equations were not mu-
tually consistent. With a slight modification in one of the equations, without implanting
any contradiction according to experimental results, he was able to make the four equa-
tions mutually consistent. Other experiments could later confirm that his modification was
correct. Thus, we see that the investigation of the models themselves can give hints about



how Nature works. In such "theoretical" investigations it is often fruitful to use not only
logical arguments such as mutual consistency, but also arguments like the simplicity and
even beauty of a theory.

The Four Forces

Force is a very useful concept in physics. If something exciting is to happen or if something
is to change, there must be a force that carries out this change. On the other hand it would
be terrible if everything was changing and nothing was fixed. For objects built by smaller
objects there must be a force which binds these smaller entities together. From the basic
laws that the forces obey, it is possible to construct most of the models and equations that
describe Nature.

On a fundamental level it seems that four different forces are enough to explain all the
courses of events and the way objects are built in Nature.

The first and most obvious one is the gravitational force. It explains for example why the
car stays on the road while we drive. It also explains why the earth remains in an orbit at
a nice distance round the sun.

The second one is the electromagnetic force. This is the force that holds the molecules in
our bodies together. It also binds the electrons to the nucleus into atoms which in its turn
build the molecules. The theory of electromagnetism also describes such phenomena as
light And radio waves.

The electrical force between two objects is determined by the electrical charge of the objects.
The concept of charge can also be used in the theory of the gravitational force. In this case
it is the moss of the two objects that determines the force between them. We can therefore
call the mass of an object the object's mass-charge. Despite this similarity these two forces
are quite different and also independent of each other. The gravitational force is for example
always attractive while the electromagnetic force can be both attractive and repulsive.

The third force in Nature is the strong force. This one describes how particles, smaller than
atoms, are bound together. A nucleus in an atom consists of a bunch of particles called
nucleons. The nucleons are built by smaller particles called quarks. The strong force is
responsible for the binding of quarks into nucleons as well as the binding of nucleons into
nuclei. The binding of nucleons into an atomic nucleus is often called the nuclear force even
though the fundamental force is the strong force.

Like the gravitational and electromagnetic forces the strong force is associated with a
charge, called the colour charge and between two colour charges the strong force is acting.
The theory of the strong force is eventually more complex than the two forces mentioned
above. The colour (charge) of a particle can be either red, green or blue. As in the case
of the electric charges, which can be either positive or negative, the colour charge also can
be negative; anti-red, anti-green or anti-blue. Another peculiarity is that the strong force
can change the colour charge of a particle, e.g. turn a red charged particle into a green one.
The strong force is, as it should be, very strong. The force between two quarks corresponds



to about 15000 kg.

The fourth force found in Nature is the weak force. It is rather similar to the strong force,
except that the number of different weak charges is two instead of three. We can call them
a and b charges (and anti-a and anti-b).

The weak force does not actually play the role of binding particles or objects together like
the other three forces do. Nevertheless it is very important in our daily life. Like the
strong force it has the possibility to change "its corresponding charge", the weak charge
of e.g. the quarks. Different quark types are associated with different weak charges. The
change of e.g. an a-charge to a b-charge, caused by the weak force, will then imply a change
from one quark type to another. By letting the weak force act in this manner on one of
the quarks that constitutes a nucleon, it can change the properties of this nucleon. This
transformation of one nucleon "type" into another type is necessary for the fusion process
in the sun to take place. So, the existence and performance of the weak force makes the
sun work, which gives us such a nice and steady warmth. The weakness of the weak force
makes this process rather slow, so that the sun does not burn up directly, in one big shot.

High Energy Physics

The investigation of the strong and the weak forces is called High Energy Physics. To
make these forces visible and available for investigation it is not enough to use an ordinary
microscope. The light which makes the picture in the microscope is not fine enough. The
wavelength of the light determines the size of the smallest object the light can resolve.
To see into such small things as particles the wavelength of the visible light is far from
sufficiently short.

We have not really discussed what a particle is, but sometimes it is possible to think of it
as a small ball. Some particles are fundamental and do not consist of any smaller entities.
Electrons and quarks for example are believed to be fundamental. Other particles are not
fundamental and do consist of smaller balls, e.g. the nucleon which is built by quarks.

