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ABSTRACT

The analysis of multihadronic events resulting from the interaction of
an electron and a positron has been carried out using the data obtained with
the CELLO detector situated at the PETRA e*e™ storage ring. There are
5605 events in the data sample which were acquired at an average beam

energy of 22 GeV.

These events were used to ascertain whether the hadronic data could be
described by a candidate theory of the strong interaction; namely quantum
chromodynamics. It is shown that quantum chromodynamics describes the

main features of the data.

The theoretical properties of the transition from quark and gluons to
hadrons is discussed, and in particular, three models of fragmentation are
discussed. The relative merits of the string model, the independent jet
model and the cluster model were evaluated from an experimental viewpoint
and on a theoretical basis. The string model of fragmentation was found to

give the best agreement with the published experimental data.

Using the string model of fragmentation, a value of ag, the strong in-
teraction coupling constant, was obtained. This was done by statistically
fitting the experimental corrected data to the theoretical quantum chro-
modynamic prediction. Various distributions were employed to determine
ags and their relative merits assessed. It was found that the energy energy
correlation asymmetry provided the most accurate measure of the strong

coupling constant, namely,

as(Q? = 1936GeV?) = 0.152 4 0.010(systematic) + 0.01(statistical)



PREFACE

This thesis describes the study of one-photon virtual exchange interac-
tions carried out using data from the CELLO detector at the PETRA ete™

storage ring situated at DESY, Hamburg, W. Germany.

The study was designed to show that the strong interaction, one of
the four fundamental forces, could be described by the theory of quantum
chromodynamics and if this were true, to ascertain the strength of the strong

interaction by determining the strong interaction coupling constant.

The results obtained in this thesis depend directly or indirectly on the
work of many people, although the physics analysis presented in this analysis

is the individual work of the author.

The author’s individual contribution to the experiment included the
supervision and maintainenance of the muon detectors and an analysis of the
Monte Carlo at the generator level. The author was also involved in a study
of the liquid argon calorimeter, and in particular, the energy deposition

characteristics of photons in this part of the detector.

No portion of the work referred to in this thesis has been submitted in
support of an application for another degree or qualification in this or any

other university or institution of learning.
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CHAPTER ONE
THEORETICAL INTRODUCTION

1.1 Introduction to particle physics

Research into high energy physics is carried out to try to discover the
fundamental structure of matter. At the beginning of the twentieth century
it was believed that 92 atomic elements were the elementary building blocks
of nature. Then came the discovery that the atoms themselves were made
up of a nucleus containing protons and neutrons surrounded by clouds of
orbiting electrons. At present, there are thought to be three main groups
of elementary particles; quarks, leptons and gauge bosons, some properties

of which are shown in table 1.1.

Four known forces dictate the way in which these particles interact.
The most familiar force is the electromagnetic force, which through the
mediation of photons influences charged particles. This force dominates
outside the nucleus and is hence responsible for much of chemistry, biology
and everyday life. The weak force is responsible for many nuclear processes
such as the beta decay of neutrons into protons and is thought to act through
the exchange of weak bosons. Quarks are bound together by the strong
force, carried by gluons, and all particles which undergo strong interactions
are called hadrons. All particles are influenced by the gravitational force but
this interaction is negligible at present energies, compared with the other
three forces. The strong force is a million times stronger than the weak

force and a thousand times the strength of the electromagnetic force.

The calculational framework of modern particle physics is relativistic
quantum field theory, of which quantum electrodynamics (the theory de-
scribing the electromagnetic interactions of photons and electrons) is the

prototype. During the last twenty years, the importance of a special class
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Group Symbol Name Spin | Charge
Quarks u up % %
d down % — %

s strange % - %

c charm % %

b bottom % - %

t top % %

Leptons e electron 2 -1
U nuon % -1

T tauon % -1

Ve e— neutrino % 0

vy (#— neutrino % 0

v, T— neutrino % 0

Gauge Bosons 0% photon 1 0
w+ 1 +1

w- weak bosons 1 -1

Z 1 0

gi(t =1...8) gluons 1 0

Table 1.1 : The main groups of elementary particles and some of their
properties. The unit of charge is defined in such a way that the electron

charge is —1. The spin is given in units of f.



of quantum field theory, called gauge theories has become apparent. Quan-
tum electrodynamics (or QED) is the simplest example of such a theory,
while another example is the theory of the strong interaction; quantum

chromodynamics (or QCD).

The electromagnetic and weak interactions are unified in the Glashow-
Salam-Weinberg model, which together with quantum chromodynamics forms

the standard model of elementary particle interactions.

1.2 The Glashow-Salam-Weinberg model

The application of the gauge principle to the weak interactions of quarks
and leptons produced a model which led to the electromagnetic and the weak

interactions being unified.

The relevant symmetry group was first proposed by Glashow [1] in
1961 and then investigated by Weinberg [2] in 1967 and Salam [3] in 1968.
Glashow recognised that the interactions were invariant under weak isospin
SU(2)L transformations, suggested by the fact that the coupling of the
weak interaction to both quarks and leptons has the same strength. He also
saw that a second symmetry was involved,i.e., the U(1)y symmetry of the

electromagnetic interaction.

An SU(2) x U(1) invariant Lagrangian could then be constructed by
combining these two transformations. This is done by replacing the basic
electromagnetic interaction, as used in QED to calculate electromagnetic

amplitudes, with two basic interactions

—igJ, - WH = —igt,[;L'y“T -WHY
g . - Y
—2513/3" = —g'%lwgz/’B"

The first of these interactions involves an isotriplet of weak currents J,
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coupling to three vector bosons W# with the operators T being the gener-
ators of the SU(2), group. In the second interaction, a weak hypercharge

current ]Z is coupled to a fourth vector boson B* with Y the generator of
UQ)y.

The fundamental constants g and g¢' represent the couplings of the

SU(2)z and U(1)y parts of the gauge group respectively.

Since the weak isospin assignments and associated transformation prop-
erties apply to the left-handed parts of the wavefunctions only, the left-
handed fermions form isospin doublets 11 while the right- handed fermions

are isosinglets ¥g.

Thus for leptons we have

1 %4
¢L=(> YR = er
€/ L

and for quarks

P = (:;,) %r = ug or dg
L

The Kobayashi-Maskawa matrix [4] determines the combinations in the

charged current. The electromagnetic current is a combination of the two
3 Y :

neutral currents J, and j, and the two physical neutral gauge fields 4,

and Z, are combinations of the gauge fields W;’ and B,.

The Higgs mechanism has to be used to incorporate particle massesin a
gauge invariant manner. This requires the addition of an isospin doublet of
complex scalar fields, with Y = 1 and a non-zero vacuum expectation value,
to the Lagrangian. Thus, the gauge symmetry is spontaneously broken with
the theory remaining renormalizable, while the W= and the Z° become

massive and the photon remains massless.



1.3 Gluons and colour

It is thought that the complexity of all hadronic matter, e.g. protons,
neutrons and pions and all the other strongly interacting elementary par-
ticles can be considered to be made up of smaller building blocks called
quarks. These are fermions, like the leptons, with spin %, with three quarks
combining to form a baryon, and a quark and an antiquark forming a meson.
The hadronic properties of charge, strangeness, charm, beauty and baryon
number are all possessed by quarks although sometimes not in integer units,

as can be seen from table 1.2.

