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Abstnact

This thesis is based on the work that was done during 1992-1996 at the DELPHI detector
at LEP. Its main parts are outlined below.

The brief Introduction gives an overview of the science of Particle Physics, its devel-
opment and contemporary status.

The first chapter represents an introduction to the DELPHI detector at LEP, describ-
ing the main features of the LEP machine and the DELPHI detector as means to obtain
an important information for the analysis.

The second chapter is devoted to description of the development of one of the compo-
nents of the DELPHI detector: the hadron calorimeter and its cathode readout system
in particular.

The third chapter describes the wide possibilities of QCD analysis using the informa-
tion about hadronic decays of the Z° boson produced in e+e~ annihilation. The main
goal of this work was to extract different components of the charged hadron cross section
and to derive the gluon fragmentation function.

In the fourth chapter results of the studies of two-particles correlations in hadronic Z°
decays are presented. The analysis of directional and transverse mass dependences of the
Bose-Einstein correlations is performed.



... if [the universe] is divisible through and
through, there is no 'one' and therefore no
'many' either, but the Whole is void; while to
maintain that it is divisible at some points,
but not at others, looks like an arbitrary
fiction. For up to what limits is it divisible?
And for what reason is part of the Whole
indivisible, i.e. a plenum, and part divided?

"On Generation and Corruption"
by Aristotle



Introduction

The idea of discovering the basic building blocks of the matter powers scientific researches
through millennia. In the year 400 B. C, ancient Greek philosopher Democritus pro-
claimed that "in reality, there are atoms and space". By atoms he meant smallest indivis-
ible particles. Couple of millennia later chemists learned out that the matter is built up of
molecules, and those molecules axe built up of something they called atoms. At about the
same time, physicists were studying electricity, magnetism and optics. In 1897 A. D., the
English physicist J. J. Thomson discovered in cathode rays experiment the electron, which
become the first elementary particle to be found. Hence the year 1897 can be regarded as
the birth date of the science of Particle Physics. Existence of electrons proved that atoms
are not indivisible, although they are the smallest units into which matter can be divided
without the release of electrically charged particles. The discovery of electron triggered
investigations of the atomic structure. While all the classical mechanical models failed,
in 1913, the Danish physicist Niels Bohr introduced quantum theory to account for the
structure of atoms. Presuming the hydrogen atom model, in which negatively charged
electrons orbits a positively charged nucleus, he asserted that electron can occupy discrete
energy orbits. Later, in mid-1920s, the theory of quantum mechanics was developed with
the introduction of the uncertainty principle by the German scientist Werner Heizen-
berg. In 1924-1925 the subdivision of elementary particles into fermions (after Italian
physicist Enrico Fermi) and bosons (after Indian mathematician and physicist Satyendra
Nath Bose) was developed. In quantum field theory, fermions have antisymmetric wave
functions, like electrons, and bosons have symmetric wave functions, like photons.

Theoretical and experimental studies in atomic and nuclear physics progressed rapidly,
and by the 1940s proton and neutron were known as building parts of nuclei, muon and
positron also were discovered, increasing the number of known elementary particles and
improving the knowledge of the structure of matter. It was known that the nuclear fission
can release a great amount of thermal energy, as well as gamma rays and neutrons. And
it was clear that the further studies of elementary particles need experimental installa-
tions which force particles to interact at very high energies. In 1932 the British physicists
John Douglas Cockcroft and E. T. S. Walton first observed the disintegration of a nucleus
by artificially accelerated particles. Thereafter, the importance of accelerators in basic
research became comparable to that of microscopes and telescopes. The rapid advance
in the science of accelerating particles to high energies occurred since 1945, when two
physicists, American Edwin Mattison McMillan and Russian Vladimir Iosifovich Veksler,
independently described the principle of phase stability, which made possible the con-
struction of magnetic-resonance accelerators, called synchrotrons. By the same time, the
Quantum Electrodynamics (QED) as a quantum theory of the interactions of charged
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Table 0.1: The four basic forces of nature.

particles, became fully developed.
Simultaneous development in both experiment and theory led to enormous progress

in high energy physics, or particle physics. Elementary particles were discovered in abun-
dance, and classified to gamma-quanta, leptons, mesons and barions. Throughout the
1960s theoretical physicists, trying to account for the ever-growing number of subatomic
particles observed in experiments, considered the possibility that protons and neutrons
were composed of smaller units of matter. In 1961 two physicists, Murray Gell-Mann of
the United States and Yuval Ne'eman of Israel, proposed a particle classification scheme
called the Eightfold Way, based on the mathematical symmetry group SU(3), that de-
scribed strongly interacting particles in terms of building blocks. Later, these blocks were
called quarks. In 1970s, the Quantum Chromodynamics (QCD) was developed as the
theory of strong interaction between quarks, introducing gluons as quanta of the strong
field.

Discovery of intermediate vector bosons, W and Z, in 1983 at the European Labora-
tory for Particle Physics (CERN) in Geneva, Switzerland, provided a strong support to
the electroweak theory, developed during 1960s independently by Sheldon Glashow, Ab-
dus Sal am, and Steven Weinberg. It was constructed as a gauge-invariant theory of the
weak force, of which physicists were aware since 1930s, also including the electromagnetic
force. Thus the picture of the modern understanding of the forces which drive the Uni-
verse (see Table 0.1) became almost complete. Gravitation is by far the weakest known
force in nature and thus plays no role in determining the internal properties of everyday
matter. Proposed by the relativistic gravitation theory gravity waves and quanta of the
gravitational field, gravitons, are not discovered yet.

The combination of the electroweak theory and QCD, called the Standard Model,
proved to be a highly successful framework. The Standard Model operates with two
families of fermions: leptons and quarks, that build up matter and interact by means of
bosons: 7, W, Z and g. Elementary particles are subdivided into three generations, see
Fig. 0.1. Leptons are electron e, muon /z, tau-lepton r , their respective neutrinos ue,u^
and i/T, and their antiparticles. Quarks are of six different "flavours" : up, down, charm,
strange, top and bottom. The modern Standard Model does not explain, why there are
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Figure 0.1: Elementary particles in the Standard Model. Each particle has a correspond-
ing antipartide of the opposite charge.

three generation of leptons and quarks, neither does it predict their masses. However,
recent experiments confirmed existence of all six quarks and three generations. The
heaviest quark, the top quark, was discovered in 1995 at the Fermi National Accelerator
Laboratory in Brookhaven, USA.

Current researches in particle physics are focused on the Higgs particle, the particle
associated with the mechanism that allows the symmetry of the electroweak force to be
broken, or hidden, at low energies and that requires the W and Z bosons to have mass.
Researchers know that the Higgs particle must have spin 0, but that is virtually all that
can be definitely predicted. Theory provides a poor guide as to the particle's mass or
even the number of different varieties of Higgs particles involved.

At the time being, scientists can admit that the knowledge of the laws of nature is
by far not complete. Profound theoretical and experimental investigations yet have to be
done, new theories have to be written, new accelerators have to be built.

In 1989, the largest contemporary accelerator, the LEP collider, began operation in
CERN. Four detectors devoted to the electron-positron annihilation experiments were in-
stalled at the collider ring. The author of this thesis got a grand opportunity to contribute
to the construction, operation and data analysis of one of them, the DELPHI. The result
of this activity during the years 1992-1996 is summarised in the dissertation.



Chapter 1

The DELPHI Detector at LEP

Modern science of particle physics is heavily based on high energy accelerators, which
produce wide range of elementary particles for consecutive studies. For precision analysis,
electron-positron colliders are factories which provide scientists with sufficient statistical
material of high purity. The biggest contemporary accelerator of this kind has been built
in the European Particle Physics Laboratory, CERN. Four different detectors have been
constructed to collect data on electron-positron collisions: ALEPH, DELPHI, L3 and
OPAL. This work will be concentrated on the DELPHI detector at LEP.

1.1 The LEP Collider
The CERN Large Electron Positron (LEP) collider [1] is a 26.67 km circumference e+e~
storage ring (see Fig. 1.1) which was designed to operate in an energy range of 20 GeV
to 50 GeV per beam at the first stage and up to 90 GeV at the second stage. The
basic feature of the LEP design is a large accelerating ring circumference in which the
machine is installed in stages corresponding to the new physics events that are predicted
by the unified theory of weak and electromagnetic interactions. The first such event is
the Z° boson at an energy of ~ 90 GeV. Since these bosons can be produced singly, the
LEP machine energy is about 50 GeV per beam, giving 100 GeV in the centre of mass.
The next predicted event is the production of pairs of the charged intermediate boson
(W+W~) at an energy of about 180 GeV which requires LEP energies of about 90 GeV
per beam. This increased energy at the second stage is obtained by installing additional
superconducting accelerating cavities. Another advantage of the LEP Project is to use
the PS and SPS machines as the injectors for LEP.

1.1.1 The LEP collider design

The LEP Main Ring 26.67 km tunnel is complemented with four experimental caverns,
18 pits, 3 km of secondary tunnel, and some 60 chambers and alcoves. The plane of the
tunnel is inclined by 1.4% to ensure that all underground caverns and the main part of
the tunnel would be located in solid rock while, at the same time, limiting the maximum
depth of the shafts to less than 150 m.
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The electromagnetic guide field system of LEP consists of dipoles, quadrupoles, sex-
tupoles, horizontal and vertical dipole correctors, rotated quadrupoles, and finally elec-
trostatic dipole deflectors. Magnets are combined in "standard cells" in the following
order: a defocusing quadrupole, a vertical orbit corrector, a group of six bending dipoles,
a focusing sextupole, a focusing quadrupole, a horizontal orbit corrector, a second group
of six bendiiig dipoles,_and finally a defocusing sextupole. The length of a standard cell
is 79.11 m.

Each experimental collision point in LEP is surrounded by a large solenoidal magnet
used for particle separation. The bunches of each beam must be tightly focused to very
small dimensions in the centre of these detectors in order to increase the luminosity or
particle production rate. This is accomplished by a set of superconducting quadrupoles
with very strong field gradients that focus the transverse beam dimensions to about 10 fim
and 250 \ivn in the vertical and horizontal planes respectively. The solenoidal detector
magnets produce another effect, however: they cause the horizontal oscillations to be
"coupled" into the vertical plane; if this were uncompensated it would greatly increase
the vertical beam size and cause a reduction in the luminosity. For this reason, rotated
quadrupoles are installed around each solenoid to compensate this magnetic coupling.
These quadrupoles are similar to conventional quadrupoles but rotated about their axis
by 45°.

The radio-frequency acceleration system consists of 120 accelerating copper cavities fed
with 16 MW of continuous power at 352 MHz. Each cavity consists of a low-loss storage
cavity coupled to a five-cell accelerating cavity in such a way that the electromagnetic
power continuously oscillates between the two sets of cavities. The coupling is arranged
so that the power is at its peak in the acceleration cavities at the instant of the passage
of the beam bunches. In this way, the bunches receive the maximum possible accelerating
gradient, but the power loss due to heating of the copper cavity walls is greatly reduced
since the electromagnetic power spends half of its time in the very-low-loss storage cavities.

The LEP beam-instrumentation system is used to observe the position, shape, or
other relevant properties (such as polarisation or electrical current) of the beam. The
beam electrical current is measured in LEP as in other accelerators by current transform-
ers placed around the vacuum chamber. In order to position the beam accurately in the
middle of the vacuum aperture, it is essential to measure the transverse beam positions
at many azimuthal locations on the circumference. In the case of LEP it is measured
by 504 monitors fairly evenly distributed around the circumference. Since charged par-
ticles, being bent in a circular trajectory, radiate photons, the beams can be "seen" by
measuring this flux in the ultraviolet (UV) frequency range. Four UV monitors are used
in LEP to measure the transverse dimensions of both beams at two different locations.
The synchrotron radiation results in another problem: background originating from the
high-energy spectrum of the photon emissions. In order to reduce this background, colli-
mators are installed around each experimental point. Each of these collimators consists
of remotely movable jaws of tungsten and copper, which can intercept and absorb the
high-energy photons. Since these collimators can be placed very close to the beam, they
were designed to accommodate, inside each horizontal jaw, a mini-calorimeter consisting
of tungsten absorbers and silicon detectors. These mini-calorimeters are used to measure
the relative luminosity in each experimental point by counting the number of Bhabha
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Figure 1.1: Scheme of the CERN accelerator complex
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events at very small angles to the beam trajectory. In addition, other collimators are lo-
cated far from all the experiments: these define the LEP aperture and remove any beam
halo that might otherwise end up in one of the detectors. The system of collimators has
proved invaluable in LEP and has resulted in low background conditions in the detectors
practically from the first physics run.

Under certain circumstances it is essential that the beams of electrons and positrons
do not collide. In LEP this has been achieved by equipping each of the eight possible
collision points with four electrostatic separators, each of which is 4 m long and produces
a vertical electric field of 2.5 MV/m between the plates, which are separated by 11 cm.
This produces a separation between the bunches of electrons and positrons of more than
40 standard deviations of the vertical beam size. The separators are powered in all eight
possible collision points during injection, accumulation, and energy ramping. Some time
before physics data taking starts the separators in the experimental points are switched
off to allow collisions.

The duration of a typical operation to fill LEP with particles for a physics run is
12 hours. During this time each of the 1012 particles in the beams will have traversed
the complete 26.67 km of the LEP vacuum chamber about 500 million times. In order
to minimise particle losses due to collisions with residual gas molecules, the whole vac-
uum chamber must be pumped down to very low pressures. The achieved static pressure
for LEP is 8 x 10~12 Torr whereas in the presence of beam the pressure rises to about
10~9 Torr. For reasons of reliability the 26.67 km of the LEP vacuum system is subdi-
vided into smaller "vacuum sectors" with a maximum length of 474 m. There are two
independent pumping systems for each of these sectors: a rough system, which provides
pressures down to the 10~4-10~5 Torr range; and the second system needed to provide
and maintain ultrahigh vacuum.

The LEP storage ring is the last accelerator in a chain of five (see Fig. 1.1), each of
which handles the same electrons and positrons generated on every pulse by the electron
gun and the positron converter. The LEP injectors consist of two linear accelerators of
200 MeV and 600 MeV followed by a 600 MeV Electron-Positron Accumulator (EPA),
which injects into the CERN Proton Synchrotron (PS) operating as a 3.5 GeV e+e~
synchrotron. The PS then injects into the CERN Super Proton Synchrotron (SPS), which
operates as a 20 GeV electron-positron injector for LEP. The PS allows acceleration of
electrons and positrons from 600 MeV to 3.5 GeV. The SPS accepts electrons and
positrons from the PS at 3.5 GeV, accelerates them to 20.0 GeV, and finally transfers
them to the LEP collider.

LEP obtained its first circulating beam on 14 July 1989 and performed collisions one
month later, on 13 August 1989. Since then, operation has been a mixture of physics
data taking around the Z° energy (45.6 GeV) and machine studies aimed at performance
improvement, beam energy calibrations, and future upgrades. This first phase (LEP1)
provides excellent data for studies of the Z° properties due to the high luminosity achieved
(up to 24 x 1O30 cm~2s~1) and high cross section of the Z° boson production.

For the second phase (LEP2) the collider has to operate at an energy of about 90 GeV
with an expected luminosity ~ 7 x 1031 cm~2s~1 to produce pairs of W bosons.



CHAPTER 1. THE DELPHI DETECTOR AT LEP

1.2 The DELPHI Detector
DELPHI (DEtector with Lepton, Photon and Hadron Identification) is a general pur-
pose detector for e+e~ physics at LEP on and above the Z°, offering three-dimensional
information on curvature and energy deposition with fine spatial granularity as well as
identification of leptons and hadrons over most of the solid angle. It has been operating
since 1989. Comprehensive review of the performance of the DELPHI could be found
elsewhere ( [2,3]). Here only the short description will be given.

The DELPHI detector is installed in a cavern 100 m below ground. The general
layout is shown in Fig. 1.3. It consists of a cylindrical section (the barrel), covered with
two end-caps.

In the following description, the standard
DELPHI coordinate system will be used (see
Fig. 1.2), with the z axis along the electron
direction, the x axis points towards the centre
of LEP, and the y axis points to zenith. The
polar angle to the z axis is called 8 : 0 < 9 < iz
and the azimuthal angle in the plane perpen-
dicular to the z axis is called <f> : 0 < <f> < 2TT.