However, the picture of a particle as a small ball is not always fruitful or quite correct.
Sometimes it is better and more adequate to think of the particles as waves. This (model
of particles) leads naturally to the concept of the particle's wavelength. The wavelength of
this wave depends on the momentum (s= energy or speed) of the particle. If the momentum
of the particle is large, the wavelength will be short. By increasing the momentum (energy
or speed) we can obtain as small wavelengths as we wish. So we can build a microscope in
which high energetic particles are used instead of light. Such a microscope can be utilised
to probe and investigate the structure of other, non-fundamental, particles and the forces
that bind them together.

To reach high enough energy we need a huge microscope or an accelerator. Experiments
of this kind started in the early 60's where high energetic electrons were used as a probe.
It was then possible to "see" into particles such as the nucleons. The behaviour of the
electrons when hitting the nucleons, did not indicate that the nucleon is a massive ball or
a point-like object. Instead it was possible to show that the behaviour was in accordance



with the nucleon as being a system of smaller particles. The idea, or the model, of quarks
was born.

The nucleon is a non-fundamental object built by three quarks, and different types of
nucleons are combinations of different types of quarks.

By increasing the energy further in the accelerator we can try to kick out one of the quarks
and split the nucleon into its entities. Then we can learn how the strong force, that holds
the quarks together, works. However, single quarks as free objects have never been seen.
The quark we are trying to kick out, will not come out as a single particle. Instead it will
be accompanied by some other, new, quarks. Thus, before the quark leaves the nucleon it
will create new quarks as travel companions.

The behaviour of particles in such extreme situations will lead us to the fundamental laws
that govern this behaviour. The information gained through studies of this behaviour have
contributed to the construction of the laws, that the strong force obeys. For example the
observation of the quarks as non-free particles has led to the idea of colour-charge in the
strong force. We can argue as follows: The strong force acting between colour charges
is in some sense so strong that it always needs to be "neutralized". By combining one
red, one green and one blue charge we obtain a white - a charge-neutral - state. In this
way the colour-charge-neutra) nucleon is built - by three quarks, one of each colour. We
can also obtain a colour-neutral object by combining e.g. one red and one anti-red quark.
Such particles are also found in Nature. Thus, the quark we tried to kick out will always
produce some new quarks such that the quark itself and its travel companions together will
be colour neutral. Most of the particles that are produced in this way are not stable, and
will quickly decay into those few types of particles that are stable.

The investigation of the strong force and the behaviour of particles can be done in several
ways. We can collide two non-fundamental particles with such a high energy that they "fall
into pieces". In such collisions several hundreds of new particles can be produced out of
the two colliding ones. The behaviour in such collisions is very complex.

Another way is to let an e'ectron collide with an anti-electron (called positron). These
two, fundamental particles, will then annihilate each other. Out of the energy left in the
collision point, new particles such as quarks can br produced. These will leave the collision
point as composite objects as described above.

In this section I havs not discussed the weak force even though this force belongs to the
discipline cf High Energy Physics. I choose not to do so, since this thesis mainly concerns
the strong force.



Introduction to the papers

All the papers in this thesis concern, or are based upon the framework of, models developed
(mainly) in Lund. I will therefore start with a short description of these models, not running
into technicalities but exhibiting the ideas behind the models. Then the contents of the
papers will be summarize.!

The Lund Fragmentation Model

This model describes the process in which a partonic state (i.e. quarks and gluons) is
transformed into (the observable) hadrons. In this model the force feld between two colour
charged partons is assumed to behave as a (massless relativistic) string. The reason for
this field structure is the non-abelian character of QCD. While e.g. the electromagnetic
field between two electrical charges spreads out, the pressure from the gluon condensate
in the vacuum will compress the colour force field to a string-like region. This is similar
to a superconductor in which a magnetic field will be compressed to a vortex-line by the
surrounding (Cooper paired) electrons.