At present accelerator energies five types of quarks called flavours are
needed to explain the entire hadron spectrum,i.e., up, down, strange, charm
and bottom. The u,d quarks transform as a doublet under an almost exact
SU(2) of flavour, the u,d,s transform as a triplet under an approximate
SU(3) of flavour, the u,d, s,c transform as a quartet under a badly broken

SU(4) of flavour.

A series of experiments on deep inelastic lepton scattering [5] showed
that quarks were not merely mathematical objects used to construct hadrons,
but behaved as freely moving, point-like objects. In these experiments, a
nucleon is struck by a high momentum probe, which is usually a photon,
as shown in figure 1.1. If the photon’s momentum is high enough it will
have a small enough wavelength to penetrate the hadron and thereby see
the constituents inside, which are found to have all the quark properties.
However, at today’s energies these partons never seem to emerge from the

hadron.

Since these partons do not appear as isolated objects outside the nu-
cleon it has been postulated that they must have some property which is

not possessed by hadrons. This property is called colour [6] and comes in,

4



QUANTUM NUMBER

QUARK charge |strangeness charm beauty baryon

u 2/3 0 0 0 1/3
d -1/3 0 0 0 1/3
8 -1/3 -1 0 0 1/3
c 2/3 0 +1 0 1/3
b -1/3 0 0 -1 1/3

Table 1.2 : Some of the quantum numbers of the five quark flavours



Figure 1.1 : Deep inelastic scattering e"p — e~ X



say, the three shades of red, green and blue.

The introduction of the concept of colour has explained why the lowest
mass, spin 3/2 states of apparently identical quarks can exist. For example,
three u quarks combine in a completely symmetric ground state to form the
ATT baryon, which is a state forbidden by Fermi-Dirac statistics. However,
with the introduction of colour the quark wavefunction for the A state can
be written as ugugup and so the three u quarks are now distinguishable

by their colour quantum number, thus solving the statistics problem.

A red, a green and a blue quark comprise every baryon, while a meson
is a linear superposition of red-antired, green-antigreen, and blue- antiblue.
Hadrons, although built of coloured quarks are colour-neutral or white, since

they are observed in nature.

It is clear that a strong force is needed to bind the quarks together
in the hadron and to overcome the electromagnetic repulsion of, for ex-
ample the three u quarks in the A*™™ baryon. This force is mediated by
gluons with two quarks exchanging a virtual gluon in an analogous fashion
to the exchange of a virtual photon in quantum electrodynamics (QED). A

schematic representation of this is given in figure 1.2.

The gluons are bicoloured objects and occur in nine varieties with the
ability to interact with each other (see for example figure 1.3) under a
colour transformation, apart from one combination, which is a colour singlet
lacking any net colour charge and so cannot carry colour from one quark to
another. This singlet gluon need not be confined and can couple to quarks
with a strength independent of the other eight and since it is arbitrary, this
coupling is set to zero. Eight gluons are then left and this octet is allowed to
transform as the adjoint representation of SU(3). The mediating gluons are
required to have odd spin so that the colour forces that succeed in binding

a g pair into a meson fail with a gg pair. The spin is taken to be one since

5



(a) (b)

(BR)

R B -
{c)

Figure 1.2 : (a) Electromagnetic interaction by photon exchange (b)

Strong interaction by gluon exchange (c) Flow of colour in (b)

Figure 1.3 : Self-coupling of gluons



this is the only renormalizable choice.

1.4 Quantum chromodynamics

In quantum chromodynamics (QCD), a triplet of coloured quarks in-
teracts through the exchange of an octet of vector gluons, described by a

Yang-Mills gauge theory.

Spinors ¢; ,where: = 1,..., N , describe the quark fields and transform
as the fundamental representation of SU(N). The gluon fields are described
by A# , where a = 1,...,(N? — 1), and transform according to the adjoint

representation.

The N x N matrices (T'%);; represent the SU(N) transformations, and
for N = 3 these matrices are just equal to %/\a where )\, are the Gell-Mann

matrices witha =1,...,8.

The commutator of any two of these matrices is a linear combination
of all the T7s ;-
[Ta, Tb] — ifabcTc (1_1)

where f2b¢ are real constants and are called the structure constants of the
group.

The QCD Lagrangian density assuming massless quarks is given by,
- " 1
Locp = wWivu Dy — ZF“ Fapv (1-2)
where the covariant derivative is defined as follows,

DY, = 8%6;; — ig(T*);; A%
and the field strength tensor is,

Fl" = 0" Ay — 0 Ak + gf** AL AY

6



with g the only coupling of the theory.

An Abelian theory like QED is easily obtained by setting %€ = 0 in
equation (1-1) and hence making the commutator zero. Equation (1-2) is

thus the non-Abelian generalisation of a successful theory, namely QED.

The invariance of the Lagrangian is expressed in terms of Locp — Locp

under any infinitesimal local gauge transformation defined by e,, such that
Y = Y —i(T%)ij9j€a

¥ = P +19;(T%)jica
7 7 abc 7 1 H
AL - AP+ f ebAC—Eﬁ €a

This property of local gauge invariance uniquely determines the structure

of the theory and made it consistent with unitarity.

One of the properties of any physical theory is that probability must be
conserved in any scattering process. The high-energy behaviour of scatter-
ing amplitudes is thus severely constrained by the unitarity of the S-matrix.
The renormalisability of the underlying field theory is closely related to this
behaviour. Yang and Mills [7] recognised that imposing the condition of
local gauge invariance made the theory renormalizable and so give sensible

high energy behaviour for physical processes.

1.5 Calculations in QCD

There are two methods of performing calculationsin QCD at the present

time, using either lattice gauge theory or perturbation theory.

Lattice gauge theory methods attempt to compute properties directly
derivable from the Lagrangian of equation (1-2). This technique is difficult

and requires a large amount of computer time and hence present results

7



are only concerned with static problems, such as the spectrum of hadronic

masses.

In order to perform calculations, the gauge freedom of QCD has to be
removed by choosing a specific gauge of which the most common are the
Feynman gauge, the Landau gauge and the axial gauge. Calculations in
QCD using perturbation theory are carried out by applying the Feynman
rules deduced from the Lagrangian, given in table 1.3. The two covariant
gauges are specified by the parameter { with {( = 0 being the Landau gauge

and ( = 1 the Feynman gauge.

The gluon propagator, however, has too many degrees of freedom for a
massless physical vector particle and in effect includes an unphysical scalar
component, which must be removed. This is achieved by adding appropriate
ghost fields to the Lagrangian with contributions arising wherever there are

gluon loops. If the axial gauge is used, no ghost terms are needed.

The presence of gluon and fermion loops in some graphs in perturbative
QCD leads to the appearance of three types of colour factor. Two of these
are the Casimirs C(F) and C(A), while the third is the trace factor T'(F),

which are shown diagrammatically in figure 1.4.