A superconducting solenoid provides a
1.23 T solenoidal field of high uniformity par-
allel to the z axis in the volume containing
barrel tracking detectors. Tracking relies on
the Vertex Detector (VD), the Inner Detector
(ID), the Time Projection Chamber (TPC),
the Outer Detector (OD) and forward drift

chambers (FCA and FCB). Electromagnetic showers are measured in the barrel with
high granularity by the High Density Projection Chamber (HPC) in the barrel region and
in the end-caps by the Forward Electromagnetic Calorimeter (FEMC). The smaller polar
angles, essential for detecting electrons and positrons from two-photon processes and for
luminosity measurements, were covered until 1994 by the Small Angle Tagger (SAT) and
the Very Small Angle Tagger (VSAT). Later SAT was replaced with the Small angle Tile
Calorimeter (STIC). In addition, scintillator systems are implemented in the barrel and
forward regions for triggering purposes and in order to achieve complete hermeticity for
high energy photon detection.

The iron return yoke of the magnet is instrumented with limited streamer mode de-
tectors to create the HAdron Calorimeter (HAC) which serves also as filter for muons,
which are identified in two drift chamber layers. In 1994 a layer of Surrounding Muon
Chambers (SMC) was installed outside the end-caps to fill the gap between the barrel
and forward regions.

Charged particle identification is provided mainly by liquid and gas Ring Imaging
Cherenkov Counters (RICH) both in barrel and forward regions.

Figure 1.2: The DELPHI coordinates.
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1.2.1 Performance of the DELPHI detector

Tracking system

The tracking system consists of different sub-detectors which cover different space regions,
have different performance and aims.

The Vertex Detector (VD) consists of three coaxial cylindrical layers of silicon strip
detectors at average radii of 6.3, 9.0 and 10.9 cm. Each layer covers the full azimuthal
angle in 24 sectors with overlaps between adjacent sectors. There are 4 detectors along
the beam direction in each sector. For polar angles of 44° < 9 < 136°, a particle crosses
all three layers of the VD. At the start of 1994, the closer (w.r.t. beam pipe) and outer
layers were equipped with double-sided silicon detectors, having strips orthogonal to each
other on opposite sides of the detector wafer, giving measurements also in the z direction.
The single hit precision of the VD is estimated to 7.6 fim for one layer in R<f> plane and
down to 9 fim along the z coordinate.

The Inner Detector (ID) consists of two main parts. The inner drift chamber of
the ID has a jet-chamber geometry with 24 azimuthal sectors, each providing up to 24
R(f> points per track between radii of 12 and 23 cm. Up to the beginning of 1995, for
polar angles in the range 23° < 9 < 157°, a track crossed a volume of the detector sensed
by a minimum of 10 wires (now the polar angle acceptance changed to 15° < 9 < 165°).
Surrounding the jet-chamber, there were 5 cylindrical multi-wire proportional chambers
(MWPC) layers with sense wires spaced by about 8 mm (192 wires per layer) and with cir-
cular cathode strips giving Rz information. The polar angle coverage was 30° < 9 < 150°.
In 1995 they were replaced with 5 cylindrical layers of straw tube detectors (192 tubes
per layer) measuring R<f> and having the same functionality. The polar angle acceptance
increased to 15° < 9 < 165°. For the old configuration (with which all the data used in
this work have been taken), single wire precision of the parameters of the local track
element are a{R(f>) = 50 fim and <r(<f>) = 1.5 mrad. The two track resolution is about
1 mm. The z precision from a single MWPC layer for an isolated track varies from 0.5
to 1 mm depending on 9.

The Time Projection Chamber (TPC) consists of two end-plates, each of which is
divided into 6 azimuthal sectors, each with 192 sense wires and 16 circular pad rows with
constant spacing. The detector thus provides up to 16 space points per particle trajectory
at radii of 40 to 110 cm between polar angles of 39° < 9 < 141°. At least three pad rows
are crossed down to polar angles of 20° < 9 < 160°. The single point precision is 250 fim
in the i2</> plane and 880 fim in the Rz plane. The two-point resolution is about 1 cm in
both directions. Distortions currently limit the precision on the track elements to about
150 fim in R<j> and about 600 fim in z.

The Outer Detector (OD) consists of 5 layers of drift tubes, operated in the limited
streamer mode, located between radii of 197 and 206 cm. Successive layers are staggered
and adjacent modules of the 24 azimuthal sectors overlap, giving full azimuthal coverage.
Three layers are equipped to read the z coordinate by timing the signals at the ends
of the anode wires. The active length of the detector corresponds to polar angles of
42° < 9 < 138°. The single point precision is cr(R<f>) — 110 fim, the precision in the z
coordinate is cr{z) = 3.5 cm.

The Forward Chamber A (FCA) consists of three modules. They are mounted on
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each end of the TPC at a distance from the interaction point of about 160 cm in \z\.
A module consists of 2 staggered planes of drift tubes, operated in the limited streamer
mode. There is a rotation of 120° between the wire orientations of the modules. The
chamber covers polar angles of 11° < 9 < 32° and 148° < 9 < 169°. The reconstructed
track elements have precisions of o(x) = 290 fim, cr(y) — 240 fim, a{9) = 8.5 mrad, and
<T{4>) averaged over 9 is 24 mrad.

The Forward Chamber B (FCB) is a drift chamber at an average distance of
\z\ = 275 cm from the interaction point. The chamber consists of 12 readout planes, coor-
dinates in each of three directions rotated by 120° being denned by 4 planes. The sensitive
area of the chamber corresponds to polar angles of 11° < 9 < 36° and 144° < 9 < 169°.
The precisions achieved on the parameters of the reconstructed track elements are
cr(x,y) = 150 fim, a{9) = 3.5 mrad and cr(<f>) = 4.0/ sin 9 mrad.

The momentum precision of the tracking system in the barrel region, measured in
Z —• fi+fi~ events, is

<r{l/p) = 0.57 x 10~3 {GeV/c)-1 . (1.1)

For the forward region the momentum precision is

<r(l/p) = 1.31 x 10~3 (GeV/c)-1 . (1.2)

Electromagnetic Calorimetry

The electromagnetic calorimetry system of DELPHI is composed of a barrel calorimeter,
the HPC, a forward calorimeter, the FEMC, and two very forward calorimeters, the STIC
and the VSAT. The latter two are used mainly for luminosity measurement. There is no
gap in angular coverage between the FEMC and the STIC. Supplementary photon taggers
have been installed to cover the gap between the HPC and FEMC at 9 ~ 40° and the 90°
and <f> cracks in the HPC coverage (i.e. between the HPC modules) not already covered
by the TOF, thus establishing complete hermeticity.

The High Density Projection Chamber (HPC) consists of 144 modules arranged
in 6 rings inside the magnetic field. Each ring consists of 24 modules coaxially arranged
around the beam axis with an inner radius of 208 cm and an outer radius of 260 cm.
Each HPC module is a small TPC with layers of high density material in the gas volume.
These layers are made from lead wires which serve not only as converter material, but
provide the drift field as well. The total converter thickness is 18 Xo/ sin 9. In each module
there are 128 pads arranged in 9 rows. In the first row, nearest to the beam-spot, the
pads are 2 cm wide, increasing to 8 cm wide in the last row. The reference point spatial
resolutions achieved using electrons from Z —» e+e~ events are (for 45 GeV electrons)
cr(z) = 0.13 cm in the innermost rings (smallest \z\), 0.22 cm in the middle rings and
0.31 cm in the outer rings. This corresponds to a nearly constant 9 resolution of 0.6 mrad
for 45 GeV electrons. The apparent <f) resolution for electrons is 3.1 mrad. The energy
resolution obtained for 45 GeV electrons is about 6.5%. The linearity of the HPC energy
response is monitored using neutral pions reconstructed with high precision from one
photon converted before the TPC and one photon reconstructed in the HPC . The relative
precision on the measured energy can be parametrized as cr(E)/E — [0.0432 + O.Z22/E}1^2

(E in GeV) and the angular precisions for high energy photons are ±1.7 mrad in the
azimuthal angle <j> and ±1.0 mrad in the polar angle 9.
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The Forward Electromagnetic Calorimeter (FEMC) consists of two arrays of
4532 Cherenkov lead glass blocks; the front faces are placed at \z\ = 284 cm, covering
the polar angles 8° < 9 < 35° and 145° < 9 < 172°. The blocks are truncated pyramids
with inner (outer) face dimensions of 5.0 x 5.0 (5.6 x 5.6) cm2 and depth of 40 cm, cor-
responding to 20 radiation lengthes. The energy resolution for Bhabha electrons used in
calibration is 4.8%. The relative precision on the measured energy can be parametrized
as <r{E)/E ="[(0.03 + 0.12/^E)2 + (0.11/£)2]1/2 where E is in GeV. For neutral showers
of energy larger than 2 GeV, the average precision on the reconstructed hit position in x
and y projected to \z\ = 284 cm is about 0.5 cm.

The Very Small Angle Tagger (VSAT) consists of four rectangular modules placed
symmetrically at z = ±7.7 m around the elliptic beam pipe and fixed to the support of the
superconducting quadrupoles. Each VSAT module contains 12 tungsten absorbers inter-
spaced with 12 silicon planes for energy measurement. The dimension of the calorimeters
are 3 cm along z, 5 cm along y and 24 radiation length (about 10 cm) along z directions.
The angular acceptance of the detector is between 5 and 7 mrad in polar angle and about
50° in azimuth. The energy resolution for Bhabha events is 5%.

The Small Angle Tagger (SAT) was functioning until 1994. It consisted of a pair of
calorimeters which surrounded the beam pipe at ±2300 mm from the interaction point, a
set of precise acceptance masks located in front of one of the calorimeters and a 2-plane
silicone track detector located in front of the calorimeter which is opposite the masks. The
calorimeter, covering polar angles from 43 to 135 mrad, consisted of alternating layers of
lead sheets (0.9 mm thick) and plastic scintillating fibres (0 = 1 mm), aligned parallel to
the beam. The tracker was installed in front of the calorimeter and consisted of 2 planes of
large area silicon detectors at z = 2030, 2160 and 2300 mm with inner radius of 99.5 mm.
The sensitive region extended from 43.3 to 120.3 mrad. The planes were composed of
3 rings of 300 fim thick silicon-strip detectors with 39 radial strips per detector. Each
detector covered a 5° azimuthal sector.

In 1994 the SAT was replaced by the Small angle Tile Calorimeter (STIC). The
STIC is a sampling lead-scintillator calorimeter formed by two cylindrical detectors placed
on either side of the DELPHI interaction region at a distance of 2200 mm, and covers a
wider angular region between 29 and 185 mrad in 9 (from 65 to 420 mm in radius). The
total length of the detector is 27 radiation lengthes. Each STIC arm is divided into 10
rings and 16 sectors, giving an R<j> segmentation of 3 cm x 22.5°. At 45.6 GeV the energy
resolution is aE/E = 2.7%.

Hadron Calorimeter

The Hadron Calorimeter (HAC) is a sampling gas detector installed in the return yoke
of the DELPHI superconducting solenoid. It is described separately in the Chapter 2.

Trigger

The DELPHI trigger system is composed of four successive levels (Tl, T2, T3 and T4)
of increasing selectivity. The first two trigger levels (Tl and T2) are synchronous with
respect to the Beam Cross Over (BCO) signal. Tl is a loose preliminary trigger while T2
triggers the acquisition of the data collected by the front-end electronics. With a typical
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bunch crossing interval of 11 fis, the Tl decision being taken 3.5 fis and T2 - 39 fis after
the BCO. The dead-time introduced is then typically 3%, with 2% due to Tl and 1%
to T2 for a typical readout time of 3 ms per event. The inputs to Tl are supplied by
individual detectors, namely by the fast tracking detectors (ID, OD, FCA and FCB), by
the scintillator arrays in the barrel region (Time Of Flight, TOF) and in the end-caps
(Forward HOdoscope, HOF), by the scintillators embedded in the HPC, by the FEMC
and by the MUB. In T2 these are complemented by signals from the TPC, HPC and MUF
and combinations of signals from different sub-detectors are used.

T3 and T4 are software filters performed asynchronously with respect to the BCO.
T3 halves the background passing T2 by applying the same logic as T2 but using more
detailed information. It was implemented with the aim of maintaining the data logging
rate below 2 Hz. T4 was implemented to reject about half of the background events
remaining after T3.



Chapter 2

HAC Cathode Read-out

2.1 DELPHI Hadron Calorimeter
The DELPHI Hadron Calorimeter (see Appendix A) is an instrument to measure the
energy of hadrons and hadronic jets. It was also expected to be able to distinguish muons
from pions. The HAC is installed in the return yoke of the DELPHI superconducting
solenoid. It is made of the barrel section covering polar angles between 42.6O-137.4°, and
two end-caps between polar angles of 11.2°-48.5° and 131.5°-168.8° (see Fig. 2.1). The
whole Hadron Calorimeter thus covers the solid angle of 11.2° < 9 < 168.8°. The barrel is
constructed of 24 sectors, with 20 layers of limited streamer mode detectors (Iarocci tubes)
inserted into 18 mm slots between the 50 mm iron plates in each sector. The modularity
of the end-caps is similar to the barrel, with a sampling depth of 19 layers. The detectors
are wire chambers which consist of a plastic cathode forming 8 cells of 9 x 9 mm2 with
one anode wire in each. The inner surface of the cathode cells is coated with a poorly
conductive graphite varnish. The 80 fim anode wires are made of copper-beryllium.

The calorimeter contains more than 19 000 limited streamer tubes (8 cm in width, and
varying in length between 40 to 410 cm). They operate stably with relatively low i-butane
content: Ar/CO2/i-butane 10%/60%/30%. The limited streamer tubes are mounted on
copper clad readout boards which are segmented into pads each covering a fixed angular
region of A<f> = 3.75° and A0 = 2.96°. In the barrel part, five pads in the radial direction,
called a tower (see Fig. 2.2), are read out together by the same electronic channel. In part
(about 20%) of the end-cap, a tower is formed by seven pads, in the rest by four pads.
The charge in each tower is integrated during 2 fis and afterwards digitised by an 8-bit
ADC.

Muons produced in Z —> /x+\i~ decays are used for calibration. They have only 2%
contamination from the T+T~ channel and give a clean sample of penetrating particles.
Hadronic showers are also used to set the energy scale. The calibration for hadronic show-
ers is checked using pions from single-prong r decays that penetrate the electromagnetic
calorimeter. In the barrel region (52° < 9 < 128°) the energy precision in the hadron
calorimeter is found to be

a(E)/E = x/0.212 +

(with E expressed in GeV). The fixed term in this expression is due to the material

14
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Figure 2.1: DELPHI Hadron Calorimeter

A0=2 96° Aif=3.75°
R(mJ

Hypertower

Beam pipe r(m)

Figure 2.2: Tower structure of readout for the hadron calorimeter
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located before the hadron calorimeter.
Before 1994 only the pads were read out, as described above. Recently it has been

found possible to use streamer tubes cathodes as strips, providing thus better granularity
and tracking abilities, by reading out the cathode signals of individual tubes. The simul-
taneous anode readout will be ready by the start of the LEP2 operation. It will involve
not the single tube signal read-out, but the whole plane. It will provide fast signal which
can be included in a trigger.

2.2 Cathode Read-out

The new cathode read-out system (Appendix B) is independent of the pad readout and
improves the granularity in <f> by a factor of 3 and in R by a factor of 5. It leads also to
an improved energy resolution, better muon identification, a better pion/muon separa-
tion, improved detection of neutral long-lived particles, enhanced discrimination between
neighboring showers and more precise hadron energy measurement. An example of the
Ki candidate seen in cathode read-out is shown in Fig. 2.7.

Due to the high resistivity of the cathode, the shape and the amplitude of the pulse
is not really informative, thus only a 'yes/no' information being extracted.

2.2.1 Geometry

Hadron Calorimeter consists of four basic components: EA [End-cap A), BA (Barrel A),
BC (Barrel C) and EC (End-cap C). With respect to the DELPHI coordinate system,
EA and BA have the positive z coordinate (90° < 9 < 180°), while BC and EC - negative
(0° < 9 < 90°).

