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Introduction
The elementary particles (quarks and gluons) which build up the proton are
called partons. The distributions of quarks inside the proton are measured
by scattering against electrons and are dependent on the resolution of the
scattering process. Knowing the parton distributions at some low resolution
scale, not much smaller than the proton size, one can use the laws of Quantum
Chromo Dynamics (QCD), the description of quarks and gluons, to derive the
parton distributions at a higher resolution and also to evaluate the distribution
of jets (hadron showers) produced in the scattering process. This works as a
rigid test of QCD, by comparing with experiments, and is the topic of this
thesis.

The considerations in this thesis are based on a new model, the Linked
Dipole Chain model [1]. This model is based on a leading log approximation
formalism developed by M. Ciafaloni, S. Catani, F. Fiorani and G. March-
esini [2] (the CCFM model). In the LDC model one separates possible parton
emissions into two sets. The first set is called Initial State Bremsstrahlung and
is considered in the determination of the cross-section. The initial partons form
a chain of linked colour dipoles [3] from which partons of the second set, the
Final State Bremsstrahlung, is emitted.

The LDC model is here used mainly for describing low-x electron-proton
scattering but it can in principle also be used for hadronic photon-photon
or hadron-hadron scattering. The results are both of a general qualitative
type and also, with a set of corrections to the leading log approximation, of a
more quantitative type for direct comparison with experiments. The specific
experiment that we refer to in this thesis is conducted at the HERA storage
ring at Deutsches Elektronen-SYnchrotron (DESY) where 30 GeV positrons or
electrons are scattered against 820 GeV protons allowing a study of the proton
at a resolution scale of a thousandth of the proton size and a momentum
fraction for the probed parton of 0.00001.

In this introduction we will start with a general overview of the DIS process
followed by a more technical description of the CCFM model. Finally, a brief
description of the publications that this paper is based on, is provided.

1 The Inner Structure of the Proton

The proton has a size of about 10~15m. It consists of three quarks, tightly
bound by gluons. In addition, the proton contains a sea of virtual quarks, anti-
quarks and gluons (fig. 1). The quarks and anti-quarks inside the proton can be
studied by scattering with high energy electrons (or positrons) which interact
through the exchange of an electro-weak gauge boson (in the following referred
to as "the photon"). The two main parameters for labeling these events are
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Figure 1: The inner structure of a proton.

the virtuality Q2 of the exchanged photon and the Bjorken parameter x =
where P and q are the four-momenta of the proton and the photon, respectively.

Before the middle of the 60's there was no experimental evidence that the
proton consisted of smaller particles. The proton was a solid object with a
certain mass and radius (corresponding to a charge distribution) interacting
with the rest of the world through all the known forces. At that time, the
concept of quarks had already been introduced [4], but since no quarks had
been detected (quarks do not exist as free particles), the general view was that
the concept of quarks is only good for the systematization of the very many
hadron species that had been observed. The first evidence for the structure of
the proton was the scattering of electrons against a proton target, conducted at
the Stanford Linear Accelerator Center (SLAC) in 1968 [5]. By observing the
recoil of the electrons one could deduce that it did not interact with the proton
as an object but was scattered against something smaller inside the proton.

To be able to distinguish a quark (from here on, "quark" can mean both
quark and anti-quark) from the rest of the proton system, that is, to see that
the proton is made of smaller particles, the interaction time of the electron-
quark scattering must be smaller than the time it takes for the proton system to
react. This means that the virtuality Q of the exchanged photon must be larger
than the inverse size of the proton which is about 200 MeV. In the process,
the proton is caused to disintegrate into other hadrons. This is called Deeply
Inelastic Scattering (DIS) contrary to inelastic scattering, when the proton
holds together but is excited to a higher energy level, or elastic scattering
when the proton continues with only a change of its momentum.



2 The proton as a bag of real quarks and gluons
For moderately high virtualities, 0.5 GeV < Q < 5 GeV, electron-proton DIS
events are consistently described with the assumption that the proton arrives
as a bag containing real quarks and gluons moving collinearly and with different
fractions of the proton momenta [6,7]. A quark inside this bag is assumed to
interact directly with the electron (fig. 2) and the distribution of quarks can in
this way be extracted experimentally. In this model, the momentum distribu-
tion of the partons is independent of the photon virtuality. This independence
was predicted and is called Bjorken scaling [8]. The bag model worked very well
in explaining the observations at SLAC and was an evidence for the validity of
the quark model.