For SU(N) and Ny flavours, we have

N?-1 N N2 —
> D TRTE = C(F)éi; = (—Q-N—l) bij

a=1 k=1
N?-1
Z facdfbcd = C(A)éab = N(Sab
c,d=1
N TET = N T(F)6u = L6
.fz jitiy = AVf ( )ab—"'z—ab

1,j=1




Feynman rules

Covariant gauge (§)

Axial gauge (n*™)

~&fapc[8r (P —a), +8uulqg 1)y
+8u("?)g]

18 Uabefede (BupuBir = Burbirns)

+/ac¢fbd:(gxkgnv - x-t-&Au)
+Hadefeve (BunBrr — BarBur)]

None
-igTy"y"

None

~8fase [R20(P Q) +80 (g =)
+gvk(’ =1 )A]

—i8 e fede (EurBar — BurBirn)

+f-a/bd¢ (gxkxnv =~ BurBan )
Ffade feve (Bupnre = BurBis)]

Table 1.3 : The Feynman rules for performing calculations in QCD




k
¢
a b
C {A)
c.d
d

/
a b
T (F)
Iy yi

Figure 1.4 : Diagrammatic representation of the two Casimirs and

the trace factor for SU(N)




1.6 Renormalisation in QCD

There are two types of diagrams or terms, called loop and tree diagrams
respectively, in a perturbative expansion. In the loop diagrams, examples
of which can be seen in figure 1.5(a), an intermediate virtual state is cre-
ated and then destroyed, and these represent the higher order corrections.
The tree diagrams, such as those in figure 1.5(b), have no such loops and
correspond to the lowest order terms. Mathematical difficulties occur in
the calculation of loop diagrams because integrations need to be performed
over the momenta of the intermediate particles. These integrals are usually
divergent, since they extend up to infinite momenta, and hence reflect the
failure of the theory at large momenta. This problem is dealt with using

the procedure of renormalisation.

This means that the infinities of the theory are absorbed into the basic
constants of the theory, such as the coupling constants and masses, which
are then renormalized to their finite physical values. Hence, these coupling
constants and masses cannot be calculated in this theory and must be mea-

sured experimentally.

The Lagrangian is then rewritten in terms of the renormalized fields

¥r and A¥" , which are given by ;
¥ =2,""¢r

AF = Z3 /2 ger

a

where Z; and Z; are the renormalization constants of the quark and gluon

field respectively.

The renormalization constants are determined by using a particular

renormalisation scheme, of which there are three main examples.

9
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The minimal subtraction (ms) scheme uses the method of dimensional
regularisation and has the advantage of being gauge-independent. This in-
creases the number of space-time dimensions, X, to a number other than
four and then the infinities appear as simple poles at X = 4 . A finite
result is obtained by subtracting these poles ~ ﬁ The disadvantage of
this scheme is that the momentum scale is introduced solely on dimensional
grounds. The modified minimal subtraction scheme (m3) involves the re-
moval of constants like (In4m — vg) , where vg is the Euler-Mascheroni
constant, which appear in many quantities through dimensional regularisa-
tion. A third scheme is momentum subtraction (mom) in which the vertices
and the coupling are renormalized at a momentum close to the momentum

of interest. This method has the disadvantage of being gauge-dependent.

Physical quantities should not depend on the particular renormalisation
scheme used and so perturbative expansions carried out to all orders should

yield the same result.

1.7 Asymptotic freedom

The quark-gluon interaction of QCD that binds a hadron together
would seem to be an even stronger force, with a larger coupling, than the
force that keeps a nucleus intact. This is suggested by the fact that free
quarks and gluons have not been observed in nature i.e., they are confined in
colour singlet hadron states. In deep inelastic scattering experiments using
a high momentum probe however, the quarks appear to be freely moving
particles with an effectively small coupling. The procedure of renormalisa-
tion provides the solution to this apparent contradiction and leads to the

property of asymptotic freedom.

In the process of renormalisation, the coupling g is renormalised by

defining its value to be g(u?) at some new momentum scale Q? = u®. This

10




momentum scale is usually taken in ete™ annihilation to be the centre of

1mass energy squared, denoted by ..
The behaviour of g(u?) is defined by the differential equation

Blg) = #%y

where the 3 function can be calculated in perturbation theory.
: 2y = 6@ 1. L
Defining as(Q?) = .= this equation gives the solution,

as(p?)
1+ (f—,",) as(p?)ln (3—:)

as(Q?) =

which can be rewritten as

( 127
as(Q*) = o (@
(33— 2Np)in ()

where Ny is the number of quark flavours and Ay is a constant defined by

. - 127 -
A e () o (R ()

From equation (1-3) it can be seen that as Q? increases, af’s)(Qz) de-

creases and is therefore small for high Q? (short distance) interactions such
as are found in deep inelastic scattering. Hence, for high Q? processes the
perturbative expansion converges quickly as C\%)(Qz) is small, while low Q?

processes are difficult, if not impossible, to calculate. The theory of QCD

is thus said to be asymptotically free.

1.8 et e~ annihilation into jets in QCD peturbation theory

In et e~ annihilation, the hadrons that are formed from the interaction

of the underlying partons are found to be produced in jets of particles.

11




The partons possess a spread in momentum since they are confined to the
interaction region. This effect is enhanced in the transverse direction with
respect to the beam axis, thus giving the partons an intrinsic transverse
momentum. Thus, in turn, the hadrons are produced in jets or cones, with
a limited transverse momentum of a few hundred MeV with respect to the

original parton direction.

There are two different methods used to describe the evolution of par-

*e~ annihilation. The first method is known as fixed order QCD,

tons in e
where every term in a perturbative expansion is used up to a given order,
with the higher order terms being ignored. This is in contrast to leading-log

QCD, in which the largest contributions from all orders are summed, while

the non-leading terms at each stage are neglected.

The process which leads to the production of hadrons from the initial
state partons is not calculable in QCD. Thus, several phenomenological
models have been introduced to describe this fragmentation process, and

these will be discussed in the next chapter.

1.8.1 Fixed order QCD

The diagrams that contribute to the process ete™ — ¢g and are of
order ag are shown in figure 1.5(a,b). The graphs in figure 1.5(a) are
O(ag) and are multiplied by the zeroth order diagram of figure 1.6 thus
giving the O(as) corrections to the two jet cross section ete™ — ¢g. Each
of these diagrams is ultraviolet divergent, i.e., the integrals over the virtual
momenta k diverge as k — co. However, the divergences cancel when the
contributions from all three graphs are summed, but divergences still arise
when k — 0 , because the gluon is thought to be massless. These infra-red
divergences cancel if the contributions from the process e*e™ — ¢gg , which

also have infra-red divergences, are added. Another divergence, called the
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Figure 1.6 : The process ete™ — ¢g (a) to zeroth order (b) to O(as
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collinear divergence, occurs when the virtual gluon is collinear with the

outgoing quark ,i.e., ©, the angle between the quark and the gluon , — 0.

The dimensional regularization procedure of 't Hooft [8], as mentioned

earlier, defines these divergent integrals and hence controls the divergences.

Figure 1.5(b) contains the gluon bremsstrahlung diagrams which also

need to be considered for the process ee™ — ggg up to order as.