Each of the components of the Hadron Calorimeter (EA, BA, BC and EC), consists
of 24 modules (thus there are total of 96 modules). Further the following numbering
conventions for modules will be used :

EA
1
2
3
4
5
6
7
8
9
10
11
12
13
14

7Vmodule

BA
25
26
27
28
29
30
31
32
33
34
35
36
37
38

BC
60
59
58
57
56
55
54
53
52
51
50
49
72
71

EC
84
83
82
81
80
79
78
77
76
75
74
73
96
95

0°
15
30
45
60
75
90°
105
120
135
150
165
180
195

Location
< <p < 15°

a < <p < 30°
0 < <p < 45°
0 < <p < 60°
5 < ^ < 75°
D < <p < 90°
< <p < 105°

3 < <p< 120°
3 < <p < 135°
5 < <p < 150°
3 < <p < 165°
5 < <p < 180°
5 < ip < 195°
5 < ip < 210°
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15
16
17
18
19
20
21
22
23
24

39
40
41
42
43
44
45
46
47
48

70
69
68
67
66
65
64
63
62
61

94
93
92
91
90
89
88
87
86
85

210°
225°
240°
255°
270°
285°
300°
315°
330°
345°

< tp <

< ip <

< <p <
< y> <
< ip <

< w <

<C ip <

< l-p <

< <p <

C 225°
; 240°
; 255°
;270°
C285°
;300°
;315°
; 330°
c 345°
;360°

Thus the angular size of a module is about fa 15°.
In what follows, only the barrel part of the HAC will be considered. In the barrel each

module is built of 20 planes of limited streamer mode tubes (planes are interlaced with
iron layers, between planes JV° 18 and 19 there is a gap for muon chambers). Number of
tubes in a plane varies form 9 in the first plane (closest to the beam axis) up to 13 in the
very last plane :

plane N°
number
of tubes

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

9 9 9 10 10 10 10 10 11 11 11 11 12 12 12 12 12 12 13 13

In total one module of the barrel part of HAC amounts 219 tubes.
Since all tubes are of the same width (~ 8.5 cm), gaps between them are inevitable.

Each plane contains one gap of different size. Tubes are arranged in such a way that the
probability of a track crossing more than one gap is as low as possible. The length of
tubes is different and varies about the value of 350 cm in the barrel part, whereas edges
of tubes adjoining end-caps have coordinates of z = ±352.9 cm. In the middle part of
the detector (i.e. z ?a 0 cm), in the barrel side "A" edges of tubes in odd planes have
coordinates z « 0 cm, whilst in even planes - z fa 10 cm, in order to prevent dead spaces
in the middle part of the detector (see Fig. 2.3).

I
END PLUGS READ-OUT

BOARD •

LST LST

V/////////////////////^^
I

Figure 2.3: Layout of Limited Streamer mode Tubes (LST) in the middle part of the
DELPHI detector
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BA

BC

Crate
1
2
3
4
5
6
7
8
9
10
11
12

Modules
JV°1
30
26
46
42
38
34
55
59
63
67
71
51

N°2
29
25
45
41
37
33
56
60
64
68
72
52

N°3
28
48
44
40
36
32
57
61
65
69
49
53

N°4
27
47
43
39
35
31
58
62
66
70
50
54

Table 2.2: Crate numbering scheme.

2.2.2 Data acquisition
The signal being read out from each tube cathode. Due to the high cathode resistivity,
this signal bears only "yes/no" information. Thus it is only one bit per tube that gives
the comprehensive event picture.

Signals from each modules being read out by means of four Input Cards (IC) (see
Fig. 2.4) : first card reads and transfers information from planes 1 -f- 6, second - 7 -r- 11,
third - 12 -=- 15 and fourth - 16 -j- 20. Every IC transmits 64 bits of information, total of
4 x 64 = 256 : more then enough for 219 tubes.

Every four modules are joined to one crate. By the time of writing, crates were
numbered only in the barrel part - six crates for each BA and BC. Inside a crate modules
have the local numeration scheme from 1 to 4. Correspondence between the local and
global numerations is shown in the Table 2.2.

Information from each IC arrives in two Input Pages (IP). IP's are separated in time
and each contains 32 bits. This information being received by the four ports of Octopus
input/output fastbus card [5] in 8 bits per port. Empty IP's (those without "yes" bits)
are suppressed, thus number of IP's transmitted from one module is usually less than
eight (8 = 4 IC x 2 pages). Every crate finishes the transmission with control and status
words.

Thus the decoding procedure have the following steps :

1. Split data words sample into 4 groups according to Octopus's port number.

2. It is known that data being transmitted in order with number of crate increasing
(1 -r-12), inside a crate - with number of module increasing (1 -=-4, see also Tab. 2.2),
and inside a module - with number of IC increasing (1 -h 4). They are split in four
parts since there are four input ports. Thus it's necessary to regroup data in words
of 4 x 8 = 32 bits. Meanwhile it should be taken into account that the highest
bit comes to a port first, and of all ports the one with lowest number gets the
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Plane 20
19
18
17
16
15
14
13
12
11
10
9
8

7
6

5
4
3
2
1 4

8

8

8
8

10

10

8

8

8

Port 0 - PO

11

11

io
10

10

id
10

J2

Jl

J2

Jl

IC4

IC3

IC2

IC1

Port 0 - PI

Port 1 - PI

Port 1 - PO

Figure 2.4: One module information read-out scheme
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information first. Therefore in order to reconstruct the first IP of information, one
should construct a 32-bit word according to the following scheme : lowest 8 bits are
highest 8 bits from the port N° 1, next 8 bits - highest from the port iV° 2 and so
on. To reconstruct the second IP one should combine in the same order lowest 8
bits from each port.

3. The oHained array of 32-bit words (each of them represents one IP, or half of IC)
is split by control and status words to groups by number of crates. Per each crate
there are two control words which contain, for example, crate number information
(it is written explicitly in four lowest bits of both words), and also one 64-bit status
word, split in two 32-bit parts. Thus the next step of decoding is to find out such
groups of control words and to define a crate number and status information. Status
information is written in 32 bits of the status word and consists of one bit per IP :
2 IPx4 ICx4 modules = 32. Those of status bits switched to "yes" position point
out IP's with non-zero information (otherwise IP is suppressed and no information
being received from it).

4. For the final decoding stage the table showing the correspondence between a tube
number and a bit in an IP is needed. In other words, it is a table of 32 x 8 = 256
entries (some of them are empty, for there are only 219 tubes per module). As a
result one can obtain a comprehensive picture of hit in an event tubes : module
position, plane position and the position of a tube in a plane.

2.2.3 Preliminary analysis

It is possible to get an important information about the detector performance already on
the decoding stage. The simplest but the most important one is the information about
tubes occupancy. Filling the histogram with counts in every tube in every layer (Fig. 2.5),
one can get a plot which allows to monitor switched-off, malfunctioning or noisy tubes.
White rectangles at Fig. 2.5 show switched-off tubes and planes, while black rectangles
indicate noisy tubes. Occupancy plot can serve as the first check of the reliability of the
decoding procedure, since positions of switched off planes can also be defined with other
monitoring methods and a match can be made. Moreover, knowledge of tubes occupancy
is very important during the electronics threshold tuning.

Another important information is the efficiency of streamer tubes. For every track the
minimal number of traversed planes is known (the last hit layer), and the ratio of hit tubes
number to this maximal possible number gives the estimation of internal efficiency of the
detector. The most interesting figure is dependence of such an efficiency on the polar
angle 6 of a track (it could be defined using the general hadron calorimeter information).
Since for tracks with 8 ~ 90° the drift time of a signal is considerably big (the signal
being read out from the opposite edges), and also because there are significant gaps in
that angular zone, one must expect quite a strong decrease in efficiency for such a values
of 9 (see Fig. 2.6).
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Mod.5 Mod.6 Mod.7 Mod.8

Barrel A

Mod. 17 Mod. 18 Mod. 19 Mod.20
Barrel C

Figure 2.5: Tubes occupation chart. For each module, integrated number of hits in every
tube is shown.

2.2.4 Results presentation

As it was noted before, using the detector database it is possible to define coordinates of
every hit in an event streamer tube. For considerably good definition of a coordinate it
is enough to know the space coordinates of the module, the radii of every plane, number
of tubes per plane and also the gaps (dead zones) positions. The simplicity of the pre-
sentation stems mainly from the two-dimensional picture of the Cathode Read-out event
with two coordinates being radius R of a plane and azimuthal angle of a tube 4>. The
natural way is to plot the picture in those polar coordinates. Such a possibility exists in
almost every graphical package, including HIGZ [6] and its realisation in PAW [7]. Using
the PAW, first pictures of the Cathode Read-out events were plotted, see for example
Fig. 2.7.
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25 30

Pad number along 8

Figure 2.6: EfRciency as function of the HAC pad number (along 0)

Figure 2.7: Example of a K^ candidate decay seen in Cathode Read-out of the DELPHI
Hadron Calorimeter.



Chapter 3

0QCD and Hadronic Z-Decays

The modern understanding of the structure of matter is heavily based on the high energy
physics experimental results. After observing in the late 1960's scaling in deep inelastic
electron scattering experiments at SLAC, the idea of strong interacting partons arose.
Further, processes like e+e~ annihilation into hadrons and inclusive high px hadron pro-
duction in hadron-hadron collisions confirmed early phenomenological parton models [8].

The partons matched very well with the simultaneously developed theory of quarks,
which are the building blocks of mesons and baryons. With introduction of the concept
of colour as an additional quark quantum number, analogical to an electric charge in
electromagnetic interactions, in 1970s the theory of Quantum Chromodynamics (QCD)
was formulated in analogy to Quantum Electrodynamics (QED) as a gauge theory which
describes strong interactions between quarks via exchange of massless bosons, the gluons.
Since the colour charge is assigned to every quark, gluons must themselves be coloured;
they are in fact bicoloured objects. For three different colours there are eight different
gluons instead of a single photon in QED. Since the gluons themselves carry a colour
charge, they can directly interact with other gluons.

The theory of QCD considers three basic vertices (see Fig. 3.1) : a quark-gluon vertex
(a), a three-gluon vertex (b) and a four-gluon vertex (c). While the quark-gluon coupling
is similar to an electron-photon coupling in QED, three- and four-gluon couplings are

a) b) c)

g g

0 6 4 6 6 8 6 6 S

Figure 3.1: Fundamental QCD couplings: a) quark-(antiquark-)gluon vertex, b) three-
gluon vertex, c) four-gluon vertex.

23
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Figure 3.2: Different a, measurements compared to the QCD prediction based on the
averaged value of a,(Mz) = 0.117 ± 0.005.

specific for QCD and reflect its non-Abelian structure. Analogously to QED, all these
couplings are described with the coupling constant of the strong interaction, a,. More
precisely, a, is not a constant, but depends on the energy transfer scale, Q2, being called
therefore the "running constant". Taking into account only fundamental couplings, the
running of a, can be expressed by the formula :

<*.((?) =
12TT

(33 -
(3.1)

were nf is the number of quark flavours, involved in the interaction, and A is the QCD
scale, which sets a boundary between the quasi-free partons and hadrons. At short dis-
tances, or large Q2, the strong coupling constant is sufficiently small to treat quarks and
gluons as almost free particles. This is known as the "asymptotic freedom" behaviour. At
large distances, or at Q2 —> 0, as diverges, which is the consequence of the anti-screening
of the bare QCD charges, produced by the vacuum polarisation effects. In the framework
of QCD, this is the reason why quarks can not be observed as free particles, but always
have to confine inside hadrons. The running of the cts(Q) is illustrated in Fig. 3.2 by
comparing measurements of the strong coupling constant at different energies.

In high energy processes involving a large momentum transfer, one can factorise the
process in two basic stages. First stage involves only hard interactions and is calculable
using perturbaiive QCD [9]. Second stage includes quark confinement and requires de-
tailed nonperturbative information as to how hadrons are built out of quarks and gluons.
The parts of hard processes involving nonperturbative physics are not energy dependent
and can be used in one process after having been measured in another one.
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The aim of perturbative QCD is to describe quantitatively the structure of multipar-
tonic systems produced by QCD cascades in order to gain a knowledge about confinement
from comparing the calculable characteristics on quark-gluon level with measurable quan-
tities of final hadronic states in hard processes.

Electron-positron annihilation at high energy is the simplest and most fundamental
deep inelastic_process. The Z° boson produced in e+e~ annihilation is not only an ideal
laboratory to study electroweak interactions, but it also permits precision measurements
of strong interactions by studying QCD corrections to the well defined initial state of a
Z° decaying into a quark-antiquark pair. Perturbative QCD predicts corrections which
evolve as l/ln(Q) whereas non-perturbative effects are expected to scale with l/Q. Thus
the LEP centre-of-mass energy of 91.2 GeV allows indeed precise tests of perturbative
QCD. Moreover, e+e~ annihilation is a "clean" process in the sense that leptons (rather
than hadrons, which are complex structures made of partons) appear in the initial state.
This makes it easier to interpret the data both from experimental and theoretical points
of view. The initial state is perfectly known, and there are a number of quantities which
do not depend on details of formation of the final state hadrons. These quantities, e.g.
the total cross section or various jet related correlations, can be calculated in QCD as
a function of a single parameter A. Because of this, the various QCD tests at electron-
positron colliders can be regarded as experiments for the determination of a,.

However, tests of QCD are connected with certain complications. In QED, the inter-
actions are so weak that the perturbation theory is almost always reliable. Fields in this
theory are at the same time observable particles, like leptons. QCD, on the contrary, is
the theory of invisible partons, which exist in the real world only as the components of
hadrons. That means that the direct observations of subjects of the theory is impossible.
Moreover, perturbative methods can only be applied in the region, where the asymptotic
freedom can be reached. Therefore, the hadronic final state can not be accurately pre-
dicted by perturbative QCD. Distributions in infrared safe variables can be calculated
as a power expansion in the strong coupling constant, but for every particular case a
different appropriate technique must be applied to avoid possible divergence. Another
complication is that in many cases it is impossible to calculate physical quantities in the
necessary order of the perturbative expansion, required to meet experimental accuracy.
Power expansions in strong coupling constant are often known only to leading orders,
which presumes that contribution from higher order terms is negligible. However, this is
not always true, which means that the experimental data, that contain contributions of
all orders, might not be adequately described by the theory.

3.1 Parton Fragmentation Phenomenology

The basic scenario of a hadronic Z° decay is depicted on Fig. 3.3. The common approach
is to divide the whole process into four stages:

1. On the first stage, electron and positron annihilate to a virtual photon 7* or Z°
boson. Electron or positron can emit a photon before the annihilation (so called ini-
tial state radiation), thus reducing effective centre-of-mass energy Q and producing
a virtual photon or an off-shell Z° boson in the annihilation. The resulting virtual



26 CHAPTER 3. QCD AND HADRONIC Z°-DECAYS

electro-weak CKoc.2) Leading-Log Q C D

Figure 3.3: Scieme of the e+e annihilation process.

boson produces primary quark-antiquark pair: e+e"
by the electroweak theory.

qq. This stage is described

2. On the second stage, the primary partons radiates gluons, which can decay in quarks
or gluons themselves, producing thus multi-parton cascades or showers. To describe
this phase, the perturbation theory must be used. Period of shower development
is characterised by scales t such that Q2 > t > t0. The showering cutoff scale, t0,
should be much greater than the QCD scale A2 and should satisfy the requirement
that a perturbative description of this stage remains appropriate down to this scale.

3. During the third stage, partons with virtual mass-squares of the order of t0 do frag-
ment in observable hadrons. This process is not perturbatively calculable, therefore
phenomenological models are used to describe this phase. As long as this stage of
the process involves only small momentum transfers, presumably of a magnitude
set by the QCD scale A ~ 250 MeV, the power corrections to observed quantities
are expected to be determined by the two earlier stages of shower development.

4. On the last stage, nonstable resonances do decay in observable particles. This is
where detectors being applied to register all possible particles and to reconstruct
the primary process.

3.1.1 Parton Showers

The second stage of the Z° hadronic decay, namely, the development of the partonic cas-
cade, can in principle be described consistently in the framework of the perturbative QCD.
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However, full matrix element calculations become very complicated when it comes to high
parton multiplicities. Therefore, the probabilistic parton shower approach is a convenient
way to describe the evolution of the event. Within this approach, the evolution from two
initial quarks to the higher parton multiplicities is described as consecutive branchings of
the kinds q —> qg, g —=* gg and g —• qq~. Calculations of respective probabilities are usu-
ally performedjn the Leading Logarithms Approximation (LLA), where only the leading
terms in the perturbative expansion are kept. Higher order terms are usually taken into
account as corrections, but mostly they are neglected, which proved so far to be a good
approximation. The probability Va^bc that the branching of a kind a —> he will occur
during a small change of the evolution parameter t = ln(Qlvoi/A

2) (Qlvoi
 1S the evolution

scale) is given by the DGLAP l evolution equations [10] :

(3.2)
dt

where Pa->bc are the splitting kernels (assuming that the particle b takes fraction z of the
four-momentum of a) :

99 = Cf" J _

(33)

Pg^q-q = TR(z> + (1 - zf) ,
(3-4)

where Nc = 3 is the number of colours, colour factor CF = (NQ — l)/2Nc = 4/3 and
TR = nf/2 with rif being the effective number of quark flavours. The actual probability
that a branching took place, is the multiplication of Eq. (3.2) and the probability that
the branching has not already happened,

( *max \

- J dt'*—^1 1 . (3-5)

where tmax is the maximal allowed value of the evolution parameter t for parton a. Every
parton produced in such a branching is allowed to branch in turn, unless the t is below
certain tmin value.