Bjorken scaling is only approximately true. Any physically real particle
is surrounded by a cloud of virtual particles. These virtual fluctuations are
constantly produced, they last during a time inversely proportional to the vir-
tuality and then they recombine with the mother particle and disappear (fig. 3).
When the quark and the electron interact, low-virtuality particles in the cloud
around the quark may last a longer time than the collision time. In the col-
lision, the quark changes its direction of motion and virtual particles which
survive the collision do not fit into the virtual cloud of the quark anymore and
are separated from it. In this way low-virtuality particles become real parti-
cles that are emitted. These particles are produced before the interaction and,
since they carry momentum, the momentum of the quark is decreased prior to
the collision, leading to altered conditions for the interaction. For a shorter
collision time, that is for a larger virtuality of the photon, fluctuations with
higher virtuality can survive. They carry more momentum and the reduction
of the momentum of the quark before the collision becomes larger.

This dependence on the photon virtuality, a small disturbance of the Bjorken
scaling, was experimentally observed in 1974 [9] and is called scaling violation.

A second scaling violating effect is due to the fact that the virtual cloud can
contain quarks (and anti-quarks). If these quarks last long enough, they can
actually interact with the electron. For larger photon virtualities, more quarks
add in this way to the observed quark distribution of the proton. The first
mentioned effect is important for the distribution of quarks with large momen-
tum fractions, while this second effect is more important for low momentum
fractions.

The electron is also surrounded by virtual particles but the density of parti-
cles in the cloud is lower since the electro-weak force is weaker than the strong
force. Whenever a quark or a gluon inside the virtual cloud of the electron
interacts directly with the proton it has a significant effect on the jets pro-
duced in the collision and makes an experimental signature for these events.
These events are called photo production or boson-gluon fusion events. Con-
ventionally they are explained by assigning parton distributions to the photon
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Figure 2: Electron-proton scattering according to the bag model. Note that
this is a schematic picture and quark number conservation is not indicated.
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Figure 3: Virtual fluctuations: (a) A quark fluctuates into a quark and a
gluon. (b) A gluon fluctuates into two gluons. (c) A gluon fluctuates into
a quark and an anti-quark, (d) Virtual fluctuations around a quark prior t o
scattering. Fluctuations with low virtuality (long wave) survive the collision
and are emitted. Fluctuations with high virtuality (short wave) are reabsorbed
during the collision.
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radiation cone in the direction
of the scattered electron

radiation cone in the direction
potential ^ '̂ TjiT1-^- of the incoming electron
source

Figure 4: In the scattering process, photons are emitted inside two separate
cones centered round the electron direction before and after the scattering.

and describing the scattering process as a strong scattering between one parton
from each side.

3 The evolution of the scaling violation
Suppose the quark distributions inside the proton are measured by the exchange
of photons with a certain virtuality. Because of the virtual fluctuations, these
distributions will be different for measurements at a higher virtuality. Since
more virtual particles are resolved, the proton energy is shared by more particles
and the energy distribution of the quarks will be shifted to lower values.

To examine the dynamics of the scaling violation we have to take a closer
look at the behaviour of the virtual cloud around particles inside the proton.
Let us first examine the virtual cloud around an electron. It is a simpler system
than the virtual cloud around a quark since it is to a large extent filled only
with photons which are produced directly by the electron.

This examination can be done by studying the process of when an electron
hit by a virtual photon is caused to radically change its direction of motion.
It shakes off some of the photons from its virtual cloud (mainly photons with
virtuality smaller than Q) and these photons are transformed into real particles
which can be detected. After the scattering, the electron has to replace its lost
companions and in this process more real photons are emitted. We get two
cones of photon radiation, one centered around the electron direction before
the collision and one centered around its direction after the collision (fig. 4).
By studying the content of these cones, we get a picture of the virtual cloud of
the electron.
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The contents in these cones have been measured and it is well known that
the distribution of the emitted photons is proportional to the coupling constant
aQED and inversely proportional to the energy and the transverse momentum
fcj_ relative to the cone center

dE dk\
anincone oc otQED-p--r2~-

The transverse momentum corresponds roughly to the virtuality v = \/—k2 of
the photons in the virtual cloud. If z is the energy fraction carried by a virtual
photon, the distribution of photons in the virtual cloud thus becomes

dz dv
dTlincloud OC aQED •

z v
It is possible to understand why the number of photons with low virtuality

is larger. These photons survive a longer time. Those that are present at the
collision have been produced during a long time, while photons with larger
virtuality that are present at the collision must have been produced a short
time before the collision and do not become as large in number.

