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Abstract

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-

Te~ annihilation. The main

tion about hadronic decays of the Z° boson produced in e
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 1s 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 are 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 losifovich 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



examples
name acts on: carrier range strength stable induced
systems  reaction
Gravity all particles proposed long; ~ 1073  solar object
graviton F o 1/7? system  falling
Weak force  fermions bosons <107Y"m 107° none beta
W=, 2° decay
Electro- particles with  photon,y long; 1/137 atoms, chemical
magnetism  electric charge Focl/r? rocks reactions
Strong force quarks, ¢, and gluons,g 107 "m 1 hadrons, nuclear
gluons, g nuclei reactions

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 Salam, 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: v, W, Z and g. Elementary particles are subdivided into three generations, see
Fig. 0.1. Leptons are electron e, muon u, tau-lepton 7, their respective neutrinos v., v,
and v,, 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 antiparticle 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 ete™
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 bending 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 pm
and 250 gm 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 M Hz. 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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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 10'? 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 107'2 Torr whereas in the presence of beam the pressure rises to about
10~® 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 107™*-107° 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 ete”
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 10%° em™2s7!) 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 103! ¢m 257! to produce pairs of W bosons.
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1.2 The DELPHI Detector

DELPHI (DEtector with Lepton, Photon and Hadron Identification) is a general pur-
pose detector for ete™ 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

f

direction, the = axis points towards the centre

of LEP, and the y axis points to zenith. The

polar angle to the z axisis called : 0 < 0 <7

and the azimuthal angle in the plane perpen-

dicular to the z axis is called ¢ : 0 < ¢ < 2.

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

Figure 1.2: The DELPHI coordinates. (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.
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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° < 6 < 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 ym for one layer in R¢ plane and
down to 9 pm 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¢ points per track between radii of 12 and 23 c¢m. Up to the beginning of 1995, for
polar angles in the range 23° < § < 157°, a track crossed a volume of the detector sensed
by a minimum of 10 wires (now the polar angle acceptance changed to 15° < 8 < 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° < 8 < 150°.
In 1995 they were replaced with 5 cylindrical layers of straw tube detectors (192 tubes
per layer) measuring R¢ and having the same functionality. The polar angle acceptance
increased to 15° < # < 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 o(R$) = 50 pm and o(¢) = 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 6.

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 ¢m between polar angles of 39° < § < 141°. At least three pad rows
are crossed down to polar angles of 20° < § < 160°. The single point precision is 250 pm
in the R¢ plane and 880 um 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 pm in R¢ and about 600 gm 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° < 6 < 138°. The single point precision is o(R$) = 110 pm, the precision in the z
coordinate is o(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 c¢m 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° < 8 < 32° and 148° < # < 169°. The reconstructed
track elements have precisions of o(z) = 290 pm, o(y) = 240 pm, o(0) = 8.5 mrad, and
o(¢) averaged over 6 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 defined by 4 planes. The sensitive
area of the chamber corresponds to polar angles of 11° < 6 < 36° and 144° < 8 < 169°.
The precisions achieved on the parameters of the reconstructed track elements are
o(z,y) = 150 pm, o(0) = 3.5 mrad and o(¢) = 4.0/ sin § mrad.

The momentum precision of the tracking system in the barrel region, measured in
7Z — ptu~ events, is

o(1/p) = 0.57 x 1072 (GeV/c)™t . (1.1)
For the forward region the momentum precision is
o(1/p) = 1.31 x 1072 (GeV/e) ™" . (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 6 ~ 40° and the 90°
and ¢ 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 ¢m 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 X/ sin 8. 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 ¢m wide in the last row. The reference point spatial
resolutions achieved using electrons from Z — ete™ events are (for 45 GeV electrons)
o(z) = 0.13 c¢m in the innermost rings (smallest |z|), 0.22 ¢m in the middle rings and
0.31 ¢m in the outer rings. This corresponds to a nearly constant 6 resolution of 0.6 mrad
for 45 GeV electrons. The apparent ¢ 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 o(E)/E = [0.0432 + 0.322/ E]*/?
(FE in GeV) and the angular precisions for high energy photons are +1.7 mrad in the
azimuthal angle ¢ and +1.0 mrad in the polar angle 6.
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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° < § < 35° and 145° < 6 < 172°. The blocks are truncated pyramids
with inner (outer) face dimensions of 5.0 x 5.0 (5.6 x 5.6) cm? 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 o(E)/E = [(0.03 4 0.12/VE)? + (0.11/ E)?]*/? where E is in GeV. For neutral showers
of energy larger than 2 GeV, the average precision on the reconstructed hit position in
and y projected to |z| = 284 c¢m 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 ¢m along y and 24 radiation length (about 10 ¢m) 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 (@ = 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 pm 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 6 (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¢ segmentation of 3 cm x 22.5°. At 45.6 GeV the energy
resolution is og/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 (T1, T2, T3 and T4)
of increasing selectivity. The first two trigger levels (T1 and T2) are synchronous with
respect to the Beam Cross Over (BCO) signal. T1 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 ps, the T1 decision being taken 3.5 us and T2 - 39 us after
the BCO. The dead-time introduced is then typically 3%, with 2% due to T1 and 1%
to T2 for a typical readout time of 3 ms per event. The inputs to T1 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 42.6°-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° < 6 < 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 mm? with
one anode wire in each. The inner surface of the cathode cells is coated with a poorly
conductive graphite varnish. The 80 pm 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/CO;/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¢ = 3.75° and Af = 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 ps and afterwards digitised by an 8-bit
ADC.