Theoretical studies of corrections beyond LLA provide important contributions to
phenomenological models. The most significant effects come from intrajet and interjet
coherence [9] phenomenons.

Intrajet coherence manifests itself in the effect of the angular ordering of soft gluons
emission. Presumably, the soft gluon in the reaction like qo —> qg has such a big transverse
wavelength, that it can not distinguish, whether it was emitted by the original quark g0,
or by the qg system. This implies the restriction on the emission angle of the gluons,

1 DGLAP stands for Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
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emitted by the qg system in such a way, that these angles decrease in every consecutive
branching. This leads to non-isotropic angular emission probabilities.

Interjet coherence deals with the angular structure of soft particle flows when three or
more energetic partons are involved in a hard process. Here the particle angular distri-
butions depend on the geometry and colour topology of the whole jet ensemble. It also
implies requirement of proper azimuthal angles of branchings to be properly distributed.
It is also one of the reasons why the jet definition at high energies is to great extent
artificial.

Shower algorithms are implemented in many particle generators [11], and differ mainly
in the interpretation of the evolution variables and scales, methods of inclusion of the
angular ordering and other higher order effects and corrections.

3.1.2 Fragmentation and Particle Generators

The fragmentation process is so far a weak chain in the theory of QCD. It is not calculable
in its framework" (see Section 3.1), thus only phenomenological models can be used to
reproduce the experimental data and possibly to predict as much as possible properties.
As was mentioned above, existing particle generators do not differ strongly in the part of
the partonic cascade development, but they are significantly different when it comes to
the fragmentation models.

During the last decade, four distinguishable approaches arose. One is the hypothesis
of local parton-hadron duality (LPHD) [9], which presumes that spectra of final state
hadrons follow those of partons before hadronization, differing in some parameters, like
normalization. This allows to use perturbative calculations for the partonic level to predict
hadronic shapes. However, LPHD does not provide prescriptions for every fragmentation
aspects, although it proved to be useful for some observables.

Other approaches, embedded in particle generators, are all of iterative and proba-
bilistic nature, being based on few kinds of branchings, during each of them energy and
momentum is shared between the products according to a given probability. Different
flavour production is also based on the probabilities, since there are no QCD recipes for
this matter. Here a short overview of the independent fragmentation and the cluster frag-
mentation models will be given, while the string fragmentation model will be described
in more details, since it proved to be the most suitable for the LEP1 energies.

The independent fragmentation model (implemented, for example, in the COJETS [12]
generator) is the simplest scheme for generating hadron distributions from those of par-
tons. Each hadron is supposed to be produced independently. For each fragmenting
quark, the counterpart is taken from a quark-antiquark pair, which is produced out of the
vacuum. This procedure creates a meson with certain energy fraction z of the fragment-
ing quark. The leftover quark is allowed to fragment in the same way, until remaining
energy comes to a predefined cutoff. Energy fraction z is distributed according to what
is known as a fragmentation function. For gluon fragmentation, gluons are first split into
a quark-antiquark pair, and then fragmentation continues in a standard way. Relative
transverse momenta of the created qq pairs are given a Gaussian distribution. The width
of this distribution is the parameter of the independent fragmentation model, along with
ratios of quark flavours creation and vector to pseudoscalar meson production. Hence, the
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model has very few parameters, which is rather suitable, and it gives a satisfactory de-
scription of features of two-jet and three-jet final states in electron-positron annihilation
at lower than LEP1 energies. However, the independent fragmentation scenario needs
many corrections, which arise from the presumption that the fragmenting parton always
remains on mass shell. Also, it needs special procedure to neutralise the residual colour
and flavour of_the leftover parton. Yet another problem appears for the case of the very
close jets : since each of them fragments independently, there will be no interference even
between two absolutely collinear jets.

The cluster model, embedded in the popular HERWIG [13] generator, is based on
the phenomenon of the preconfinement of colour, which is the property of the parton
showering process. This implies that the pairs of colour-connected neighbouring partons
have asymptotically Q2-independent universal mass distribution, that falls rapidly at high
masses. Therefore, it is straightforward to develop a cluster hadronization model, in
which the perturbative phase of the jet development comes to the number of colour-
singlet clusters, that decay into the observed hadrons. The simplest way to form such
clusters is through' non-perturbative splitting of gluons into quark-antiqu ark pairs. The
mass distribution of clusters formed through such a splitting is also universal, and its
form is determined by the QCD scale A, the parton shower cutoff and by the gluon-
splitting mechanism. For the cutoff values of about 1 GeV2, clusters can be treated
as superpositions of meson resonances. Each such cluster usually is allowed to decay
isotropically into a pair of hadrons. The angular distribution in e+e~ three-jet events is
successfully described, provided soft gluon coherence is taken into account on the level
of the parton shower development by implementing the angular ordering of successive
branchings.

The string model [14], implemented in the JETSET [15] generator of the e+e~ anni-
hilation events, is based on the lattice QCD studies, that suggest that the three-gluon
coupling forces the colour flux lines, stretched between quark and antiquark, not to spread
out as for the case of the electromagnetic field, but to be constrained to a comparatively
thin tube-like region. Transverse dimensions of a tube are of typical hadronic sizes, about
1 fm. The colour field assumed to be uniform between two back-to-back quarks, in the
sense that the amount of energy per length unit, K, is constant, and also there are no
concentrations of energy, transverse momentum or angular momentum along the field.
This is a linear confinement picture, i.e., the energy stored in the colour field between
a charge and an anticharge increases linearly with the separation between charges. The
most suitable way of describing this linear confinement, is to use the dynamics of a mass-
less relativistic string with « being a string constant. Experimental measurements give
the value of K « 1 GeV/fm « 0.2 GeV2.

As the quark and antiquark move apart, the potential energy in the string increases,
leading to string breakups, which produce new quark-antiquark pair. The system conse-
quently splits into two new strings, and if invariant mass of any is large enough, further
breaks may occur. The process of string-breakings stops when only hadrons (mesons, for
that matter) on their mass shell remain.

The important feature of the Lund string model is the mechanism of the quark-
antiquark pairs creations at the string break-ups. In order to generate such pairs, the
model invokes the idea of quantum mechanical tunneling. In terms of the transverse mass
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— \Jrn2 + pT of the produced quark, the probability of the pair to appear is given by

T^Vfln
expl-^-\ =expl-^\exp\-^-\ . (3.6)

The factorization of the px and m terms leads to the flavour-independent Gaussian spec-
trum for the" transverse momentum of produced quark-antiquark pairs. Since quark and
antiquark are produced with the opposite transverse momenta, the transverse excitations
are locally compensated. The transverse mass of the final state hadron is made up out of
pr's of contributing quarks.

The formula (3.6) also implies a suppression of heavy quarks production. However, the
suppression of the strangeness production is a free parameter of this model. Another free
parameter is the ratio of pseudoscalar and vector mesons, to which neighbouring quarks
and antiquarks are combined.

Gluon emission in the qq~ event is described as a kink on the string : the string is
stretched between quark and antiquark via the gluon, thus the latter has two string pieces
attached. The details become more complicated, but no new fragmentation parameters
have to be introduced.

There are no special requirements on where to start the description of a string breaking.
A fragmentation process described in terms of starting at the q end of the system and
fragmenting towards the q should be equivalent to that described other way around. This
constrains the allowed shape of fragmentation functions to the form of

f(z) ex -(1 - z)aexp(-bmT/z) , (3.7)

where z is the fraction of the total light cone momentum, E -\- PL, taken by a hadron.
Parameters a and b are free and can be tuned to the experimental data.

An area which is not very well described by the string model is the baryon production.
It can be described with the similar tunneling mechanism, allowing diquark-antidiquark
pairs production at the string breaks. In this process, baryon and antibaryon ought to be
produced close to each other, and share at least two quark flavours. Another mechanism is
so-called "popcorn" production of quark-antiquark pairs, where the additional possibility
of meson production between a baryon and antibaryon exists.

The Lund string model agrees very well with most of the LEP results, thus making
JETSET the basic particle generator used by the LEP experiments, DELPHI in particular.
However, this model has far too many free parameters, allowing, on the one hand, a fine
tuning of the generator, but limiting, on the other hand, the predictive capacity of the
model.

3.2 Fragmentation Functions

Studies of the processes with one hadron observed in the final state (so called inclusive
processes) provide data for QCD tests. A schematic view of the inclusive one-hadron
e+e" annihilation is shown on Fig. 3.4. Measuring properties of every single outgoing
hadron, such as fractional momentum or azimuthal angle, one can obtain differential
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Figure 3.4: Scheme of the inclusive ha.droproduction in e+e annihilation process. Prop-
erties of a hadron h are measured independently on remaining particles.

cross sections of the process, which are strictly connected to the fragmentation functions.
Fragmentation functions do reflect the processes of quarks confinement into hadrons. The
formalism used to derive these functions is analogous to that used to describe the quark
distribution inside hadrons, or structure functions.

In the simplest case, Z° boson decays to quark q and antiquark q. Both q and q
materialise in two back-to-back jets of hadrons, which can be registered by a detector.
Measuring the fractional momentum of every hadron h, xp = Ph/pq, where pn is the
momentum of a hadron and pq is the momentum of the quark, which can be replaced
in the case of electron-positron colliders, like LEP, by the energy of the electron beam,

one can write down the corresponding differential cross section as

Here ah is the cross section of the inclusive hadroproduction process e+e" —> hX, aq is the
cross section of the process e+e~ —• qqr and D^-Jxp) are fragmentation functions, which
describe the transition of the quark, q, or antiquark, g, to hadron in the same way that
the structure functions describe how the hadron is built up of partons. They represent
the probability that the hadron h is found in the quark (antiquark) jet carrying a fraction
xp of its momentum. The summation goes over all possible quark flavours. The physical
meaning of the fragmentation functions implies

dxpxpD
h(xp) = 1 , (3.9)

which stems basically from the energy conservation law. Important feature of the frag-
mentation function is, that the integration of their sum gives the average multiplicity
of hadrons of type h:

£ Iz = {nh) . (3.10)

The total hadronic cross section is connected to the well-known cross section of the
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reaction e+e~ —> fi+^i~:

(Ttot = Y, a" = £ 3e^0 , (3.11)
<?

where eg is the fractional charge of a quark and a0 is the point-like cross section for
e+e~

The factor 3 in eq. (3.11) is from colour and the index q runs over the various flavors
of quarks. The ratio of the differential cross section (3.8) and the total hadronic cross
section, crtot, is an important function which is predicted to scale within the naive parton
model :

Experimentally, the sum of F(xp) = ^2 Fh(xp) over all hadrons is measured. Frag-
h

mentation functions F(xp,Q) for charged only hadrons measured by the TASSO [16]
(Q = 14 GeV,22 GeV,35 GeV,AA GeV) and the DELPHI (Q = 91 GeV) experiments are
shown on Fig. 3.5. Equation (3.13) suggests that, in spite of both atot and dah/dxp being
dependent on the annihilation energy Q, their ratio, Fh(xp), is independent on Q. The
scaling of fragmentation functions, however, is not perfect, as can be seen from Fig. 3.5.
Gluon emission from quark or antiquark introduces scaling violation, making F(xp) de-
pendent on Q2 in such way, that F(xp,Q) increases at small xp with increasing values
of Q, but decreases at xp PS 1. Production of heavy quarks also contributes to scaling
violation in the region of xp < 0.2.

From the point of view of perturbative QCD calculations, radiation of gluons intro-
duces corrections at higher orders of the strong coupling constant, as (Fig. 3.6 shows
several examples of processes, contributing to QCD calculations at different orders of
a,). The phenomenon of scaling violation is predictable in the framework of perturbative
QCD, and this is one of the main successes of the theory. The evolution of fragmen-
tation functions is described by the DGLAP evolution equations [10] with the a, being
the parameter. Thus studies of the scaling violation can be regarded as experiments of
extracting the value of the strong coupling constant, usually to the order of O{a2

a).
QCD predicts scaling violation in fragmentation functions of all partons, quarks and

gluons. To test these predictions, a special technique which allows to distinguish between
quark and gluon fragmentation functions, has been developed. In QCD calculations, it
is convenient to split fragmentation functions into orthogonal components. In the paper
[17], the definition of fragmentation functions in terms of the transverse and longitudinal
cross sections in one-hadron inclusive electron-positron annihilation has been introduced.
This definition is particularly convenient because it automatically preserves the energy-
momentum sum rule for fragmentation functions. For the e+e~ annihilation into an
off-shell virtual boson of a spin 1, with unpolarised beams, the inclusive hadronic cross
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Figure 3.5: Normalized differential charged hadrons cross sections as measured by the
TASSO and DELPHI experiments at different center-of-mass energies.
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Figure 3.6: Feynman diagrams representing processes at different orders of the strong
coupling constant, a3.

section in angle and energy can be written as

d2ah _ 3
dxp dcos 6 8 dxp

3

4 dxp
(3.14)

where 9 is the angle of the outgoing hadron h with respect to the beam axis, and dcrj-/dxp,
da^/dxp are the transverse and longitudinal components of the differential cross section,
respectively. Evidently, after integration over the full angular range, one obtains

da>>
dXr,

d<j\

dxp dxp
(3.15)

In the naive parton model (a , —»• 0), the longitudinal component of the differential
cross section equals to zero,

dxr

= 0 and (3.16)

Proceeding beyond the zeroth order in a4, corrections of order O(a,) give rise to nonzero
contributions to da^/dxp (see [17,18]):

dxn ^ T J
dz

T

2nh fXp

*D° \T )

(3.17)
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Being proportional to a,, the longitudinal component dcr^/dxp is connected by definition
to the scaling violation effects, which are the main subject of QCD studies.

In formula (3.17), D^ appears to describe the gluon fragmentation function, since cor-
rections of order O(a,) arise with gluon emission (see Tab. 3.6). From now on gluon frag-
mentation function enters, analogously with quark and antiquark fragmentation functions,
into equationsjike (3-8)^(3.10) and (3.13). The knowledge of the longitudinal component
of the differential cross section gives therefore a possibility to extract the gluon fragmenta-
tion function, and the transverse component can be considered as a quark fragmentation
function.

More generally, expression (3.17) can be written for all components of the fragmenta-
tion function as

where P = T,L; the sum on i runs over all types of partons (quarks, antiquarks and
gluons), and Cpti are coefficient functions calculable in perturbative theory (they enter
eq. (3.17) explicitly). This equation, together with eq. (3.9) implies that the corresponding
contributions to the total cross section are

Important consequence of eq. (3.17) and eq. (3.19) is the fact that the integrated
longitudinal cross section can be given as:

(3.20)

while, on the other hand, the total cross section of the electron-positron annihilation into
hadrons is well-defined in the massless theory and is given by [17]

• (3.21)

Hence the whole correction to atot in order O(as) can be ascribed to the longitudinal
component of the differential cross section. Performing O(as) calculations, the value of
the strong coupling constant can be estimated to this order using the transverse and
longitudinal components of the charged hadron cross section as [21]

a, = 7T— . (3.22)

At high center-of-mass energies corrections in high orders a, become significant, there-
fore analysis of the longitudinal component of the differential inclusive hadron cross section
provides important precision test of QCD. A number of collaborations [19,20] performed
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studies of this subject at energies, lower than Z° peak, and it was shown that the longi-
tudinal component of the differential cross section is non-zero in the region of xp < 0.2
and vanishes at big xp. It was also shown [20] that the contribution of the daL/dxp in-
creases with Q of the e+e~ annihilation increasing. The present work is aimed at studies
of the dai/dxp and corresponding QCD tests at the LEP energies, using the DELPHI
experiment _data.