One more gluon can be emitted from one of the quark branches if order
a% effects are considered. This leads to a four parton final state, which is
interpreted as the production of four jets. The two processes that produce

Te~ — ¢ggg and ete™ — ¢gqq , the diagrams for which

final states are e
are shown in figure 1.7. Four jet events are produced only in kinematic
regions away from degenerate regions, which is where some of the partons

are collinear or soft. The degenerate regions correspond to two and three

jets and give infrared and mass singularities on integration.

The divergences in three jet cross section are cancelled by the O(a%)
virtual corrections to 3 jets shown in figure 1.7. The two jet divergences
cancel if the virtual two loop corrections to the ¢q final state are considered

with the 2 jet contribution in the virtual ¢gg diagrams of figure 1.8.

The second order three parton final state correction has been calculated
by several groups, known as the FKSS[9], ERT[10] and VGO[11] groups
respectively. These three groups obtain different results largely as a result
of using different cutoff procedures in order to decide whether two partons
should be classified as two separate jets. These differences are now under-
stood and the generator in the Monte Carlo used in this study employs the

calculations of the FKSS group.

It has recently been suggested [12] that the approximations used for

the four parton cross section are invalid because the neglected terms are not
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negligible. However, this point is still a matter of debate amongst theorists

and as such, will not be considered further in this work.

1.8.2 Leading-log QCD

In ete™ annihilation, the initial quark-antiquark pair are produced
with a mass scale determined by the energy of the virtual photon. If a
parton then radiates another parton its mass is reduced since it has lost
part of its energy and momentum. This process of parton radiation leads to
the production of a parton shower by which the initial state partons evolve
through multiple gluon radiation. This evolution occurs perturbatively and
can be calculated using the leading-log approximation. The shower contin-
ues until the mass of the parton reaches a small cutoff value. The advantage
of the leading-log method is that the development of a parton system can
be described over the whole time period for which perturbation theory is
valid. This is in contrast to the fixed order method, which is only applicable
for a short period of time. The details of the leading-log approximation can

be found in the review article on QCD by Pennington [13]

1.9 Shape variables in e ¢~ annihilation

In the simple quark parton model, the process ete™ — g — hadrons
produces two identical jets of hadrons back-to-back. When processes such
as ete” — ggg are allowed by perturbative QCD this simple picture of the
event shape becomes more complex. At high energies, the two-jet system
becomes asymmetric with a fat jet, from say the gg subsystem, recoiling
against a slim jet, from the antiquark. The emission of a wide-angle high
energy gluon leads to a distinct three-jet structure, when the centre of mass

energy is sufficiently high.
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Shape variables are used to measure and quantify this jet structure in

+

e e~ annihilation events.

The most common shape variables are those determined using the

second- rank momentum tensor [14] ;

N
Mag =Y PiaPis (o8 =1,y,2) (1-4)

j=1

where N is the number of particles in the event, and P,,, for example, is the
momentum of the second particle in the y-direction (as defined in a right
handed Cartesian coordinate system). The unit eigenvectors 71, 72,73 have

corresponding normalised eigenvalues given by

> (P - 7)?

Qr=—>—— k=123

<

These eigenvalues satisfy the equation

Q1 +Q2+Q3 =1

and are ordered such that

Q1 <Q2<@Qs

The plane defined by 7, and 73 is called the event plane, while the sphericity
axis is defined as the direction n3 . These vectors are shown schematically
in figure 1.9, together with 7y , which defines the direction in which the

sum of the momentum components is minimal.

From the above eigenvalues the quantities sphericity, S, and aplanarity,
A, can be calculated,

301 + Q)

.5':5

A=

N w

(@1)
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Figure 1.9 : The coordinate system determined for a three-jet event

by the momentum tensor




The sphericity of an event is a measure of how well the event shape re-
sembles that of a spherical as opposed to an elongated structure. A collinear

two jet system has S = 0 while an isotropic event has § = 1.

A measure of the extent to which the event structure is not planar is
given by aplanarity, since it gives the minimum squared momentum out of

the event plane. Hence, flat events have 4 = 0.

However, the above variables are incalculable in QCD perturbation
theory since the cancellation of collinear divergences arising from gluon
bremstrahlung cannot occur. This is because the sum in equation (1-4) is
quadratic in particle momenta, and hence changes when one momentum is

replaced by a collinear sum of momenta ,i.e.,
a b
Pi 2 P; TP =Pi

Infra-red safe variables were proposed to solve this problem, and are
essentially linear in particle momenta, which allows the cancellation of per-

turbative divergences to take place.
One such variable is thrust [15], defined as

> Ip¥ ]
> Ipil

where pg’ is the longitudinal particle momentum of the jth particle relative

T = maz

. . . L
to an axis chosen to maximize ) [p7|.

The major axis, é;, is perpendicular to the thrust axis, é;, and is the
direction along which the projected energy flow in the plane perpendicular

to é; is a maximum. The minor axis, €3, is chosen to be orthogonal to é;

and é,.

Thus,
2R €|

> |pil

Major = maz
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2 |p; - ésl

> |psl

Minor = maz
This leads to the definition of the jet measure, oblateness as,

oblateness = Major — Minor

The values for T range between 0.5 for isotropic events and 1 for a

collinear configuration, whilst the oblateness is 0 for a two-jet event.

One problem that arises when using the thrust variable, is that the in-
troduction of an arbitrary cutoff parameter as one of the limits of integration
in the integral of the differential thrust distribution, leads to a systematic
uncertainty in the results. This is because the O(ags) perturbative thrust

distribution diverges for T' — 1.

This phenomenon is related to the singularities discussed earlier with
the O(ag) virtual corrections to two jet events yielding additional diver-

gences at T = 1.

This problem is solved by introducing a cut-off parameter T, which
makes the integral convergent and hence cancels the real and virtual di-
vergences. However, this solution means that there is no reliable O(as)

prediction for the thrust distribution in the region T, < T < 1.

In the section of this study devoted to the determination of s , both
infrared safe and unsafe variables will be used. This is because it has been
found that at PETRA energies the M3 variables may provide more sensi-

tive tests of jet structure.

Other variables such as the energy energy correlation asymmetry will

be defined in the relevant analysis chapter.
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CHAPTER TWO
EXPERIMENTAL STATUS OF QCD

2.1 Introduction

As mentioned earlier, hadronic matter is thought to be composed of
quarks, which are bound together by colour fields with gluons being the
quanta of the colour field. The theory of quantum chromodynamics de-

scribes the interaction between the quarks and gluons.

The evidence for hadrons being composed of quarks comes from three
main areas of study. These are the spectroscopy of hadrons, deep inelastic
lepton scattering and ete™ annihilation physics. The latter two topics are
discussed below, whilst a review of hadron spectroscopy can be found in the

publication by Soding and Wolf [16].

2.2 Deep inelastic lepton nucleon scattering

In the late 1960’s and early 1970’s, scattering experiments involving
electrons and nucleons, such as those illustrated in figure 1.1, where a high
momentum probe strikes a nucleon, showed that the nucleon structure func-
tions were approximately scale invariant. This behaviour was evidence for
the existence of virtually free, pointlike partons within the nucleons. Later,
't Hooft interpreted the success of the quark-parton model in describing
these results as being a consequence of asymptotic freedom and this led
to the proposal of a nonabelian gauge field theory of the strong interac-
tion. Scaling is however, not expected to hold exactly in field theories of
the strong interaction because of gluonic radiative corrections. Evidence for
these corrections has been found in scattering experiments [17] where the

range of momentum transfers has been increased to Q? ~ 200GeV? . Thus,
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the theory of quantum chromodynamics can be tested by a quantitative

interpretation of these results.