Muons produced in Z — ptu~ decays are used for calibration. They have only 2%
contamination from the 77~ 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 7 decays that penetrate the electromagnetic
calorimeter. In the barrel region (52° < 6 < 128°) the energy precision in the hadron
calorimeter is found to be

o(E)/E = +/0.21% + 1.122/E

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

14
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DELPHI HADRON CALORIMETER

Figure 2.1: DELPHI Hadron Calorimeter
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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 ¢ 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
K? 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° < 6 < 180°), while BC and EC — negative
(0° < 6 < 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 :

NO

module
EA BA BC EC Location
1 25 60 84 0° < p < 15°
2 26 59 83 15° < ¢ < 30°
3 27 58 82 30° < p < 45°
4 28 57 81 45° < p < 60°
5 29 56 80 60° < p < 75°
6 30 55 79 75° < p < 90°
7 31 54 78 | 90° < ¢ < 105°
8 32 b3 77 | 105° < p < 120°
9 33 52 76 | 120° < p < 135°
10 34 51 75 | 135° < p < 150°
11 35 50 74 | 150° < ¢ < 165°
12 36 49 73 | 165° < p < 180°
13 37 72 96 | 180° < ¢ < 195°
14 38 71 95 | 195° < p < 210°
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15 39 70 94 | 210° < ¢ < 225°
16 40 69 93 | 225° < ¢ < 240°
17 41 68 92 | 240° < ¢ < 255°
18 42 67 91 | 255° < ¢ < 270°
19 43 66 90 | 270° < ¢ < 285°
20 44 65 89 | 285° < ¢ < 300°
21 45 64 88 | 300° < ¢ < 315°
22 46 63 87 | 315° < ¢ < 330°
23 47 62 86 | 330° < ¢ < 345°
24 48 61 85 | 345° < ¢ < 360°

Thus the angular size of a module is about ~ 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 N° 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 :

123 4 5 6 7 8 910111213141516 171819 20

plane N°

number

of tubes | 99910101010 10 11 11 11 11 12121212 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 c¢m in the barrel part, whereas edges
of tubes adjoining end-caps have coordinates of z = £352.9 c¢m. In the middle part of
the detector (i.e. z &~ 0 cm), in the barrel side “A” edges of tubes in odd planes have
coordinates z ~ 0 c¢m, whilst in even planes — z ~ 10 ¢m, in order to prevent dead spaces
in the middle part of the detector (see Fig. 2.3).

[ st HAE = ]

. w1

s
|

| PLUGS READ-OUT
BOARD

Figure 2.3: Layout of Limited Streamer mode Tubes (LST) in the middle part of the
DELPHI detector
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Modules
Crate | N°1 | N°2 | N°3 | N°4

BA 30 29 28 27
26 25 48 47
46 45 44 43
42 41 40 39
38 37 36 35
34 33 32 31
BC 95 56 57 58

59 60 61 62
63 64 65 66
67 68 69 70
71 72 49 50
51 52 53 54

= = =
B S ©x-~aoo k& wo

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 = 6, second — 7 + 11,
third — 12 +— 15 and fourth — 16 + 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. Tt is known that data being transmitted in order with number of crate increasing
(1+12), inside a crate — with number of module increasing (14, see also Tab. 2.2),
and inside a module — with number of IC increasing (1 = 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



19

2.2. CATHODE READ-OUT

<t o™ q\| —
i
— 2 o 2 o " Dl
o\ — — N — AN — !
) i ) ~ ] i ] i
]
(-
21 ) V%
Sl ol o ] v ]
221111111111 -
Al A A A S A 9L ] T ] o] o ol o] o

. == ] < Sl Al Aol ol o o=l = = Sl S Tol o

o | = elelslel sl e e ol o) o] @ ‘
o|o

_ i o|lo| o] o 0| o] ©

™ ol o| o]l o] o] & 00| o] o] o] ©

Y o|lo 0| o] o] © N~~~

) | o] o] o] o] © N~~~ ~

o 00| 0o N~~~ ©o| o] © o

N~~~ ~~| ~ ©o| ©o| o o] © o
N~~~ ©o| o] o] © |l w '
o] o] ©] o] o] © iLVIL| LW o
©o|w© | w|wvl]w < | <] T
wlw|lwvlw]lw|w < | < ] < o
|w < | < | M| n] m o

W < | < | < <] < (op] 2] Na2) Keol N2
< | < M| ]l m| m | o) e

: M| m]l o] o] o] m Nl | ] o

™ m|m oVl N1 BGYT oY 1114

v N NN N Al Bt Bl Bl e

o oo | ] ]

o | A ] A H] — _
— |- >
m9876543210987654321
I i B B e B B B
c
©
o

Port1- PO

Port0-P1

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 N° 2 and so
on. To reconstruct the second IP one should combine in the same order lowest 8
bits from each port.

3. The obtained 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 TP x4 IC x4 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-oft 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 § ~ 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 6 (see Fig. 2.6).
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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 ¢. 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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Figure 2.7: Example of a K2 candidate decay seen in Cathode Read-out of the DELPHI

Hadron Calorimeter.



Chapter 3
QCD 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 ete™ annihilation into hadrons and inclusive high p; 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)

q g g g

Figure 3.1: Fundamental QCD couplings: a) quark-(antiquark-)gluon vertex, b) three-
gluon vertex, c) four-gluon vertex.
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Figure 3.2: Different o, measurements compared to the QCD prediction based on the

averaged value of as(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, Q?, being called
therefore the “running constant”. Taking into account only fundamental couplings, the
running of a, can be expressed by the formula :

127
Q) = 55 2m,)in(Q?/A%) °

(3.1)

were ny 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 Q?, 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 Q% — 0, «, 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 a,(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 perturbative 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 1/In((Q)) whereas non-perturbative effects are expected to scale with 1/Q. Thus
the LEP centre-of-mass energy of 91.2 GeV allows indeed precise tests of perturbative
QCD. Moreover, ete™ 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 negl