3.3 Experimental tests of QCD

In order to extract longitudinal and transverse contribution to the differential cross sec-
tions experimentally, the formula (3.14) has to be rewritten, taking into account also
the asymmetric contribution, normalising by the total hadronic cross section and making
summation over all hadrons, as follows:

1 d2a 3. - . 1 daT 3 - „ 1 daL 3 „ 1 daA

(1 + s $ ) ^ + 8"1 9 ± + cose^ • (3-23)Xp acos u o <rtot axp 4 P p

Following reference [21], transverse and longitudinal components of the fragmentation
function are defined as

JP _ 1 d(TT _ 1 daL _ 1 daAFT = — , *L = j — , rA = — . (3.24)
<rtot axp atot dzP C dx

There are different ways of extracting components of the fragmentation function from
the measured double-differential hadronic cross section, as stems from eq. (3.23) :

(I) In the case of low statistics, the most acceptable method is to rewrite eq. (3.23),
neglecting the asymmetric contribution, in the form

2 0 , (3.25)
dxp dcos B

where A is defined as follows:

FT 2FL
A = FTm • (3-26)

Fit of the experimentally obtained distributions to the formula (3.25) with A being
a free parameter was performed by the TASSO collaboration [20] at the center-
of-mass energies of 14, 22, 35 and 44 GeV, and by the DELPHI experiment (see
Appendix C) at Q = 91.2 GeV.

(II) Another method is to fit the experimental distribution directly to the form (3.23),
treating FT, FL and FA as free parameters. This analysis was done by the OPAL [23]
and ALEPH [24] collaborations at LEP.

(Ill) For the case of high statistics and in order to estimate statistical errors on extracted
components of fragmentation functions properly, the weighting method has to be
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used. It bases on the fact of the orthogonality of the FT, FL and FA- This means that
every component enters the differential cross section with an appropriate weighting
functions [21] :

+»
FP = [wP(cos6,v) [— d]a | dcosO , (3.27)

~" ' ~ J [atotdxpdcos9\
—v

where P = T,L or A and weighting functions Wp are :

WT{cos 6, v) = [5 cos2 0(3 - v2) - v2(5 - Zv2)]/2v5 ,

WL(cos6,v) = [v2(5-f 3v 2 ) -5cos 2 0(3 + -y2)]/4t;5 , (3.28)
WA(cos9,v) = 2cos0/v3 .

The variable v = cos 6max delimits the cosine of the angular range used in the
analysis. The- necessity in introducing this delimiter is caused by the fact that the
detectors do not provide the full angular range acceptance, requiring thus appropri-
ate compensations.

Following the energy conservation, the inclusive cross section satisfies the sum rule

\l dxp dcos 9 xp = o~xoT = &T 4" O~L > (3.29)
crtot dxp dcos 6

where transverse and longitudinal cross sections are

l

aP = IxpFpdxp (P = T,L). (3.30)

o

If all outgoing particles are taken into account, CTTOT equals to one, but since for this
analysis only charged hadrons are used, this number is smaller.

The asymmetric component of the differential cross section, FA, being summed over all
the hadron species, equals to zero. However, it becomes distinguishable from zero when
only positive or only negative hadrons are taken into account [22]. Thus, the asymmetry
fragmentation function must be defined as

<?tot

where d<rA
+/dxp = F% and d(rA~/dxp = FA, are the asymmetric components of the

fragmentation function for positively and negatively charged hadrons, respectively.
An important quantity which can be calculated using fragmentation functions, is the

average hadron multiplicity, in this case for charged hadrons only. It is given by the
formula (see also eq. (3.10) :

(nch) = [dxp~~ = f(FT + FL)dxp . (3.32)
J <rtot dxp J



38 CHAPTER 3. QCD AND HADRONIC Z°-DECAYS

Knowledge of components of the fragmentation function gives the possibility to ex-
tract the gluon fragmentation function, Dg. Using next-to-leading order calculations, the
longitudinal fragmentation function can be written as [17,18,21] :

O{a]) . (3.33)

The term O(a^) is not yet known and is assumed to be negligible. Various approaches
could be used to solve this equation and to find out Dg. Omission of O(a^) suggests the
formal solution which assumes a priori knowledge of the strong coupling constant, a,,
to the leading order, i.e., a f ° . Also it requires functions FT and Fi to be defined with
a very good precision. In practice, there are ambiguities in both cases. Experimental
definitions of aa at the Z° peak normally include contributions of higher orders, thus a
special recalculation to the lower order must be used. Expression (3.22) can be used to
estimate a^° too, but as discussed in Appendix D, it is rather strong approximation.
Also, even the high statistics, collected by the DELPHI experiment, can not provide the
definition of the longitudinal fragmentation function precise enough in the whole xp range.
Therefore, the most convenient is the method suggested by OPAL [23] and ALEPH [24],
where the gluon fragmentation function is parametrized in a way, similar to a standard
fragmentation function parametrization. The FL can be fitted then according to the
formula (3.33).

The gluon fragmentation function Dg(xp) can be parametrized by the form [23,24]

Dg(xp) = Px • **(1 - xp)*e-**'> , (3.34)

where the Pi are free parameters of the fitting procedure. Exponential term is motivated
by the Modified Leading Log Approximation [9], otherwise this parametrization is similar
to that of eq. (3.7).

The strong coupling constant, a^° , can be treated as yet another free parameter of the
fit. Thus, this analysis can give results both on the behaviour of the gluon fragmentation
function Dg and on the value of a^°.

Assuming that the gluon fragmentation function does not depend on the quark flavour
and neglecting corrections due to the heavy quark production, it is possible to estimate the
O{a2

s) corrections to the eq. (3.33) by studying events with the different flavour contents,
since it is known that the quark fragmentation functions are different for light and heavy
quarks. This, however, is a superfine analysis which needs more data than was available
during this analysis, therefore it is still the task for future studies.

Fragmentation function method can be used also for the charge asymmetry measure-
ments [22]. The forward-backward asymmetry of the fermion pair production is connected
to the electroweak parameter sin2 Q\y (0\y is known as the weak mixing angle, or the Wein-
berg angle). Measurements of this asymmetry usually are performed either by the heavy
flavour tagging, or by the charge asymmetry analysis. The latter is normally made us-
ing the jet charge definition procedures, which to big extent rely on the Monte Carlo
simulations, being thus model-dependent.
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Fragmentation function method can not so far provide direct measurements of the
sin2 9w, but it is much less model dependent. The only assumption used in this approach
is the existence of the valence dominance of the fragmentation functions at large values
of xp, in other words, at very large xp one observes only hadrons, containing a primary
quark. For instance, the ?r+ can come only from a u or d quark, thus one can write [22] :

FA(XP) _ ( 2v'a* \ 2 a« + vu 1advd

where af and Vf are axial and vector couplings of the fermions to the Z° boson respectively,
defined as

vf = l[ - 2e, sin2 6W , af = / / (3.36)

with e/ the charge and l( the third component of the weak isospin. Knowing this ratio, it
is possible, in principle, to estimate the sin2 9w value, although it requires the appropriate
choice of the xp, since the statistics at high xp is particularly poor.

Analogously to the expression (3.35), expressions for other hadrons, like kaons or
protons, can be written down. Obviously, the ratio R — FA/{FT + Fx,) will be different
for different hadrons. Taking the average value of sin2 9w — 0.23, one can obtain [22]
R* = —0.0375 for pions and Rp = 0.1373 for protons. Therefore, it is of certain interest
to test the behaviour of R for different hadrons.

3.3.1 Data samples

Data used in this analysis were collected by the DELPHI detector (see Section 1.2) in
1992-1993 running period at the centre-of-mass energies Q = 91.2 GeV. Information
collected by the detector was analysed by the DELANA [25], which is the main software
for event processing, for raw data decoding, pattern recognition, track reconstruction and
event tagging. The main output stream of this package is the post-processing data sets,
called DST [26] for Data Summary Tapes. Physics analysis of the data from DST is
performed with the help of the PHDST [27] input-output package.

Only charged particles in hadronic events were used. Tracks were taken into account
if their impact parameter was below 5 cm in the transverse plane and below 10 cm along
the beam axis, measured track length was above 50 cm, momentum between 0.1 GeV/c
and 50 GeV/c and polar angle between 11° and 169°.

Hadronic events were then selected by requiring that they contain at least 5 charged
particles with momenta above 0.2 GeV/c, the total energy of all charged particles exceeded
15 GeV (assuming the it* mass for particles), having at least 3 GeV in each hemisphere
with respect to the sphericity axis, which polar angle was between 26° and 154°. The
momentum imbalance was restricted to 20 GeV/c. About one million hadronic events
were selected according to these criteriae.

For each track, its fractional momentum, xp, and cosine of the azimuthal angle, cos#,
where measured. All particles assumed to be pions, unless specified explicitly. Typical
double-differential distribution of charged hadrons in xp and cos# is shown in Fig. 3.7.

The double-differential cross section suggests that the data must be split into bins
both on xp and cos 0 variables. In order to provide satisfactory statistics for analysis in
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Figure 3.7: Experimental charged hadrons distribution in xp and cos 9.

every bin, the range of — 1 < cos 9 < 1 was split in 40 equidistant bins, and the fractional
momentum range of 0 < xp < 1 was split in 22 non-equidistant bins, having more frequent
bining at xp < 0.2 because of abundance of comparatively soft hadrons in the spectrum.

To correct raw data for the detector acceptance and efficiency, for the kinematical cuts
and for the initial state radiation, the correction factor

C(xp, cos 9) =
f(xp,cos9)tr

f(xp, COS 9)Tecon3tructed
(3.37)

for different bins of xp were calculated. They are shown in Fig. 3.8 as a function of
cos 9. The values of C(xp, cos 6) were obtained by analysing events generated with the
JETSET 7.3 PS program [15] with parameters taken from the DELPHI tuning [29]. Here
f(xp, cos 9)true is the distribution obtained from the final state hadrons in generated events,
and f(xp, cos 9)TeconatTUCted represents the same distribution after applying the DELPHI
detector simulation [28], charged particle track reconstruction and hadronic event selection
criteria.

Correction factors are not only a step in the physics analysis, but also reflect an impor-
tant experimental philosophy. Since the aim of the whole experiment is to detect products
of the electron-positron annihilation reaction, the detecting facilities must provide exper-
imentalists with the most precise information on every possible particle.
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The whole analysis can be done only under assumption that the detector caught all the
produced particles and did not induce fake tracks. Since such an ideal detector can not
possibly exist, the knowledge of the effects, introduced by both hardware and software, is
of great importance. To evolve this knowledge, the complete detector simulation package
is needed, which is the DELSIM [28] for the DELPHI experiment. On the input of
this package, Jtny kind of Monte Carlo generated events must be directed. To test the
capabilities of the detector, it does not really matter, which generator should it be. As long
as correction factors for any distribution are independent of a chosen variable and equal to
unity, one can conclude that detector performs satisfactory. However, it is important to
have on input generated events as similar to the real events as possible, in order to be able
to estimate backgrounds and corrections for every particular distribution, both inclusive
and exclusive. The JETSET generator provides not only a very reliable model, but it
has also a big number of parameters, which can be tuned to the experimental results. It
reduces the predictive power of the model, but, on the other hand, makes the correction
procedure more flexible. Even in this case, correction factors generally do not equal to
unity in all the range of any variable. The consequence of this fact is that one is allowed
to perform the analysis only in the range, were corrections are linear, or almost linear,
and to avoid regions were correction factors change rapidly. For the case of Fig. 3.8, it
is clear that any analysis can be done only in the region of —0.8 < cos 9 < 0.8 (which is
defined in this case by the geometry of the detector, see Section 1.2). Extension of the
analysis to the region of —0.9 < cos $ < 0.9 is also allowed, but one has to be aware of
the systematic uncertainties, introduced by such a choice.

Knowing that the correction factors are close to unity in almost the full angular range,
one can take into account all the inefficiencies and backgrounds simply by multiplying
experimental distributions by corresponding correction factors. The result, which is the
input for the further analysis, can be seen at Fig. 3.9.

For the analysis of asymmetry, double-differential hadronic cross sections were built
separately for negative and positive hadrons. Correction factors were calculated also in-
dependently for both negative and positive hadrons sub-samples, taking thus into account
possible non-equivalent detecting of particles of opposite charges.

Quark flavour tagging

In e+e~ annihilation at the Z° energy, five flavours of quarks can be produced, leading
to basically different hadronic events, assuming that different quarks do have different
fragmentation functions. Apparently, for the light quarks (u,d, s), this difference is negli-
gible and experimentally indistinguishable. Events originated by heavy quarks, especially
Z° —> bb events, can be separated using various techniques. One approach is to use
leptons, produced at high transverse momentum with respect to the closest jet, as they
come from B-hadron semi-leptonic decays. The disadvantage of this method is that it
requires additional lepton identification procedures and correct estimates of the back-
ground contamination. Leptons coming from charm hadrons C usually are considered as
a background in bb events tagging, since there are no effective enough methods to study
cc production in Z° decays.

Another approach, widely used last years, is the lifetime tagging [30]. Because of the
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Figure 3.10: Purity versus efficiency for the b quark events tagging, calculated with dif-
ferent probability cuts.

> too

• 9 5

90

85

80

75

70

65

60

55

50

; : Event probability

Hemisphere probability

I . . . . 1 . . . i . . . . l . . .

10 20 30 40 50 60 70 80 90 100
Efficiency. %

Figure 3.11: Purity versus efficiency for the light (u, d, s) quark events tagging, calculated
with different probability cuts.



3.3. EXPERIMENTAL TESTS OF QCD 45

-100

I 80
^ 60

40

20

* 100
5 90
£ 80

70
60
50
40
30
20

- lagging

•

- 100

| 95

§ 90
85

80

75

* 70
§67.5
£ 65

62.5
60

57.5
55

52.5

- /

- f
-

uds - tagging

-
-

-

•

-

-

" . . . . i . . . . i . . . . i . . . . i .

Figure 3.12: Efficiency and purity for b
quark tagging versus logarithm of inverse
hemisphere probability PH-

Figure 3.13: Efficiency and purity for
u,d,s quark tagging versus logarithm of
inverse hemisphere probability PJJ.

comparatively big lifetime of B-hadrons (~ 1.58 ps [31]) and high transverse momentum of
their production, they can move apart from the primary vertex before decaying. Therefore,
charged particles originating from B-hadrons decay have large impact parameters. This
quantity can be used as the only tagging variable to separate events with b quarks. The
DELPHI software includes the AABTAG [30] algorithm which performs the analysis of
hadronic events and returns the probability Ppf that N charged particle tracks in an event
come from the primary interaction vertex. This probability is close to unit for light quark
events and takes a rather small value for b quark events. Being calculated over all charged
tracks in event, it gives the event probability Pg, and calculations over each hemisphere
gives the hemisphere probability PH.

Since there are no particular prescriptions for choosing one or another probability
cut in order to select Z° —> bb events or light quark events, it is necessary to perform
corresponding studies. For this analysis, they were done with the help of the JETSET
generated event samples with the DELSIM detector simulation applied. Knowing the
"real" flavour contents of an event and probabilities PE and PJJ , it is possible to calculate
efficiency of the tagging and purity of the sample for each given probability cut.

In Fig. 3.10, purity of the tagged sample is shown as a function of the tagging effi-
ciency for events that contain b quark. The hemisphere probability is being calculated
for both hemispheres. However, due to the detector inefficiency and the fact that only
charged tracks being taken into account, this probability is not necessarily equal in both
hemispheres. Thus a PH value used for flavour selection was taken for a randomly picked
hemisphere to prevent possible correlations.

This plot reflects the disadvantage of the b quark lifetime tagging : to obtain a pure
sample of Z° —> bb events, one has to sacrifice the efficiency, i.e., the resulting statistics
will be insufficiently low. Thus the compromise between desired statistics and purity must
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be reached for every particular kind of analysis.
The similar plot, but for light quark events, is shown in Fig. 3.11. The significantly

different behaviour can be seen, namely, purity of the sample never can reach 100%. It is
caused by the fact that both Z° —> cc and Z° —• bb events do contribute to the sample of
high PE or PJJ probabilities.

It also can__be seen, that in both 6 and u, d, s cases, the event tagging gives higher
purities for a given efficiency. However, the hemisphere tagging is used more often in
analysis, because it reduces unnecessary correlations.

Selection of appropriate cuts can be made with the help of Fig. 3.12 for b quark
events and Fig. 3.13 for light quark events. For this analysis, the selection was done
assuming, that a probability PJJ < 10~3 corresponds to bb events (with purity ss 94%
and efficiency ss 16%) and PH > 0.3 to light quark events (purity « 73%, efficiency
~ 72%). The hemisphere tagging can be used to calculate the experimental efficiency by
comparing the number of selected single hemispheres with the number of events in which
both hemispheres are selected. This efficiency proved to be very close to that calculated
from the simulation [30].