The fact that exact scaling as predicted by the naive parton model,
does not hold was first shown in deep inelastic muon scattering experi-
ments [18] at Fermilab. The qualitative nature of the scaling violation can
be understood by realising that as @? increases and the probing photon’s
wavelength shortens its resolving power increases. Hence, the quarks begin
to be resolved into systems comprising quarks plus clouds of gluons and ¢g
pairs, and so the probed proton’s momentum is shared by more and more
constituents as @? increases. Thus each constituent must carry a smaller

and smaller fraction of the hadron’s momentum.

The QCD corrections to the basic quark parton scaling property have
been calculated perturbatively by two groups [19] and lead to the prediction
that the structure functions fall logarithmically with Q? for large X and rise
for small X . This behaviour can be seen in figure 2.1. Other types of scale
breaking contributions to the structure functions are expected, which arise
from final state interactions between the struck quark and other partons
within the nucleus. However, these higher order twist contributions decrease

like é and cannot be calculated perturbatively.

2.3 et e~ annihilation into hadrons

(a) The total cross section

A measurement of the total cross section for e*e™ annihilation into
hadrons, denoted by 075z, provides another test of QCD. In the simple
quark parton model, the two annihilating leptons produce a virtual photon
which then creates g pairs. These then decay with unit probability into

hadronic final states.
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It is usual to express 0,07 in terms of the ratio,

R(e*e™ — hadrons) = J:OT = 32 e
pp

q
where 7, is the lowest order QED cross section for muon pair production,

and the sum ‘q’ is over all active quark flavours.

The experimental results for R are shown in figure 2.2, which shows

clearly the transitions from regions where the u,d, s quarks are excited to
the u,d,s,c and u,d, s,c,b regions. The value of R also shows that the

number of colours is three and confirms the standard charge assignments.

In the context of QCD, R will be modified since gluon corrections need
to be taken into account. These modify the v*qq vertex and the quark
propagators, as shown in figure 1.6(b) to first order in as. Thus, to O(a%)

in QCD ,
_ 2 as as)?
R=3Y¢ (Hcl (25) 4 (%) )
q
where the quark masses are assumed to be zero. The perturbation coeffi-
cients have been computed up to second order by several groups of theorists,
[20] with C; = 1. The coefficient, C3, is dependent on the particular nor-

malisation scheme that is used e.g.,
C, =1.99 - 0.12N¢ (ms) scheme

Cy = —2.19+0.16 Ny (mom) scheme

(b) Observation of jets

The production of jets in e* e~ annihilation through the process ete” —
g was first suggested in 1970 by Bjorken and Brodsky [14]. Jets were dis-
covered experimentally at the e* e~ storage ring SPEAR using the MARK-II
detector of the SLAC-LBL collaboration [21]. This was done by defining

the jet axis using sphericity, and then showing that the observed hadrons
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had a limited transverse momentum with respect to this jet axis. The re-

sults of this analysis are shown in figure 2.3 and indicate the first evidence

for jet formation in eTe™ annihilation.

The measurement of the angular distribution of the jet axis with re-
spect to the beam direction can also provide a test of the underlying quark
structure of the jet. The distribution for the production of massless spin %

particles is
do

~1 2
dcos® +cos”"®

which can be applied to eTe™ — ¢ for massless quarks. Figure 2.4 shows
the data for the angular distribution of the sphericity axis with a fit of the

form 1+ a cos?0.
(c) Three jet events

During the summer of 1979, when PETRA ran for the first time at
a centre-of-mass energy above 27 GeV, the collaborations noticed hadronic
events which did not consist of two back-to-back jets. These three jet events
are explained by hard non-collinear gluon bremstrahlung e*e™ — ¢gg. An

example of such an event is shown in figure 2.5.

2.4 Monte Carlo hadronization models

At the present time, the production of hadrons from a parton final state
is not calculable in QCD, and this has led to the use of phenomenological
parameterizations of hadron production. There are, in general, two types of
these models. The older models start with a configuration of partons, which
has been generated by fixed order perturbation theory. Recently, fragmenta-

tion models have been introduced which use the leading-log approximation

to evolve the partons.
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Figure 2.5 : An example of a three-jet event as found in the CELLO

detector




The three most widely used models to describe the hadronization pro-

Ccess are

(1) the independent jet fragmentation model
(2) the string fragmentation model

(3) the cluster fragmentation model

The first two of the above models use fixed order QCD, whilst the third

uses the leading-log approximation.

2.4.1 Independent jet model

This model was originally proposed by Feynman and Field [22] as a
parameterization of hadron formation in jets, and takes into account two

experimental facts :

(1) the hadrons have a limited transverse momenta with respect to the
jet axis
(2) the energy distribution of the hadrons within a jet has an approx-

imate scaling property.

Hadron production in quark jets is described in this model through the

repetition of a basic transition,
Qa — M(QaQy) + Qs (2-1)

in which an initial quark fragments into a meson M and a residual quark
Qb. The creation of a (Q,Q,) pair from the vacuum can be thought of as
producing this transition. Figure 2.6 shows the result of several iterations of
the mechanism in equation (2-1), with the production of a chain of primary

hadrons and a low energy leftover quark, which is then ignored if it has a

low enough energy.
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The essential characteristics of this model are now described and four

parameters, which are determined by fits to experimental results, are intro-

duced.

The distribution of the transverse momentum, pr, of the quarks created

in this process is of the form,

do —p%,
— x er
dp% P 203

where o4 is the transverse momentum smearing parameter and is assumed

to be independent of the incident quarks’ energy.

In this model, all primary hadrons produced in the decay chain are
assumed to be either vector or pseudoscalar mesons. The relative production
rate is described by the ratio

Nv

Ry =—"—
M~ Ny +Np

The flavours of the quark pairs are allowed to be (s5), (u@) or (dd) with (uz)
and (dd) having an equal production probability. The relative amounts of
each flavour is determined by the ratio

N(s3)
N(u@)+ N(dd) + N(s5)

Rp =

A phenomenological function f(Z) is introduced to describe the fragmenta-

tion and is parameterized as
f(Z)=1-a+3a(l-2) (2-2)

with the variable Z being defined by

(E +pL )Meaon
(E+ pL)QA

where py, is the longitudinal momentum of the particle.
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The following values of the four parameters provide a reasonable fit to

experimental results

0q = 320MeV
Ry =05
Rr =04
a=0.77

These values specify the standard Feynman-Field independent jet model
and it should be noted that the values are assumed to be independent of

the initial quarks’ energy.

Several additions and modifications to this model are needed to describe
gluon fragmentation and heavy quark production and fragmentation. The
Ali [23] and Hoyer [24] models are the two most popular models which
incorporate these extensions. In these models, the gluon is split into a

quark- antiquark pair,
G- Q(2)+Q(1-2) (2-3)

The quark and antiquark then fragment independently according to the
Field-Feynman prescription. In the Hoyer model, the energy of the gluon
is assigned with equal probability to either the g or § . This has the effect

that the gluons are treated as quarks of random flavour.