If the election itself is in a virtual state with virtuality v', it would start
to fill its virtual cloud as soon as it is created and during its life time l/v'.
Photons with a lower virtuality than the electron survive a longer time and
only a few of them recombine with the electron before it falls out of the virtual
state. This means that it is the virtuality of the electron which determines
their number and we can modify the previous equation to the more general
form

dz dv
d OC aQED 1 77-

z max(u,ir)
A quark fills its virtual cloud mainly by producing gluons in the same way

as the electron produces photons with the difference that the rate is now given
by the strong coupling constant aa. Gluons inside the proton fill their virtual
cloud also mainly by producing gluons. They are produced with the same
momentum distribution as for quarks producing gluons but roughly with the
double rate since gluons are doubly (strongly) charged. They can also split
into a virtual quark and anti-quark pair. The splitting process has a lower rate
but is important since it is in this way the number of quarks inside the proton
is increased.

There is a lower limit A ~ 200 MeV, set by the proton size, on the virtuality
of a fluctuation inside the proton. If the virtual particle can not resolve the
inner structure of the proton, the strong charge of the emitter is screened by the
rest of the proton since the proton in itself is strongly neutral. The distribution
of primary (directly) produced virtual gluons from a gluon or a quark can finally

13



be written
dncxa,- ^—-9{v-K). (1)

z max(v,v')
The primary produced gluons are only one part of the virtual particles

around a gluon or a quark. These gluons can in turn fill the virtual cloud by
producing more (secondary) virtual gluons or quarks which in turn can produce
more virtual particles and so on. To give a full description of the virtual cloud,
we must take all these possibilities into account.

In each step, the new parton must have a shorter life time than its mother
parton. This is fulfilled if it has a larger virtuality

v > v'.

Since the mother parton has more momentum and is a faster moving particle
(in a frame where all particles are moving in the same direction) it is slowed
down by time dilation with a relative factor 7V7 = v/zv'. This modifies the
ordering condition, which becomes

v2 > zv12. (2)

In the electron-proton scattering process, where a photon with high vir-
tuality is exchanged, the distribution of quarks that can absorb this photon
can be determined by fixing the parton contents at a lower virtuality, and by
considering emissions that are visible at the higher virtuality. Formally, the dis-
tribution in eq. (1) must be repeatedly integrated in a kinematical region given
by the ordering condition in eq. (2) and the result must be convoluted with
the parton distributions measured at the lower virtuality. This leads roughly
to the evolution equations of the LDC model.

4 The CCFM model
We will here briefly mention some of the ideas behind the CCFM model and
state their results.

The method that is used is called soft gluon insertion [10]. By recursively
adding a softer (with lower energy) gluon in multi gluon emissions, the distribu-
tion of each new emission is approximately determined by an eikonal1 current
Jeik stemming from all the harder gluons. The result factorizes between the
emissions and is equivalent to classical Bremsstrahlung under certain angular
ordering conditions. In low-x DIS where the probed gluon has a momentum
fraction x, this approximation is not valid since the inserted gluons are harder

'In the triple gluon vertex there is a term which has a similar spin structure as for
gluon emission from a quark. This term corresponds to an eikona] emission and gives large
contributions for low energies of the emitted gluon.
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than the probed one. Therefore non-eikonal emissions are important and the
current has to be complemented with a non-eikonal current Jne.

The virtual corrections are determined by the same method. Virtual loops
with two eikonal vertices lead to Sudakov form factors which cancel the soft
divergence of the gluon splitting function. Virtual loops with one non-eikonal
and one eikonal vertex lead to form factors which are referred to as non-Sudakov
form factors. This second virtual effect cancels the collinear divergences.

From the possible emissions in a DIS process a subset R is singled out by
the requirement that the emitted gluon is not followed in angle (or rapidity)
by a harder gluon. Let ft be the momentum of the i:th (in angle) gluon in
R and yi = 1 — Z{ be its energy fraction. By integrating over all possible
emissions between ft and ft+i one gets for the emissions in R a factorized
weight distribution given by

du>i = a—^—-Ane [zi,k±i,q*±i) , (3)

where a — 3a8/7r, <f_u is the i:th transverse momentum vector, fcxi = — $21
and

(z,k±,q±) = exp ^-Slog ^-J log \j^

is the remaining form factor referred to as the non-eikonal form factor. A
further result is that emissions between ft and <ft+i with a higher transverse
momentum than fcxi are cancelled by virtual emissions.