Samples of events, satisfying the above cuts, were used to build differential distribu-
tions in the same way as for regular hadronic events. Correction factors were calculated
in the similar way, using the formula (3.37) with "true" spectra of pure generated 6 or
u, d, s events, whereas the "reconstructed" distributions were obtained using the DELSIM
detector simulation and applying the lifetime tagging procedure to the overall generated
events. An example of the differential cross sections l/<74ot • da/dxp for the events of dif-
ferent flavour contents is shown in the Fig. 3.14. These are essentially heavy and light
quarks fragmentation functions. It is clearly seen that the fragmentation function of b
quark is softer than that of light quarks, i.e., it has higher values at small xp and lower
at high xp. It agrees very well with the JETSET predictions, and can be regarded as a
confirmation that the b quark has longer decay chain than light quarks, producing thus
jets of higher multiplicity.

Hadron identification

Charged hadron identification in DELPHI [32,33] relies mainly on the measurements by
the Ring Imaging Cherenkov (RICH) detector. It has been designed to provide pion, kaon
and proton identification over the momentum range of particles produced in Z° decays.

Charged particles crossing the Cherenkov radiators with a velocity larger than the
velocity of light in the same medium produce photons which are intercepted by a photon
detector. The photon conversion point is determined by detecting the generated electron,
called photoelectron. The photon emission angle with respect to the particle track is then
reconstructed and is called Cherenkov angle. The number of photoelectrons associated to
a particle track and their Cherenkov angles are the input information used for identifying
its mass.

A mass tag is assigned to each individual particle fulfilling certain quality criteria.
This tag is based on the probabilities computed for all the possible mass assignments
using the RICH information.

Several algorithms [32-34] for particle identification for the DELPHI RICH detector
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Figure 3.15: dE/dx and RICH information for a set of simulated hadronic Z° decays.

are developed to meet very different analysis requirements. The main concern of those
methods is to discern between the track signal and the background in the jet environ-
ment. For this analysis, the so-called RIBMEAN [32] approach was employed, which
uses a clustering algorithm to distinguish between background and signal photoelectrons.
Photoelectrons are grouped into clusters which are weighted according to quality crite-
ria, such as measurement errors or possible ambiguities between several tracks. The best
cluster is retained and weights used to measure the average Cherenkov angle, its error
and estimated number of photoelectrons.

However, the RICH detector does not provide satisfactory particle identification in the
range of low momenta (p < 0.7 GeV) particles. For soft particles identification relies on
the specific ionisation energy loss per unit length (dE/dX) in the TPC. The sense wires of
its proportional chambers provide up to 192 ionisation measurements per track. The total
ionisation produced by a particle is proportional to its energy loss. Energy loss for a given
particle in a given environment are calculable, hence correct energy loss measurements can
provide an information about the particle identity. After applying certain corrections [3]
and performing association of collected signals to reconstructed tracks, the TPC gives
dE/dX measurements that are used for particle identification.

Comparison of the information available from dE/dX measurements and RICH versus
particle momenta is shown in the Fig. 3.15. It is evident that in order to cover as much
of xp range as possible one should use combined information from dE/dX and RICH.
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3.3.2 Results and discussion
Selected data samples, containing double-differential distributions l/crtot • d2 cr /dxp dcos 9,
corrected to hardware and software inefficiencies, were used for the fragmentation func-
tions analysis. Results of this analysis are presented in Appendices C and D.

Extraction 6T components of the fragmentation function

As the first approach to the analysis of components of the total fragmentation function,
the method of fitting of experimental distributions to the formula (3.26) (to be refered
to as "Method I", following Section 3.3) was used. Fit was done with the help of the
MINUIT [35] package. Results are presented in Appendix C. As mentioned above, this
method is preferable in the case of low statistics, hence it was used by the TASSO col-
laboration at lower energies. Performing the same analysis of the DELPHI data gives an
opportunity to conclude on the centre-of-mass energy dependence of the variable A. It is
shown in Appendix C, that the scaling violation behaviour can be clearly observed. The
DELPHI data also provide far better statistics and allow to conclude that the longitudinal
component contributes to the fragmentation function mainly in the region of xp < 0.2.
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Comparing equations (3.25) and (3.15), it is possible to extract
total differential charged hadron cross section :

FL =
1 da /1-yT

(Ttotdxp V3 + A

knowing A and the

(3.38)

On the-other-hand, fitting according to eq. (3.23) with FT, FL and FA being free
parameters ("Method II") directly defines the longitudinal component. An illustration of
two fitting methods is given at Fig. 3.16. Comparison of results can be seen in Table 3.1.
The angular range for fitting was chosen to be |cos#| < 0.8. The general conclusion is
that results of both methods are in a very good agreement, giving the same %2 per degree
of freedom and describing the data sufficiently well. Big contribution to the x* comes
mainly from points around cos 6 ~ 0, which is caused by the detector geometry, namely,
by the fact that the joints of different detector components are mainly situated in this
region (see Section 1.2), which worsens particle registration in this zone.
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Figure 3.17: Comparison of longitudinal components FL obtained by different fitting
methods (data points slightly shifted in xp for better resolution). Approximate ratios of
functions is shown in inset.

A closer comparison of different methods can be seen in Fig. 3.17, where longitudinal
components of the fragmentation functions are compared. While a very good agreement
can be seen, there is an indication that the FL obtained with the Method II is system-
atically higher that that of Method I, and the weighting method (listed under (III) in
Section 3.3) gives the highest FL values. Their approximate ratio (errors omitted) is
shown in inset. The difference between two fitting methods can be explained by the fact
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Table 3.1: Comparison of components of fragmentation function obtained by different
methods.
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that the total cross section, used in eq. (3.38), is integrated over all the angular range,
while A is calculated only in the limited range of |cos#| < 0.8. All differences, however,
are very well inside statistical errors. It must also be stressed that at the big values of
xp, where statistics is limited, Method I is preferable because it relies on a statistically
better defined total differential cross section.

Fitting methods for the extraction of components of the fragmentation function proved
to be a useful tool of the QCD analysis. However, the weighting method appears to be
preferable in the case of sufficiently high statistics. One advantage of this method is that
the limited angular range available for the analysis, is taken into account by the weights.
Another advantage is that this method gives statistical errors defined directly from those
of data, and not as evaluated parametric errors. Also, while a fit can converge to an
unphysical result in the case of poorly statistically defined distribution, the weighting
method always gives physically reasonable results. From Table 3.1 one can see the com-
parison of all three methods. The bin of 0.3 < xp < 0.4, in particular, shows that the FL
takes negative values for both fitting methods, which is unphysical by the definition of
the fragmentation function. The weighting method gives the positive value of FL in the
same bin.

In what follows, all the analysis will be performed for the fragmentation functions,
extracted with the weighting method, unless specified.

Asymmetry fragmentation function

In e+e~ —> Z° —> h + X events, the asymmetric component of the charged hadron
differential cross section, FA, equals to zero in the whole range of 0 < xp < 1 if the
summation over all charged hadrons in final state is done, which is the case in eq. (3.23).
In reality, however, due to inefficiency of a detector, FA can take values different from zero.
The analysis of FA shows (see Appendix D) that this function is indeed indistinguishable
from zero within statistical errors.

As was mentioned in Section 3.3, studies of asymmetry fragmentation function FA
which takes into account charges of hadrons, can give information about the charge asym-
metry and an estimation of the sin2 6w within the assumption of valence dominance.

The ratio of asymmetry and total fragmentation functions for all observed charged
particles is shown in Fig. 3.18. As soon as all particles were treated as pions, the for-
mula (3.35) can be used to estimate the value of the weak mixing angle. Following the
suggestion from [22], the fit in the region xp > 0.5 was performed, with the only free
parameter, sin2 9\y The result is

sin29w = 0.235 ± 0.005 ,

were error is the parametric error from the fit, reflecting the statistical uncertainty. This
value is in a good agreement with those found previously by DELPHI [36]. Comparison
to JETSET prediction shows that at big xp the ratio of fragmentation functions is bigger
in the model than in data, suggesting lower values of sin2 8w Indeed, the weak mixing
angle squared sine is one of the parameters in JETSET, and is set to be sin2 6w = 0.23.

The valence dominance calculations predict that ratios FA/(FT + FL) for different
hadrons are different due to the different quark contents of hadrons. Therefore, it is of
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Figure 3.18: Asymmetry fragmentation function FA(XP) as measured from the charged
hadrons distributions. Solid line shows the valence dominance limit at sin2 6w — 0.235
and dashed lines represent tie error corridor. Shaded band shows the JETSET prediction.

particular interest to study these ratios for identified hadrons. The problem, however, has
several complications.

The main difficulty is that the hadron identification at high moment ae is not very
effective. As can be seen from Fig. 3.15, at p > 20 GeV, it is rather difficult to distinguish
between different hadrons. Not only efficiency is poor for this region, but also purity of an
identified hadron sample is rather low [34]. Moreover, efficiency of particle identification in
DELPHI is not uniformly distributed neither over the momentum, nor over the angular
range. The result is that correction factors (3.37) become significantly higher and not
uniform in different xp intervals. They also become highly irregular at | cos#| > 0.7.

Another difficulty is the low resulting statistics, especially for identified protons. Cer-
tain improvement can be obtained by splitting the whole range of 0 < xp < 1 not in 22,
but in 8 bins. It is convenient to choose the last bin of 0.5 < xp < 1 because the valence
dominance limit is presumably valid in this interval.

Figure 3.19 represents ratios FA/(FT + FL)J measured for identified with the DELPHI
detector hadrons. They confirm very well predictions based on the valence dominance [22].
Assuming that the fragmentation functions of the up, down and strange quarks are equal
and neglecting the heavy quarks contributions, valence dominance calculations give the
value of R? = 0.1373 for protons [22] for sm2 9\y = 0.23, which is in very good agreement
with the experimental result.

The fragmentation functions method for charge asymmetry measurements gives so far
promising results. High precision of obtained results is explained by the fact that the
term in eq. (3.35) 2ve = 4sin2 Ow — 1, so that a 10% precision in eq. (3.35) and analogous
for other hadrons, implies about 1% accuracy in sin2 <V-

However, the present statistics does not allow one to make a clear statement about the
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Figure 3.19: Asymmetry fragmentation function FA(XP) measured for identified hadrons.

advantages of this method. Studies of systematic uncertainties, which may be significant,
are necessary, but they are rather unreliable in the case of low statistics, especially for
identified hadrons. Meanwhile, it sets the task for the future analysis, when more statistics
will become available.

Strong coupling constant and charged multiplicity

To the leading order of a5, the ratio of the transverse crr and longitudinal cri components
of the total hadronic cross section is proportional to the a,, see Section 3.2, eq. (3.22).
Since all this analysis is performed to the O(a3) order, it is self-consistent to calculate
the value of the strong coupling constant using the experimentally measured ratio CTL/GT-

Strictly speaking, eq. (3.22) is valid for the cross sections of all hadrons produced in
electron-positron annihilation, charged and neutral. This analysis, though, relies only on
charged particles measurements. The ratio of trj, and <TT, however, should be the same in
any case.

This assumption has been checked using the JETSET generated events, where the
charge of every hadron is explicitly known. Hadronic events on the generated level,
without a detector simulation, allow one also to use the full angular range — 1 < cos 6 < 1.
Applying standard weighting and fitting procedures to extract FT and FT and performing
the integration over the xp to obtain <7y and at as in eq. (3.30), it is possible to calculate
ratio (TLJGT for all hadrons and only for charged hadrons. The result for 10 millions of
generated hadronic events is shown in Tab. 3.2. Comparatively high statistical errors
reflect the uncertainty in xp during the integration, since the standard splitting in 22 bins
in xp was used.
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Method II
Charged

0.58 ± 0.02
0.034 ± 0.003
0.059 ± 0.006

All
0.92 ± 0.04

0.058 ± 0.009
0.063 ±0.010

Method HI
Charged

0.58 ±0.02
0.036 ± 0.003
0.061 ±0.006

All
0.92 ± 0.04

0.060 ± 0.009
0.065 ±0.010

Table 3.2: Components-of the total cross section extracted from the JETSET generated
events for all hadrons and for charged hadrons only.

From Tab. 3.2 it is clearly seen that the ratio of the longitudinal and transverse
components of the total hadronic cross section remains the same for charged hadrons
only. Therefore, it is consistent to use measured components of the charged hadrons cross
section to extract the a, to the leading order, i.e., a%°

Results in Tab. 3.2 also reveal that the fitting (Method II) and weighting (Method
III) give slightly different results for the longitudinal component of the cross section.
Also it is important to stress that the whole available angular range was used to analyse
JETSET generated events, while for real data the angular range is limited. Fig. 3.20 shows
dependence of extracted from data <TL/<TT

 o n the variable v = cos 6, which delimits the
cosine of the angular range used in the analysis. It shows that while fitting method gives
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Figure 3.20: Ratio (TL/CT as extracted from the DELPHI data by different methods,
versus angular range limit v = cos 9.

systematically lower results, both methods agree well for v = 0.8, which corresponds
to the maximal allowed angular range. Using the results obtained with the weighting
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method, one can get

— = 0.057 ± 0.007 and = 0.180 ± 0.022

The value of aL
a° = 0.180 is certainly far too high for the Z° mass (see Fig. 3.2), but it

is consistent.within used in this analysis approximations. Corrections of order O{a\) to
the ratio of the cross sections on partonic level were calculated recently [37]. They show
that higher order effects introduce corrections of about 25% to this ratio, which leads to
the proportional decrease in the strong coupling constant.

While the total cross sections are basically first order moments of fragmentation func-
tions, integrals of fragmentation functions are nothing but average multiplicities, see
eq. (3.32). The average multiplicity of charged hadrons can be calculated directly as
the integral of the normalised differential cross section da/dxp. For the LEP1 energies,
this gives

(nch) = 21.316 ± 0.007(s*ai) ± O.U(syst) ,

where systematic uncertainties were estimated using the systematic errors of the
d(T/dxp [38].
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Figure 3.21: Mean charged multiplicity (nc/,) as extracted from the DELPHI data by
different methods, versus angular range limit v = cos 0.

Calculation of the average multiplicity as in eq. (3.32) is a good self-consistency test of
the fragmentation functions methods. For this analysis, {nch) was calculated using both
fitting and weighting methods and in different angular intervals. The result is shown in
Fig. 3.21. Systematic difference between the two methods is rather significant, similarly
to the case of ratios 0"L/<TX (Fig- 3.20), although now the fitting (Method II) gives higher
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results. Both methods come to a satisfactory agreement for v = 0.8. Therefore, the mean
charged multiplicity, consistent with this analysis, is

{nch) = 21.631 ±0.009(a*a*) .

This value is somewhat higher than the average LEP1 value of {nc/,) = 20.92 ± 0.24 [39],
although theyare comparable, especially considering systematic uncertainties.

As can be seen from Fig. 3.21, statistical errors for the mean multiplicity are higher
for the fitting method, comparing to the weighting one. The reason is that errors on
transverse and longitudinal components of the fragmentation function are not exactly in-
dependent, since for both FT and FL statistical errors are defined by statistical deviations
in the double-differential cross section, see eq. (3.23). Using the weighting procedure, it
is possible to avoid effects of correlation between errors during (nch) calculation simply
by adding weights WT and WL, while using FT and FL found by a fit one has to assume
that their statistical errors are uncorrelated, since the correlation function is unknown.
Correlation coefficients between FT and FL, estimated by the MINUIT package, amount
to about 90%, slightly decreasing with the angular range increase, independently on the
xp interval.

Gluon fragmentation function

Equations (3.33) and (3.34) in Section 3.3 can be used to define the shape of the gluon
fragmentation function Dg in assumption that the corrections of order O(a2

s) to the lon-
gitudinal fragmentation function FL are negligible or can be taken into account by using
the leading order value of the strong coupling constant, a f° , in calculations.

As discussed in Section 3.3, the most affordable way of extracting Dg knowing FT and
FL is to use the parametrization (3.34) for the gluon fragmentation function. There are
generally two ways of performing the fit to the data. First is to fit FL to the formula (3.33),
using a%° as a free parameter. Results of this method are discussed in Appendix D.
Another approach is to fix af° to an appropriate value and to calculate the integral of

(3,9 ,

Fit of Fg using the parametrization (3.34) gives values of parameters P{, hence it defines
the shape of Dg. This method is more simple from the computing point of view, comparing
to that discussed in Appendix D. Figure 3.22 and Table 3.3 show comparison of both
approaches. In both cases fit was performed in the region 0.01 < xp < 1., to avoid the
region of very small xp, where systematic uncertainties are particularly high.