The essentially 1-dimensional colour-field implies a constant force or a linearly rising poten-
tial. A single colour charge will in this picture produce a field (an infinitely long string) of
infinite energy. Thus, the notion of confinement is naturally incorporated into this picture.

If two colour charges move apart (e.g. a quark and an antiquark), bound together by a colour
field, the energy stored in the field can be used to create new quark-antiquark pairs. In this
model these (massive) quarks are produced by a quantum mechanical tunnelling mechanism.
The force-field will then break into two pieces, one spanned between the original quark and
the new antiquark and one spanned between the new quark and the original antiquark.
This process will continue until every string piece has reached an appropriate mass, such
that this together with the flavour and spin at the ends of the string can be treated as a
hadron.

This breakup of the system can be treated as an iterative process. A hadron is formed at
one of the ends of the string by the end-quark (or antiquark) and a tunnelled antiquark
(or quark). When this hadron is removed the remaining string system is treated in exactly
the same way as the first one. The fraction of longitudinal energy-momentum taken by the
hadron is determined by a function which is independent of the energy in the string system.

The transverse properties of the hadrons (relative to the string direction) are determined
by the tunnelling mechanism. The 75- pairs are produced with compensating transverse
momenta, p j , and energy-momentum is conserved in every step.

The fragmentation process is often called the "soft phase" because the dynamics (not the
kinematics) concerns energies which are small. At least in comparison with the "hard
phase", which will be described next.



The Lund Gluon Model and the Dipole Cascade Model

A field in the form of a massless relativistic string, as described above, can carry energy-
momentum not only in a finite string piece but also in a point, either by the (pointlike)
ends or by a (also pointlike) kink. A gluon is in this model treated as such a kink. Thus
there is a dual relation between the ordinary perturbative parton picture and the string
picture.

The dipole cascade model describes gluon emission from colour charges. Two neighbouring
partons connected with a (straight) string segment provide a dipole. Thus, in e.g. an
e+e~ -annihilation event a gg-pair can be produced constituting a dipole. This dipole can
emit a gluon, converting the dipole into two dipoles, one spanned between the quark and
the gluon and the other spanned between the gluon and the antiquark. The emission of
further gluons is then described as an iterative cascade where every new dipole can emit
a new gluon. The emissions are ordered in decreasing transverse momentum, kx, and the
cascade is terminated when the gluons have reached some point, klcul.

Three different types of dipoles enter the cascade, (qq), (qg) or (g'q) and (gg). The proba-
bility for the emission of a gluon from a quark-antiquark dipole is in this model given by
the expression in the first order perturbative matrix element. For the other dipoles some
slightly different expressions for the emission are used.

This model describes the production of a multiparton state in a factorized and probabilistic
manner, and thus it is necessarily an approximation to the full perturbative treatment. On
the other hand, while the expressions for the exact perturbative results are known only up
to O(a2

s) (4-parton states), the dipole cascade model can in principle be used to any order
(n-partons). This fact is very important for the description of multi hadron production.

The model has been extended to incorporate the process gluon —> [qq~) and also the possi-
bility of photon emission.

The cascade process is often called the "hard phase" as the dynamics concerns energies
which are large in comparison with the "soft phase" defined above. In the hard phase
in which the energy scale is high it is possible to use perturbation theory (the coupling
constant 05 is small). In the soft phase, however, this is not so and non-perturbative
calculations must be used. This is the reason for the division of the physical process in two
different phases.

Paper I

In this paper we study the properties of the dipoie cascade model with the use of a special
multiplicity measure, called A. This measure is defined on the partonic level and it is a
generalization of the rapidity range available for the hadronization of the parton state.
The hadron multiplicity in an event depends strongly on A. We show in this paper how
the fluctuations in the parton states, measured with respect to A, can be separated into
contributions from the different gluons. We found that these fluctuations are, to a very large



extent, dominated by the first or the first two gluons. This indicates that the subsequent
softer gluons do not affect the general structure of the event. They increase the multiplicity
and the transverse momenta of the hadrons in a rather predetermined way.