The Ali model distributes the energy sharing in equation (2-3) accord-

ing to the Altarelli-Parisi splitting function

dP
— ~Z'+(1-2)

Since heavy quark production in e*e” annihilation is important, the Field-
Feynman model needs to be modified to give a good description of heavy
quark fragmentation, because it only contains u,d and s production up to
this point.
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This has been done by replacing the fragmentation function of equation

(2-2) by the function,

1

fu(2)=
T z(op )

(2-4)

in the method proposed by Peterson et al [25]. The parameter ey in equa-
tion (2-4) is estimated to be approximately equal to the square of the ratio
of light to heavy quark masses, i.e., eg ~ (7’::—;)2 Typical values for this

parameter are €. = 0.05 for charm quarks and €, = 0.018 for bottom quarks.

There are, however, several intrinsic problems with the Field-Feynman

parameterization, some of which are described below.

Energy is not conserved in this scheme, since the splitting algorithm of
equation (2-1) conserves the sum (F + py, ), but neither E nor pj, separately.
This leads to energy conservation being introduced in a somewhat arbitrary
manner. In the Ali model, for example, the event is boosted and then

rescaled in energy to restore energy conservation.

The scheme is also not Lorentz invariant, since the hadrons obtained
by fragmenting a boosted quark are usually different from the hadrons
that arise from Lorentz-boosting the products of the quark fragmentation.
Charge, colour and flavour are not automatically conserved because of the
soft quarks that remain at the ends of the decay chains. There is also the
problem that in both the Hoyer and Ali models the fragmentation is not

continuous across the boundaries for resolvable jet configurations.

2.4.2 String fragmentation model

This model, which is usually called the LUND model, was first proposed

by Andersson et al [26], and is Lorentz invariant and implicitly conserves

energy and momentum.
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In this scheme, colour force lines are arranged in narrow tubes connect-
ing a quark to an antiquark of opposite colour, as shown schematically in
figure 2.7. Inside these tubes the energy density per unit length is approx-
imately constant. This leads to the property of linear confinement since
the energy needed to separate the quark- antiquark pair is proportional to
the distance between them. When the distance between the quark and the
antiquark becomes too great the flux tube is expected to break, through the
production of a quark-antiquark pair. Thus, individual colourless subsys-
tems are produced when the newly created quark and antiquark join with

the original quark and antiquark.

The splitting of the colour tubes continues until the invariant mass ,
M, of the remaining ¢¢ subsystem is less than some cutoff value, My, which
is typically a few GeV. This subsystem is split into two mesons through the

generation of a quark-antiquark pair if M < M.

A potential problem with this picture is that the string hadronization
scheme is not symmetric, i.e., a different result is obtained by starting the
splitting process from the quark end than by proceeding in the opposite
direction from the antiquark. However, in practice the LUND Monte Carlo

produces a hadron at either the quark or antiquark end in a random manner.

In order to produce transverse momenta and to conserve energy in the

total system the gg pair is formed over some finite length of the confining

string and not at a point.

The probability of producing a massive ¢g pair in this model is assumed

to be

dP 2
:i;? ~ ezp(—cmy)

2 2 2 : )
where m7. = mg + pr, and c is a constant
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This model uses a fragmentation function of the form

_(-zp

5(2) = C 2 oy 2

7 )

with the constants a,b having the values 1 and 0.6 GeV 2 respectively.

In order to describe events with a hard perturbative gluon this pic-
ture needs to be modified. Thus, in an ete™ — ¢gg event, the quark and
antiquark are associated with the endpoints of the string and the gluon is
represented as a kink on the string, which can carry energy and momentum.
In an event of this type, the string is stretched from the quark to the anti-
quark via the gluon as shown in figure 2.8. This means that after fragmen-
tation, the particles will lie along two hyperbolae as indicated schematically
in figure 2.9. An important feature of the string model is that, unlike the
independent jet model, the fragmentation of a qgg event approaches that of
a ¢g event in a continuous fashion as the ¢g or Gg invariant mass becomes
smaller.

In summary, the basic conceptual difference between this model and
the independent jet model is that instead of hadrons occurring from the

independent fragmentation of isolated quarks they are created as a result

of the interaction between a quark and an antiquark through a confining

colour field.

2.4.3 Cluster fragmentation models

In these models, hadronization is described through the production and
then decay of massive colourless objects called clusters. However, unlike the
LUND string fragmentation scheme these cluster models do not require frag-
mentation functions. Hadron production from the decay of a collection of
massive, colourless clusters is achieved through the use of a simple statistical

phase space parameterization. This approach is based largely on the
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principle that colour separations must be screened before hadrons form.
One example of a colour screening process is the radiation of a large num-
ber of perturbative gluons, which could produce a collection of low mass

colourless clusters.

Field and Wolfram [27] proposed the first cluster model, which de-

scribed the process ete™ — hadrons in three stages :

(1) A quark gluon shower is produced that conforms to leading-log
perturbative QCD

(2) Clusters are formed through colour strings, which are associated

with the initial shower

(3) Each cluster is hadronized independently using a simple phase

space formula

A schematic representation of the structure of this model is given in

figure 2.10.

A cluster decay into two primary hadrons H; and H, ,

C—*Hl —f—Hz (2_5)

’

has a probability given by the product of three terms; a phase space term
dependent on the cluster and hadron masses; a statistical factor based on

the final state spins; and a flavour factor.

This cluster model has several problems, among which are a poor de-
scription of low mass hadronization and a large sensitivity to the treatment

of soft gluons in the perturbative shower formation.

The Webber cluster model [28] tries to solve the latter problem by
including soft perturbative singularities, associated with low energy gluon

emission, in the shower formalism.
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In the model of Gottschalk et al [29], the problem of describing low
energy hadronization has been investigated by modifying equation (2-5) to

allow the production of sublusters,C;,
C — Hl + 02

This modification leads to a better parameterization of the low energy data.

It should be noted that cluster models based on the leading log ap-
proximation do not contain the correct cross section for wide angle gluon
radiation. This has the result that the three jet event rate is wrong e.g., for

the Webber model this rate is half the observed experimental value.

2.5 Comparison of hadronization models

The three types of fragmentation model mentioned earlier have been
extensively tested against the experimental data. In particular, the distri-

bution of particles in three-jet events has been used for this purpose.

The first comparison between the LUND string fragmentation model
and the independent fragmentation model was made by the JADE collab-
oration [30]. They selected planar three-jet events and then ordered the
jets such that the first jet was opposite the smallest angle between the
jet directions, and the third jet opposite the largest angle. It was found
that the particle densities in the angular gaps between the jets were better
reproduced by the LUND model. This finding was later confirmed in an ex-
tended analysis [31] using complete energy and particle flow distributions.
The characteristic differences between the two fragmentation schemes can

be seen clearly in the distributions of figure 2.11.