The fixed value of a\° = 0.180 was estimated according to the expression (3.22).
The quantity a^° — 0.152 ± 0.033, obtained with the fit in Appendix D, is compatible
with that estimation, although it is noticeably smaller. Still, compared to the average
as(Mz) — 0.117 ± 0.005 in the second order, obtained values for af° are significantly
higher. This fact suggests that the O{a2

3) corrections are rather significant, which is
confirmed by recent calculations [37].
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Figure 3.22: Gluon fragmentation function Dg as obtained by the fit to the Fg, eq. (3.39).
Upper figure shows Fg (open points) with the fitting function (curve). Bottom figure shows
resulting Dg (solid curve, shadowed band represents errors) compared to that obtained
by fitting Ft (dashed line, hatched band represents errors) with a, treated as a free
parameter.
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Pi
p2

p 3

PA

o?
0

- 4

0

= 0
.07
.78

7
.72

.180
±0.
±0
±1
±0.

, fixed
01
03

02

a f ° = 0.152 ±0.033, free
0.022 ± 0.002
-5.11 ±0.03

2.9 ±0.8
0.71 ±0.01

Table 3.3: Parameters for the Dg as in eg. (3.34). Second column corresponds to the
s, third column shows results of the fit of FL with a3 being a freefit of Fg with fixed as

parameter.

Two approaches - fit to Fg and to F^,, ~ giy e noticeably different results, except for
the parameter in the exponential term of eq. (3.34), which describes the peak at small xp.
The main reason of such discrepancies is that the choice of the parametrization is to big
extent arbitrary, and parameters are correlated with each other. This fact is also reflected
in big parametric errors, especially in the case of fixed oJf •

Nevertheless, as-can be seen from Fig. 3.22, the qualitative description of Dg is quite
satisfactory. Both approaches show the fast decrease of Dg. In Appendix D it is shown
that Dg moves below F? already at xp > 0.2, which agrees with theory prediction and
other experimental measurements, showing that gluon jets are softer than the quark ones.

Knowledge of next-to-the-leading order corrections to the FL can help to investigate
the gluon fragmentation function shape using the transverse and longitudinal components
of the total fragmentation function, but for the time being these corrections are unknown
for the hadronic level.

Studies of the fragmentation function components showed that they provide a power-
ful tool for solving various problems in particle physics. Summarised above analysis gives
several examples of practical applications of QCD, confirming the validity of this theory.
Being sensitive to higher orders of a, corrections, the method of the fragmentation func-
tion components appears to be a fine probe of QCD, imposing in some cases requirements
for further precision calculations within the theory to couple with experimental results.
This means that the high statistics, available at LEP, indeed allows physicist to perform
precision tests of the theory and in this way helps to develop it.



Chapter 4

Bose-Einstein Correlations

In the beginning of 1920s, when the quantum theory was developing intensively to describe
the structure of atoms, the theory of quantum statistics became an important tool in
describing ensembles of subatomic particles. Considering identical and indistinguishable
particles, the theory of quantum statistics differentiates two kinds of particles, according
to the way in which they may be distributed among the available wave functions associated
with each energy state.

The statistics which concerns particles satisfying the exclusion principle ad hence de-
scribed by antisymmetric wave functions, is called Fermi-Dirac statistics, and the parti-
cles are called fermions. In particle physics, fermions are characterised by the spin values
J — n(/z/2), where n is an odd integer. Leptons and quarks, for example, are fermions.

The second kind of statistics was first studied in 1921 by indian mathematician and
physicist S.N.Bose in a paper on the statistics of photons. It concerns particles not
restricted by the exclusion principle, and described by symmetric wave functions. Dirac
invented the name bosons for such particles, and the statistics got the name of Bose-
Einstein statistics. Bosons have an integral spin, therefore not only photons do obey the
Bose-Einstein statistics, but also gluons, W and Z intermediate vector fields, and mesons.

When in 1950s, both in particle physics experiments and astronomical observations,
it had been discovered that bosons emitted from the same source show the tendency to
have close space-time or energy-momentum characteristics, this behaviour was ascribed
to the particles obeying the Bose-Einstein statistics. The phenomenon of increasing prob-
ability for emission of identical bosons from similar regions of space and time due to the
imposition of Bose symmetry, has been called Bose-Einstein correlations.

Presuming that only particles emitted from the same or close sources contribute to
the probability enhancement of producing particles with small relative momentum, Q, it
is expected that from studies of Bose-Einstein correlations one could obtain important
information about the space-time extension and the coherence of sources. This approach
to estimating the source size proved to be a reliable tool in astronomy, where the so-called
HBT * effect is used to measure stellar sizes by analysing correlations between detected
photons.

In particle physics, the hadron interferometry fulfils the similar task of defining the
size, the shape, and the evolution in time of a microscopic source of mesons. As was

XHBT stands for Hanbury-Brown and Twiss, - astronomers who first reported of the effect

60
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discussed in Chapter 3, the process of hadron production, or fragmentation, in high en-
ergy physics is less understood. It can not be described by an appropriate theory, and
only phenomenological models are used so far to reproduce it. Studies of the space-time
characteristics of a hadron source give an important information about the hadronization
process as a whole and also provide tests of fragmentation models.

Since fragmentation-models are mostly of probabilistic nature (see Section 3.1.2), it
is very difficult to incorporate the Bose symmetrization into them. Thus effects of Bose-
Einstein correlations are often absent in event generators, which apparently does not
affect significantly their performance. However, it was shown recently [42] that in events
like e+e~ —• W+W~, where two hadron sources are produced close to each other, the
Bose-Einstein effects can lead to interference between particles produced by neighbouring
sources. From the experimental point of view, this will affect the observed W masses. To
account to such an effect and describe it properly in event generators, the Bose-Einstein
correlations have to be well understood, which requires more profound studies.

4.1 Correlation function

The Bose symmetry applies for all bosons which possibly can occupy the similar space-
time region. However, in particle physics experiments it is very unlikely that more than
two particles will be produced under this condition. Genuine three-particle Bose-Einstein
correlations have been studied recently [40], but so far they are not in the main scope of
the analysis.

Let us consider production of two identical bosons with four-momenta p\ and p2.
Denoting P(pi,p2) the probability density of two particles to be produced satisfying the
Bose-Einstein statistics and -P(pi), P(P2) - probability densities for a single particle to
be produced with momentum pi o i p 2 l a correlation function C2 of two identical bosons
is defined as

Experimentally, P{pi,P2) can be built as a double-differential cross section,
d2a/dpidp2, while the product P(p\) • P(p2) is not that straightforward to construct,
especially in devoted heavy-ion experiments. Evidently, P(pi) • P{PT) can be regarded
as a probability density of emitting two particles independently, Po(pi,p2), which is an-
other double-differential cross section, implying that there is a possibility of obtaining a
sample of bosons with all but Bose-Einstein correlations (usually denoted as a "reference
sample").

The Bose symmetry implies that the wave function of a system of bosons is symmetric
under particle exchange. In other words, if a particle A was emitted at a point TA with
momentum px and another identical particle B was emitted at a point TB with momentum
p2, then by detecting a particle with, for example, momentum p1? it is impossible to
conclude whether it was originally emitted from a point rA or TB- This ambiguity is
reflected in the wave function of a pair of bosons, which reads

* I B * 2 A ) , (4-2)
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where ^ , a is the wave function for a boson produced at a point ra and registered with
momentum pi.

Describing the distribution of particle production points by a function p(r), one can
wright down the probability of finding two particles with momenta pi and p2 as

= / \^BE\2p{rA)p{TB)drAdrB . (4.3)

Obviously, the probability of independent emission PQ(pi,p2) is given by the similar
expression, replacing I ^B^I* with |*Pre/|

2, where * r e / is the wave function of a pair of par-
ticles from a reference sample, i.e., where one can distinguish between different particles,
such as

2
 ^ | 2 ) • (4.4)

Evaluation (see, for example, Ref. [41]) of eqs. (4.2), (4.4) and integration as in eq. (4.3)
transforms the expression (4.1), assuming that pions can be described by the plane-wave
functions, into

C2 = 1 + \P(Q)\2 , (4-5)

where p(Q) is the Fourier transform of p(r) with respect to Q = p\ — p2 :

p(Q)= I (4.6)

Considering the simplest model for a source to be a sphere of emitters distributed
according to the Gaussian probability density, having a radius R,

the corresponding Fourier transform will take a form

KQ) = e-Q3*/2 • (4-8)

This term squared is essentially the enhancement in particle production with small Q.

For the two bosons with identical momenta, emitted off incoherent sources, C2 —> 2. To
account for possible effects which reduce the strength of Bose-Einstein correlations, the
parameter A is used as a factor in front of the enhancement term :

C2 = 1 + Xe-Q2R2 . (4.9)

Several interpretations of the physical meaning of A can be given. The traditional one
is that this parameter gives the fraction of pairs of identical boson which do interfere.
Considering the possibility of existence of coherent sources, A accounts for the degree of
coherence, such that A = 0 for complete coherence and A = 1 for total incoherence. On
the other hand, it could also have a meaning that the true source distribution is a sum of
two or more incoherent Gaussian sources.

At Q —• 0, the effect of Coulomb repulsion between two identical charged bosons
will lead to suppression of the probability of finding two charge-like particles with small
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relative momentum. This has to be taken into account if the experiment is sensitive to
this region of small Q.

Other effects, like final state interactions and resonance production, can affect the
shape of the correlation function (4.1). They have to be considered specifically for every
particular reaction. Meanwhile, majority of contemporary high energy physics detection
equipment doesjnot provide two-track separation sufficient for tests of correlation function
at Q —> 0. All these complications mean that the parameters A and R in expression (4.9)
should be regarded as mostly descriptive.

out

4.1.1 The Longitudinal Centre-of-Mass System

In the expression (4.9), the parameter R corresponds to an average over the spatial
and temporal source dimensions. To probe the actual shape of a meson source, the
Bose-Einstein correlations have been studied in terms of various components of the four-
momenta difference Q relative to some particular axis denned in the event.

In this analysis, the so-called Longitudi-
nal Centre-of-Mass System (LCMS) [43] has
been used. The reference axis is defined as a
physical axis of the process, which can be the
beam direction in heavy ion collisions, or the
jet direction in electron-positron annihilation.
For each pair of particles, LCMS is the sys-
tem in which the sum of the two particles mo-
menta is perpendicular to the reference axis.
The momentum difference of the particle pair
Q is resolved into Qiong, parallel to the axis,
Qt,outi collinear with the pair momenta sum,
and complementary Qt,side, perpendicular to

Qlong and Qt,out-
Schematic picture of LCMS is shown in

Fig. 4.1 in projection to {Qlong,Qt,out) plane.
This system is particularly convenient for calculations and physical interpretations, since
in LCMS the projections of the total momentum of the pair to the "longitudinal" and
"side" directions are equal to zero. Also, the difference in emission times of particles cou-
ples to the energy difference between the particles only in the Qt,out direction [43]. This
means that only Qt,out is sensitive to the lifetime of the source.

The two-particle correlation function C2 can be written in the components of Q as

•long
Jet, long.

Figure 4.1: Projection of LCMS on the
(QlongyQt.out) pia

C2 = (4.10)

Here the source is described not by a single radius R, but by the set of correlation
radii Rt,mt, Rt.side and Riong- They reflect the geometry of a source and its dynamic
characteristics. LCMS differs from the particles centre-of-mass system by the transverse
boost with velocity fit = {pt,i +Pt,2)/{Ei + E2), where pt>1, E-i and pt,2,E2 are transverse
momenta with respect to the reference axis and energies of two particles. Therefore, in
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the centre-of-mass system, the energy difference will be related to Qt,out as [43]

A E = (3tQtiOUt . (4.11)

Under the assumption of a spherical shape of the source in the centre-of-mass system
of a pair, correlation radii in LCMS must be related as Reside — Riong = 1tRt,out, where

Further, it is useful to introduce new variable, the transverse mass of a pair of particles :

mt = = -i ^ , (4.12)

where m,\ and m2 are particle masses. Experiments in high-energy heavy-ion
collisions [47,48] revealed symmetrical behaviour of the Bose-Einstein correlation func-
tion (4.10) with Rtt,ide — Riong — Rt,out- The radii were shown to have dependence on mt

of the kind Ri ex l/^/ro^.
These experimental results need theoretical interpretation. It turned out that, in

spite of being originated by the pure quantum mechanical phenomenon, such a behaviour
in heavy-ion collisions can be consistently described by collective hydrodynamical be-
haviour [45,46]. Introducing variables, like the temperature of the freeze-out of the system
Tf and the inverse gradient of four-velocity r0, which is close to the mean proper time at
freeze-out, the longitudinal radius Riong can be expressed more precisely as

Ring =\—T0. (4.13)

Within assumptions of hydrodynamical models, the radii parameters Ri represents not
geometrical lengths of a system, but lengths of homogeneity of a source for an expanding
hydrodynamical system [46]. For certain class of emission functions, these models give a
satisfactory description of the data, proving to be useful in studies of the dynamics of a
boson source and its geometrical characteristics. However, more profound studies have
yet to be done to confirm or deny reliability of this approach.

4.2 Bose-Einstein correlations in e+e~ annihilation

While collective hydrodynamic expansion so far seems to be valid for the heavy-ion ex-
periments, it is not clear whether it fits the scenario of the electron-positron annihilation,
described in Section 3.1, or not. Appendix E represents a first attempt to clarify this
issue. In what follows, an extended description of the analysis method is given.

Bose-Einstein correlations between particles produced in e+e~ —> 7*,Z° —> hadrons
events were studied by numerous experiments at different center-of-mass energies [49-54].
Enhancement in the low part of (^-spectrum of the charge-like pion pairs is clearly seen
in data and is well described by simple models, like (4.9). The most common correlation
function parametrization for electron-positron annihilation case is

C2(Q) = N[l + Xe-Q2R1] (1 + SQ) , (4.14)
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where N is overall normalization, A and R are meant to have the same meaning of the
incoherence and radius parameters, as in (4.9). An additional linear term (l-\-8Q) is used
to describe apparent slopes in correlation function at large Q values.

Due to the low efficiency of neutral particles reconstruction in e+e~ experiments,
studies of the Bose-Einstein effect are mostly performed for charged pions, or, occasionally,
for charged kauris. .Thetefore, all bosons to be mentioned here will be charged pions, if
not specified otherwise.

In electron-positron collision, pions are produced in the hadronization of quarks and
gluons directly, or in the decay of heavier objects produced in the hadronization. From the
measured size of the production source, as well as from the strength of the Bose-Einstein
effect, one may learn about the nature of quark and gluon hadronization.

The invariant four-momenta difference Q in e+e~ annihilation is defined as
Q = y — (pi — Pi)2 = y/rn^—Am^, where mvlr is the invariant mass of the pair of pi-
ons and m,r is the pion mass. The semi-classical model of a Gaussian source, described in
Section 4.1, applies for electron-positron annihilation as well as for heavy-ion collisions,
which has been proved by all studies, particularly, with a very good statistical precision
by the LEP experiments [52-54].

On the other hand, QCD description of the e+e~ —> i*,Z° —• qq process (see Sec-
tion 3.1) suggests that pions production region is stretched between outgoing quarks,
which is most successfully described within the string model, see Section 3.1.2. This
model [55] implies that the pion production points are extended along the string. The
extension lengths are related to the string parameters, in particular, the string tension.
However, due to the one-dimensional nature of the string, there are no explicit spatial
dimensions of the pion production region. The amplitude for a pair of particles produced
with a given momenta ind in a given order is related to the area spanned by the string
in space-time. Hence the Bose-Einstein effect arises for the pair of identical particles
with the same momentum because the configuration of the state in space-time does not
change under exchange of the two particles. Incoherence of the source, widely discussed
in semi-classical models, appears in the string model from the sum over many different
configurations with different phase.

One of the most interesting features of the string model is that the pions of the
same charge cannot be produced as neighbours in fragmentation process, while neutral
pions can be produced several in a row. That means that the measured, e.g., with the
form (4.9) correlation length is larger for charged than for neutral bosons, and the most
proper description of this length is that it measures not the total source size, but the
distance between production points for which the momentum distribution can overlap.
This statement is consistent with mentioned earlier experimental data, which found the
radii parameters being less than 1 fvn and the shape of the source being close to a sphere.

So far, the string model provides an appropriate framework in which to consider Bose-
Einstein enhancement. However, the associated calculations are quite complex and time-
consuming, especially when more than two particles being considered to underwent Bose
symmetrization. For these reason, it is more convenient to use the simple semi-classical
model in event generators, as it is implemented within the JETSET generator. In the
current standard algorithm, identical particles are pulled closer together in such a way as
to enhance the two-particle correlation at small Q values. Several shapes of the enhance-
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ment can be used in the algorithm; in particular, for the analysis to be discussed here,
the Gaussian shape of the correlation function (4.9) was used with parameters A and R
tuned to the DELPHI data [29].