It is shown that the small fluctuations from the softer gluons are rather similar to the
fluctuations in the soft hadronization. This means that it is possible to move the "interface"
between the hard perturbative phase and the soft hadronization phase. A different fclcu(

in the cascade for the softest gluons can be compensated by a change in the hadronization
parameters. This indicates that it may be a principally difficult problem to fix the scale at
which the hard perturbative phase goes over into the soft hadronization phase.

We also show that it is possible to define anomalous dimensions locally in the rapidity space
for the cascade in e+e~ -annihilation and deep inelastic lepton scattering events. In this
way it is possible to distinguish between different models for multi gluon emission.

Paper II

In this paper we make use of the "intermit tency measure'1 to probe different properties both
in the cascade model and the fragmentation model. This measure is defined by calculating
the factorial moments of the multiplicity distribution in small rapidity bins. By varying the
size of the bins it has been proposed that this can be used to find a possible intermittent
behaviour in multi particle production. (The term intermittent behaviour is defined in fluid
dynamics and has been transferred to particle physics in this way.) In this paper, however,
we use this measure in a rather general way, as any other observable defined on the hadronic
level, and we do not discuss the possible intermittent behaviour.

It is shown that the measure is rather sensitive to the exact treatment of directly produced
T-mesons in the fragmentation model (i.e. pions produced in a string break-up not stem-
ming from decays). We show that inside the framework of this model it is possible to treat
these pions in a more proper way. By this improvement the model reproduces experimental
data better with respect to this measure.

We also find that the measure is sensitive to the exact termination of the cascade. It
is shown that in case very soft gluons are allowed the factorial moments will decrease in
contradiction to experimental results. This indicates that a straightforward continuation
of the cascade, down to very soft gluons, is not possible. At scales near AQCD the coupling
constant, 05, becomes large and perturbative calculations are not appropriate, not even in a
cascade model like this in which the perturbative calculations in principle can be performed
to an arbitrarily high ordei.

Paper III

In this paper we make use of the exact second order matrix elements to trace the effect of
the approximations done in the formulation of the dipole cascade model. Such a comparison
can be worked out only up to order a | . However as shown in paper I the first two gluons



play a very dominant role for the main properties of a multiparton state.

In every step in the cascade the energy and momentum is conserved- This constraint
brings a problem into the formulation of the cascade. The momentum compensation in
an emission can be carried out in several ways and we show how different such "recoil
strategies" perform in comparison with the exact O(o | ) matrix element- Besides different
aspects of these possible recoil strategies it is shown that the standard recoil strategy and
the general properties of the cascade model fairly well reproduce the exact result.

We also present a method to incorporate the (known) exact behaviour of the first two
gluons into the cascade model. This method is used to isolate the colour interference term
occurring in QCD when two gluons have identical colours. This term is a pure quantum
mechanical effect and it is totally neglected in the cascade model. It is shown how this effect
can be observed experimentally. The effect is very small and to get a realistic description,
it is in this case important not only to calculate th» first two gluons correctly, but also to
continue the emission beyond the two gluons as mentioned earlier.

Paper IV

In this paper we investigate the production of prompt photons (i.e. photons stemming from
the hard phase contrary to secondary photons produced in hadronic decays). We make a
similar comparison as in paper III between the exact perturbative result and the dipole
cascade model. The exact result can be calculated up to order 05 • QQED- We show that
there is in general a very good agreement in the distribution of

In the model the emission of photons is ordered in kx in the same way as the emission of
gluons This means that softer photons are produced after the emission of several giuons,
and in this case a comparison with the exact result is impossible. However, it is shown that
for these photons the distribution is in accordance with Low's theorem.

We thus conclude that the ordering of the emission, as done in the model, worics well in
both these limits. It is shown that the result of the model interpolates smoothly between
these limits in good agreement with experimental results.

We also show how the emission of a photon affects the system of quarks and gluons. By
the exact k± ordering the photon will be emitted in a certain place with respect to the
gluon cascade and by the necessary recoil the partonir system will be "distorted" by the
emission of a photon. Depending on the angle of emission the distortion will be different.
It is shown how this effect can be experimentally investigated.
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