The conclusion that the independent fragmentation model does not
provide a good description of the data has also been reached by the TPC

collaboration [32]. In addition, they verified that the discrepancies between
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Figure 2.11 : The results of the JADE analysis comparing the LUND

model and the independent jet fragmentation model with the data




the data and the independent fragmentation model were not a peculiarity
of a particular model, by studying models with different energy-momentum
conservation schemes. The results were also found not to be dependent on
the tuning of the parameters used in the model. Thus the failure of the
independent fragmentation model to describe the absolute three jet particle

density is a fundamental characteristic of the model.

Recently, the TASSO collaboration [33] has found the same effect as

JADE and TPC.

The cluster fragmentation model of Webber has also been investigated
by both JADE [34] and TPC [35]. As has been mentioned earlier, the
Webber model does not reproduce in detail the experimental data and in
particular predicts fewer events with a three-jet structure than is observed.
Hence, this model does not accurately describe the absolute particle densi-
ties between jets but, however, correctly predicts the ratios of these densi-

ties. This can be seen from figure 2.12, which shows the result of the JADE

analysis.

2.6 Previous determinations of ag

The general method that is used to determine ag is to find an event
measure which is sensitive to the production of gluons and then to fit a

monte carlo to this, using as as one of the input parameters.

Initially, sensitive event measures could be divided into event shape
measures and cluster techniques. The event shape measures were sensitive
to the contribution of three jet events to the total cross-section and include
such variables as thrust and sphericity, which are defined in chapter 1. The
cluster technique was designed to calculate directly the ratio of three jet

events to two jet events and hence determine ag.
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There are several different methods of performing a cluster analysis
but the one described here is the cluster search method of Daum et al [36],
which is used by the PETRA experiments. Particles are first grouped into
clusters, with a half-cone angle of typically ~ 30° , which are then ordered
according to their energies. Low energy clusters are then grouped together
and removed if their total energy is less than five percent of W, the centre of
mass energy. The remaining clusters are kept only if their energy is greater

than some cut-off energy, which is usually ~ 2 GeV.

The first determinations of ag from e e~ annihilation [37] were carried
out in 1979/1980 and were based on a sample of approximately one thousand
multihadrons per experiment at a centre of mass energy of W = 30 GeV.
The results of these analyses are shown in table 2.1, which gives an average
value at W = 30 GeV of

as =0.19+4+ 0.02+ 0.03 in Ofas)

ag=0.17+0.02+0.03 in (incomplete) O(a%)

It should be noted that all these analyses used the independent jet model
to describe the hadronization and either QCD formulae to leading order or

the incomplete O(a%) formulae based only on the four parton Born terms.
S p

The first collaboration to investigate the sensitivity of the values of
as to the hadronization scheme used was the CELLO group [38] in 1983.
The study was based on ~ 3000 hadronic events with the parton level cross
section being calculated in first order QCD. The results of this study are
shown in table 2.2 and indicate that the value of ag is dependent on the

fragmentation scheme involved.

However, the JADE group [39] using a sample of ~ 4800 hadronic
events found the value of as to be independent, within errors, of the frag-

mentation model used.
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Group QCD model QCD correction X
MARK J| Al incomplete O (o(l)| 021% 0.02 * 004
TASSO Hoyer O (o) 0.19* 0.02* 0.03
Ali incomplete O («2)| 017t 0,02+ 003
JADE Hoyer O (&) 0.18 £ 0.03 * 003
PLUTO Hoyer O () 0.15% 0.03* 0.02

Table 2.1 : Early determinations of as from the PETRA experiments.

The first error is statistical, the second systematic




TYPE OF FRAGMENTATION

oLg K

Distribution fitted independent string
fraction of events with $»025, wn<ot! 019 * 0.03 0.28 * 0.045
fraction of events with O »o.2 0.19 * 0.02 026 £ 0.04
three cluster events 0.145 T 0.02 0.235 £ 0.025
parton thrust X, 0.155 + 0.015 0.235 £ 0.025

Table 2.2 : Determination of ags to leading order by the CELLO

collaboration. The errors quoted above are statistical in nature.

Note:- The method of Daum et al. was used for the cluster analysis.

The parton thrust z is defined as the normalised energy of the most energetic

parton, i.e., z; = 2—1,—1{:,1



They found,
as=10.20£0.015+003 in O(as)

o5 =0.16+0.0154+£0.03 in O(a%)

The values of as found by these two groups are just compatible, within

€ITOrS.

In 1984 the TASSO collaboration [33] published the results of an ex-
tensive investigation into the question of the fragmentation model depen-
dence. The analysis was based on ~ 16,000 hadronic events and the value
of ag was determined to both O(as) and O(a%) . The procedure that was
followed was to use the published experimental inclusive cross sections on
at, 7 Kt,K° p® K*, D*t,p,Aand=~ production to determine the vari-
ous fragmentation parameters that occur within the fragmentation models.
A simultaneous fit of ag and these fragmentation parameters was then per-
formed. The results support the view that the value of as is dependent on
the fragmentation model. The average values from this analysis at W = 34
GeV are

as = 0.16 £ 0.015 for independent fragmentation

_ag=0.21+0.015 for string fragmentation

Energy-energy correlations and their related asymmetry have also been
used to determine the value of as. The first two groups to use this method
of determining kas at a W of 34 GeV were CELLO [40] and MARK-J [41],

the results of which are shown in table 2.3.

The CELLO collaboration found that their value of as depended strongly
on the fragmentation model used in the Monte Carlo, whereas the MARK-J

group only found a weak dependence of as upon the fragmentation model.

The findings of the CELLO collaboration were later confirmed by the

JADE group [42] as can be seen from table 2.3. The variation in the value
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TYPE OF FRAGMENTATION

s Xs
GROUP independent string
CELLO 0.12= 0.02 0.19 £0.02
MARK J 0.12% 0.01 0.14* 001
JADE 0.10-+0.15 0.165* 0.01 * 0.01

It should be noted in the above table that the treatment of errors is
different in each case. The CELLO analysis only took statistical errors into
account, whilst the MARK-J group added their systematic and statistical
errors in quadrature. The JADE result is quoted with both a systematic

and a statistical error.

Table 2.3 : Determination of as using the energy-energy correlation

asymmetry




of as found by the JADE group when using the independent fragmentation
models depended on the treatment of energy and momentum conservation

and of the gluon splitting.

In a recent analysis, the MARK-J group [43] obtained the value
ags = 0.12+0.02

at a centre of mass energy of 44 GeV. This value is an average of the string

and independent fragmentation models.

The sensitivity of the determination of ag to the fragmentation model
has recently been investigated by Sjostrand [44]. He confirmed the findings
of the CELLO and TASSO analyses and suggested three reasons why the

value of ag depended on the fragmentation model :

(1) the methods used to correct for the non-conservation of energy and

momentum which occurs in the independent jet models
(2) the procedure for fragmenting the gluons into hadrons

(3) the implementations of the QCD matrix element with particular

regard to the parton resolvability criteria.

He found that the values of a s obtained by fitting given data to the
string model were systematically 40% higher than the values obtained using

independent jet models.