As was mentioned in Section 3.1.2, gluon emission in the string fragmentation model
is described as a kink on the string, which produces effectively two string pieces attached
with one end to a gluon and with opposite ends to quark and antiquark. Gluon fragments
to hadrons with high transverse momenta with respect to the quark or antiquark direction.
This effect introduces bias in the event axis definition. Misalignment of the event axis can
lead to side effects in the analysis in LCMS, therefore special selections should be done
in order to reduce the gluon jet influence.

4.2.1 Data samples

The main goal of this analysis was to study the transverse mass dependence of correlation
function parameters in the LCMS. To construct the correlation function (4.1) for the
pions produced in e+e~ —• Z° —+ hadrons process at the LEP1 energies, hadronic events
collected by the DELPHI detector in 1991 - 1994 running period were used. Selection
criteria for hadronic events are basically the same as described in the Section 3.3.1.

In order to be able to test the string model, to suppress the gluon contribution and to
be able to perform the analysis in the LCMS system, only two-jet events were selected out
of all hadronic events. Since at LEP1 energies gluon contribution is significant in every
event, rather tight cuts were applied.

The two-jet event selection was done with the help of the LUCLUS [15] clustering
algorithm (with parameter djoin — 2.7), requiring also the thrust value to be higher than
0.95 and the jet opening angle to be at least 175°. A total of about 670 000 events satisfied
these criteria.

No hadron identification procedure was applied, thus every particle was assumed to
have the mass of the pion.

The correlation function (4.1) of two particles in LCMS was constructed using the
thrust axis of an event as a reference boost axis : within each jet, a pair of charge-
like particles was boosted and rotated to LCMS, where components Qt,out, Qt,nde and
Qiong of four-momenta difference were calculated. The triple-differential cross sections
d3a/dQttOUtdQtiaidedQimg (the numerator in eq. (4.1)) were built in five mt intervals,
namely, mt < 0.25 GeV, 0.25 GeV < mt < 0.35 GeV, 0.35 GeV < mt < 0.45 GeV,
0.45 GeV <mt< 0.6 GeV and 0.6 GeV < mt < 1.5 GeV.

The reference sample, which corresponds to the denominator in eq. (4.1), has to be a
sample of particles which are not subject to Bose-Einstein correlations, but do obey the
same kinematics as in regular e+e~ hadronic event.

There are several recipes of preparing such a reference sample; the simplest one is to
construct it using the opposite-sign particle pairs. However, the Q distribution of these
pairs includes peaks due to neutral meson resonances decay products and suffers from
many other dynamical effects.

Another approach is to use an event generator without Bose-Einstein effects included
to build up a reference sample. In this case one must be sure that the generator describes
properly the physics in the absence of Bose-Einstein symmetry. Also, the adequate de-
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Figure 4.2: Obtained from t i e DELPHI data dcr/dQ distributions for regular e+e
hadronic events (solid Hne) and the reference sample (dashed Hne). Both distributions
are normalised to unity for comparison.

tector simulation has to be applied onto generated events, which makes the task more
difficult considering the high probability of introduction of systematic deviations.

For these studies, the reference sample was prepared using the so-called mixing pro-
cedure. The idea is to combine particles from different events, assuming that the two-jet
event selection criteria provide us with a row of kinematically similar events. The mixing
procedure can be described in following steps :

• After the thrust axis calculation, each event has been rotated to the thrust axis
coordinate system, i.e., z axis was rotated to the thrust direction.

• Tracks from each rotated event have been stored in a reference buffer. For this
analysis the reference buffer consisted of 21 events to match the average charged
multiplicity in e+e~ hadronic events. Events in the buffer were continuously ex-
changed to prevent any regularities in particle spectra.

• The reference distributions dicrjdQt^tdQt,idedQi(mg were built using randomly
picked tracks from the reference buffer. First, a random event of 21 stored was
selected, then a track from this event was picked also randomly.

Since three-dimensional distributions d3aj' dQttmitdQt,»idedQiong can not possibly be plot-
ted on a sheet of paper, the comparison of dcr/dQ distributions for real events and for
reference sample is shown at Fig. 4.2. It can be seen that there is an excess in the real
events distribution over the reference sample in the region of Q < 0.5 GeV, which is the
manifestation of Bose-Einstein correlations.
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JETSET without BE effect:

— Regular e V events
- - - Reference sample

Figure 4.3: Obtained with the help of the JETSET generator without Bose-Einstein ef-
fects included da/dQ distributions for regular e+e~ hadronic events (solid line) and the
reference sample (dashed line). Both distributions are normalised to unity for comparison.

However, the mixing procedure does not conserve momenta and energy, thus leading
to certain side effects. Another drawback is that it changes the multiplicity of a mixed
"event". Appropriate corrections can still be done with the help of a event generator with-
out Bose-Einstein effects. Constructing Q distributions of charge-like pairs from generated
events and similar distributions for generated events which underwent the mixing proce-
dure, one obtains an adequate correction without even applying the detector simulation
routines.

On Fig. 4.3, the comparison of dcr/dQ obtained from the JETSET generated events
without inclusion of Bose-Einstein effects is shown. The procedure of mixing in this case
introduces some fake correlations in the region of Q > 0.3 GeV, that have to be taken
into account by the correction.

Consecutively, the correlation function for the pairs of pions can be expressed as

(4.15)
ETSET

Here N±:k(Q) indicates number of charge-like particles in a bin of Q variable.
This formulation was used to construct the tree-dimensional correlation function
C2(Qt,outiQt,,ide->Qiong), used in the present analysis.

For the comparison purposes, the same analysis was performed using the DELPHI
tuned [29] JETSET PS generated events (Bose-Einstein effects included) with the DEL-
SIM [28] detector simulation applied. This simulated data underwent the same event
selection criteria, mixing procedures and correction, as the real data.
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4.2.2 Results and discussion

Main results of the analysis of the transverse mass dependence of correlation function
parameters in the LCMS are presented in Appendix E. An illustration of the correlation
function behaviour in selected mt intervals is shown at Fig. 4.4, where two-dimensional

correlation function.C2(Qt,Qi<mg) with Qt = JQ2
iOUt + Q\itide is plotted for simplicity.

The enhancement in C2 at low Q values is clearly seen, and its amplitude grows with
increasing mt, while the width of the peak narrows. This qualitative picture is confirmed
by the three-dimensional fit using the parametrization

C2 = N

X (1 + 8t,,ideQt,,ide + f>t,outQt,out + SlongQlang)

in the region of Qt,out < 1 GeV, Qt,,ide < 1 GeV and Qiong < 2 GeV (this is to stay
in statistically well populated region). Parameter A corresponds to the amplitude of the
enhancement, which is proportional to the strength of the Bose-Einstein correlations. As
noted in Appendix E, value of A grows almost linearly from 0.19 at mt < 0.25GeV to 1.3
at 0.6 GeV < mt < 1.5 GeV. Meanwhile, all three radii parameters tend to decrease.

Comparison of the radii values shows that while all of them vary in the range from
approximately 0.3 fm to 1 /m, their mean values are different: (Rtl<nit) = 0.64 ±0.04 /TO,
(Rt,,ide) = 0.30 ± 0.02 fm, and (Rimg) = 0.48 ± 0.01 fm. This indicates that the source
might not be spherical in LCMS, contrary to the heavy-ion collision studies results.

From the point of view of the string model, such a behaviour can not be immedi-
ately understood. While A dependence on mt can be easily explained by the fact that
the resonance decay products reduce the correlation strength at low mt values, the mt

dependences of correlation radii needs more reasoning. Also, the fact that A exceeds the
unit at high mt values, needs more attention.

According to the definitions of LCMS (see Section 4.1.1), the radii parameter Rt>Out
differs from Rt,*ide only in that sense that the former is sensitive to the difference in the
emission time of the particles. On the other hand, within the string model frameworks
the geometrical transverse dimensions of a source must be very similar, i.e., that the
transverse cross section of a source has a circular shape. That leads to a naive conclusion
that Rt,out must exceed Rt,aide~ While for the small mt values this is true, at higher
rot Rt,out drops below the Rt,aide values. An interpretation of this effect could be that
the i2t,out(Tnt) dependence in LCMS for e+e~ annihilation reflects the invariance of the
transverse radius of the source in the centre-of-mass system (CMS) [56]. Indeed, taking
into account eq. (4.11) and the fact that the invariant Q2 in LCMS projections is

Q2 = QUt + QUde + QL. - A £ 2 , (4.17)

one can rewrite the correlation function (4.9) in CMS as

C™s = 1 + Xexpi-RlQl^l - ft) - R)Ql,ide - R]Q^g) , (4.18)

where Rj denotes the invariant out radius parameter in CMS, which takes the form of

Ri = JtRt.out • (4.19)
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Figure 4.4: Two-dimensional correlation functions C2(Qt,Qiong) in different mt intervals.
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Therefore, Rt,out gains the additional mt-dependence due to the boost. This can be
tested with the JETSET generator, because it uses the form C2 = 1 + Aexp( — RjQ2) to
reproduce the Bose-Einstein enhancement. As shown in Appendix E, dependence of Rt,out
on mt is stronger than those of Rtl3ide and Riong in JETSET, which is consistent with the
discussion above.

Considering-the fact that the resonances do have a finite lifetime, thus propagating out
of the primary source before decaying into observed pions, one can discuss the possibility
that these low momenta (hence, low mt) pions effectively increase the size of the pion
source, reflected in the correlation function. On the other hand, this explanation can not
be valid for the JETSET generated events simply because resonances in JETSET do decay
without being propagated.

So far, the parameters of the slope, 8t<(mf, $t,side and Siong have not been not discussed.
Apparently, they are in general rather small, of an order of ±0.02, but the assumption that
the Bose-Einstein enhancement situates on the top of a three-dimensional non-flat back-
ground, even with linear slopes in each dimension, is rather arbitrary. Expression (4.16)
suggests that overestimation of ^-parameters results in higher A values. Moreover, if the
background has more complicate shape, it can affect not only the A parameter, but the
radii too, and possibly even their mt dependence.

Therefore, careful studies of the background are necessary. Partially, existence of the
background is due to the presence of uncorrelated particles, while one can not judge
a priory whether a certain pair is correlated or not. Another contribution comes from
long-range correlations. Also considerably high effects appear due to the phase-space
limitations.

Attempts to purify the data sample in this analysis included introduction and/or
variation of following additional cuts :

• Requirements on impact parameters of each track during the hadronic event selec-
tion were tightened to be below 1 cm in the transverse plane and below 5 cm along
the beam axis, which removes decay products of some long-living resonances from
the sample.

• Correlation function was constructed only of pairs of particles, each having momen-
tum below 5 GeV/c, to avoid the limits of phase space were dynamical correlations
are strong.

• Pairs were rejected if their opening angle was smaller than 2° to exclude the possi-
bility of counting tracks, not resolved properly by the detector.

• Additional criterion, connected to the finite detector resolution, was to require Q to
be no less than 60 MeV/c. It reduces also the influence of correlated pions from 77'
decays.

• To move away from the phase-space limits, tracks from both jets were combined
into pairs, with the cut on the mean rapidity of the pair (y) > 1 applied to avoid
dynamical correlations.

• To reduce correlations due to the local transverse momentum compensation, pairs
were rejected if their opening angle in transverse plane exceeded 120°.
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Studies show that these additional selections lead mainly to decrease in slope param-
eters S, suggesting that the background becomes more flat. However, the transverse mass
dependences of radii parameters does not change significantly, proving that variation of
selection criteria gives the estimate of systematic uncertainties, but does not change the
overall results.

Variations ofihe Qt,<mti Qt.side and Qimg ranges used in the fitting procedure were also
performed. This study revealed the very high systematic uncertainty of the fit parameters
in the region of 0.6 GeV < mt < 1.5 GeV : about 25% for A and Riong, 40% for Rt,,ide and
up to 50% for Rt>mif Considering also far too big bin width of 0.9 GeV and low statistics
in this mt region, one can conclude that results obtained for 0.6 GeV < mt < 1.5 GeV are
not very reliable. This can be connected also to the strong influence of hadrons produced
in soft gluon jets, which were not eliminated by the two-jet selection procedure. However,
preliminary tests with the JETSET generator with gluon emission switched off show rather
small sensitivity to the presence or absence of gluon jets for this high mt region, mainly
because of still big statistical uncertainties.

0.2 0.3 0.4 0.5 0.6

0.5 0.6

0.5 0.6

Figure 4.5: Correlation function parameters as extracted from JETSET generated events
with (open points) and without (closed points) gluon emission allowed.

The first mt interval, namely, mt < 0.25 GeV also appears to be of little use, in spite of
containing the majority of statistics. As can be seen from Fig. 4.4, with this mt selection
the transverse component of Q does not extend further than 0.4 /GeV, which means that
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transverse radii parameters can not be properly described by the fit.
As was already mentioned, tests of the influence of soft gluon jets to the mt dependence

of correlation function parameters were made using the JETSET event generator with gluon
emission switched on and off (no detector simulation applied; input JETSET parameters
are A = 1 and Rj1 '= 0.394 GeV). While in general mt dependence of radii and A
parameters iiulhis case are rather smooth, it does not vanish and has behaviour similar
to that in data. A comparison of correlation function parameters extracted from JETSET
generated events with gluon emission switched on and off is shown in Fig. 4.5. Interval of
0.6 GeV <mt< 1.5 GeV is omitted.

These results indicate that gluons do not influence parameters of the correlation func-
tion at least in this particular kinematic range, selected with mentioned before criteria.
From the position of the string model this could mean that either gluonic kinks of the
string do not influence the space-time picture of e+e~ event within applied kinematical
cuts, or that the measured radii parameters are not sensitive to these kinks.

This analysis leads to the conclusion that the Bose-Einstein correlations in electron-
positron annihilation are found to behave very much like those in experiments on heavy
ion collisions. The radius parameters show the same oc 1/y/ml dependence, which is
well understood in terms of collective hydrodynamical behaviour for the heavy-ions case.
Meanwhile, the transverse mass dependence of correlation radii in LCMS for e+e~ annihi-
lation can not be adequately explained. Apparent existence of similar trend of decreasing
radii parameters with increasing transverse mass of the pair both in DELPHI data and
JETSET generated events is even more puzzling. Evidently, more studies have to be done
in this field in order to find the answers on arisen questions.



Summary

Following the common dialectics law, the development of science is not only powered by
revolutionary discoveries, but also has periods of smooth evolution, preparing the ground
for future perturbations. The history of the LEP collider is a good illustration of this
law : the LEP was designed with aims to discover and study intermediate vector bosons
W and Z, but technological progress in antiproton cooling made it possible to discover
W and Z already on smaller SPS collider, then proton-antiproton. That made the main
task for LEP to become a factory, producing bosons in abundance in order to provide
big and clean sample of events for precision tests of various QCD and Standard Model
predictions. Nowadays LEP is well-studied and tuned machine equipped with modern
detection tools, which allow physicists to study the most complicated processes of nature.

One of the less understood phenomenon is the fragmentation of invisible quarks to
observable hadrons. This dissertation is devoted to investigations of hadronization process
from different view angles : fragmentation function analysis and two-particle correlations
studies. While none of them led to a discovery, some new methods were developed and
applied to the analysis.

Method of the transverse and longitudinal fragmentation function proved to be a use-
ful tool for QCD testing. In the case of high statistics, like that available with the LEP,
it gives yet another approach to problems like gluon fragmentation function extraction,
fragmentation of different quark flavours, strong coupling constant a, and the weak mix-
ing angle definition, mean charged multiplicity calculation. Results obtained with this
method are in a good agreement with other independent measurements, which proves
that the present qualitative understanding of the fragmentation process is basically cor-
rect. Fragmentation function method also appears as a precision test of QCD, since it is
sensitive to high order corrections in aa.

Multidimensional studies of Bose-Einstein correlations provide a probe of the
hadronization process from semi-classical point of view. Analysis of three-dimensional
correlation function in different transverse mass intervals gives information about space-
time behaviour of the hadronic source. Described in the present thesis first studies of this
kind for e+e~ annihilation revealed the fact that hadrons with low transverse mass mt are
emitted from a bigger source than those with high mt, analogously to the heavy-ion col-
lisions case. This unexpected result is however approximately reproduced by the JETSET
event generator. This suggests that the effect might have a different explanation, which
is yet to be found.

In general, the main conclusion is that the data, collected by the DELPHI detector at
LEP, provide an enormous material for analysis, which helps to develop our knowledge of
nature and its laws.
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