5 The Papers

The first four papers in this thesis deal with the Linked Dipole Chain model.
Papers I and II present some general results of DIS within the leading log ap-
proximation. In paper III we describe how the LDC model is developed for
achieving quantitative predictions of structure functions and final-state prop-
erties in electron-proton DIS and present some results which are compared to
data. Paper IV presents a Monte Carlo event generator based on the consider-
ations in Paper III.

The last paper presents a computer program for calculating QCD colour
factors.

Paper I

Some qualitative results for the structure function and final-state properties in
DIS are presented, using the LDC model. Numerical results are obtained by
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two different implementations, one integration of MC type and one which is
based on a discrete model.

It is found that the LDC model interpolates between DGLAP [7,11] and
BFKL [12] in a smooth way. The emissions along the rapidity axis can be sep-
arated into two phases: For rapidities closest to the proton direction there is a
steady BFKL-Iike motion with constant transverse energy flow, but, at a cer-
tain distance from the photon end, the transverse momentum of the emissions
begins to increase up to the photon virtuality Q2, as predicted by DGLAP.

For the structure function, a DGLAP behaviour (e
consW-lo&x) is noted for

moderate values of x, but for small ar-values it has the BFKL x~x behaviour.
This is further illustrated by using an approximate formula for the structure
function which explicitly interpolates between DGLAP and BFKL.

Using the generality of the LDC model, the relative contribution of different
kinds of low-a; electron-proton events (normal DIS, boson-gluon fusion, resolved
photon) to the cross section, and the dependence on the values of x and Q2, is
evaluated.

Paper II

In this paper, the BFKL mechanism with a running coupling constant is further
analyzed and solutions are presented. With a running coupling, the transverse
momentum fluctuation (k±) along the emission chain is expected to have an
exponential fall-off in the variable K = log k±, contrary to a former predic-
tion for a constant coupling that it is Gaussian. Following the argument of a
Brownian motion which results in a Gaussian fall-off, it is argued that, with a
running coupling, the process resembles a Brownian motion in a gravitational
field. This is illustrated with a simple model.

It is found that the evolution equation of the LDC model leads, for the K
dependence of the structure function, to equations similar to the radial part of
the hydrogen atom Shrodinger equation. The x~x behaviour of the structure
function is confirmed and A is evaluated by various analytical and numerical
methods. It is found that the value of A significantly depends on the cut-off
parameter of the soft region ncut (but A ~ 0.5 in a wide range of Kcut) and
also on the hard z > 0.5 part of the splitting function, a part which is usually
neglected in the leading log approximation.

Paper III

To achieve results which are quantitatively comparable with data, one must
include sub-leading effects into the LDC model. This is important particularly
for quark parton distributions which are probed in electron-proton scattering.
The main steps are to include sub-leading terms of the splitting functions,
to conserve energy and to convolute with proton parton distributions at low
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virtuality. For a description of the final-state properties, final-state emissions
are added and a suitable hadronization procedure is used. For many of these
corrections no prescription is given by the CCFM model, so other physical
arguments, applicable in this field, are used.

The first step is to use the LDC model evolution to fit input parton distri-
butions to the measured structure functions. A crude fit has been done with
only four free parameters for the input parton distributions. The result for the
fit is quite acceptable and the effect of some of the assumptions on the form
of the input parton distributions is shown to be small both for the structure
function and for the final-state properties.

For the final-state emissions, the dipole model [3] is used through a modified
version of the ARIADNE MC [13]. For the hadronization, the Lund fragmenta-
tion model [14] is used as implemented in the JETSET MC [15]. The results for
the final-state properties are compared with data and reasonable agreement is
found. The effect of some of the assumptions for the sub-leading corrections is
shown.

Paper IV

The Monte Carlo event generator which is developed in paper III is presented.

Paper V

A computer program for calculating QCD colour factors is presented. A very
simple method, based on a work by Cvitanovic [16], is used, resulting in a
program which is economic both in CPU-time and memory. Also, some colour
space projection operators are given as a tool for solving different kinds of
multiplicity problems in QCD (or any SU(N) theory).
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