This result can be understood qualitatively in terms of the different
ways each model has of treating gluon fragmentation. In the independent
jet models the momentum vectors of the jets reproduce, on average, the
directions of the primary partons. This is not the case in the string model
where the directions of the final hadron jets differ systematically from those

“of the original partons. The result of this is that the string scheme makes

qqg events look more like two jet events since the particles lie along two
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hyperbolae. Hence, the value of ag in the string model needs to be higher

to account for the observed number of three-jet events.

Therefore, it can be seen that all the previous determinations of ag are
subject to large systematic errors as a result of the wide range of possible
fragmentation models. The approach of this study will be to try to eliminate
this uncertainty by concentrating on the LUND string model. The reasons
for this choice were given earlier in section 2.5. Thus, event shape measures
and the energy energy correlation asymmetry will be used to determine ag
by fitting the LUND monte carlo to the corrected data. This analysis is

presented in chapter 6.
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CHAPTER THREE
THE CELLO DETECTOR

3.1 Introduction

The CELLO detector [45], a schematic diagram of which is shown in
figure 3.1, has been operating at PETRA since March 1980 with a break
between August 1981 and August 1982, when the PLUTO detector occu-
pied the N.E. hall. A short description of the PETRA accelerator is now
given, and then the essential details of the CELLO detector’s operation are

presented.

3.2 PETRA

The accelerator PETRA which is situated in DESY in Hamburg, W.Germany
began producing collisions between electrons and positrons in September
1978. The basic structure of PETRA, as shown in figure 3.2, is that of
eight straight sections and eight curved sections. The 2.3 km long pipe
is evacuated to 5 x 10™° Torr. Half of the straight sections are long, to
house rf accelerating cavities, while the experiments are situated in the re-
maining four short straight sections. The identical curved sections contain
quadrupole magnets, sextupole magnets and 5.5 meter bending magnets

with a bending radius of 192 meters.

Production of positrons is achieved by directing electrons from a linear
accelerator onto a target. These positrons are then accumulated in the small
storage ring PIA (Positron Intensity Accumulator) and from there are fed
into a larger storage ring DESY. Electrons are also injected into DESY from
a linear accelerator (LINAC 1). DESY then accelerates the electrons and

positrons to an energy of 6.5 GeV before they are transferred to PETRA.
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When the bunches of electrons and positrons are made to collide, head-on at
the four experiments, they have been accelerated by the cavities in PETRA

to an energy of around 20 GeV.

The event rate for a specific process can be calculated from the known

cross-section, o, and the luminosity, L, using the following formula;
event rate = o - L

An integrated luminosity of 200 nb~! per day was achieved at a beam energy
of 22 GeV. The total integrated luminosity used in this sample was 30 pb~?.
The mini-beta scheme, which was installed in March 1981, led to a gain in
luminosity by a factor of three by reducing the space between the final fo-
cussing elements. This is achieved by removing the compensating magnets,
which were thought to be necessary for solenoidal detectors, and using the

three solenoidal detectors CELLO, JADE and TASSO to compensate each

other.

3.3 The CELLO detector

The analysis of high energy eTe™ collisions necessitates the detection of
most of the leptons and hadrons produced in the interaction. This has led to
CELLO having a large solid angle coverage and being optimized for electron
and photon detection at the expense of extensive particle identification. The
main features of the detector are now outlined, with the details of each

detector component being presented in the subsequent sections.

The momentum of charged particles is measured over a solid angle of
97 % of 4 7 steradians by a central tracking detector, which is enclosed
in a superconducting solenoidal magnet of 1.3 T, and by a set of planar
end cap drift chambers. A set of barrel and end cap lead liquid argon

calorimeters outside the magnet coil allows the measurement of the energy
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of photons and the identification of electrons over a solid angle of 96 % of
4 7 steradians. The iron return yoke of the magnet acts as a hadron filter
behind which muons are detected in planar proportional wire chambers
with a solid angle coverage of 92 % of 4 7 steradians. The angular range
from 50 mrad to 100 mrad with respect to the beam axis is covered by
forward detectors which are used to tag electrons in two photon collisions
and to measure luminosity. Table 3.1 shows the important parameters of

the various detector components.

3.4 Superconducting solenoid

The superconducting solenoid [46] is 4 m long and produces an axial
field of 1.316 Tesla. The high current density superconducting coil of novel
design has a wall thickness of only half a radiation length, including the
cryostat and insulating material. This means that the detection of electrons

and photons in the electromagnetic calorimeters is not seriously impaired.

3.5 Central tracking detector

The ‘central detector [47] consists of five cylindrical proportional wire
chambers arranged with seven drift chambers [48] concentrically around
the beam axis with two layers of beampipe counters [49] to aid the vertex
reconstruction (see figure 3.3). The detection of charged particles and a
measurement of their momentum over a wide solid angle is possible. If at
least 8 wire layers are used, then a solid angle coverage of 91 % of 4 m
steradians can be achieved using the central tracking detector. The layer

structure of the central tracking detector is shown in table 3.2.

The five proportional chambers each have axial anode wires and two

cylindrical cathodes which are finely segmented in strips oriented at 90°
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Detector | Constituent| Solid Theta Typical Properties
Component | Parts Angular |Range Dimensions and Resolutions
Coverage (br E in GeV)
Central - _ . length=4m superconducting,
Solenoid radius=0.8m strength=1.316 T
thickness=0.49 X’
Tracking |5 CPWC 99% |8 <8< 90° |length=2.2m QEL= 1.3% pr
Device |7 CDC radius=17-70cm | Pr
2 BPC 0 = 3mradsin
4 ECPWC radius=21-66cm | Oy = 2mrad
Electro- |16 LLACC| 93% |30°<8< 90'|length=2m 0 = 6mrad
magnetic | 4 LLAEC 8°<6« 22° |depth=43cm 0y = 4mrad
Calorimeter; width=85-121cm
Muon 30 MUCH 92% - surface area ¢ = 6mm
Chambers Tm —»12m
Forward |40 LGB 04% |50<8100,| - AE . 7%
Detector |48 SC E {E
Hole 34 LSS 6% 21° <8 30 - AE . ﬁ
Tagger E JE
KEY
CPWC : Central Proportional Wire Chambers
CDC : Central Drift Chambers
BPC : Beam Pipe Chambers
ECPWC : Edd Cap Proportional Wire Chambers
LLACC : Lead Liquid Argon Central Calorimeter Modules
LLAEC : Lead Liquid Argon End Cap Modulues
MUCH : Muon Chambers
LGB : Lead Glass Blocks
SC : Scintillators
LSS : Lead Scintillator Sandwiches

Table 3.1 : Properties of the CELLO detector







Layer Chamber | Radius Number of Wire spacing, Number of
Number |Type Anode wires, Drift cell width Cathodes
(cm) |Drift Cells (mm) 30 90
1 BPC 10.9 128 5.35 - -
2 BPC 114 128 5.35 - -
3 CPWC 17.0 512 2.09 256 252
4 CPWC 210 512 2.58 256 228
) CDC 255 104 15.41 - -
6 CDC 304 128 14.92 - -
7 CPWC 357 1024 2.19 512 366
8 CDC 40.2 168 15.03 - -
9 CDC 45.1 192 14.76 - -
10 CDC 50.0 208 15.10 - -
11 CPWC 553 1536 2.26 768 420
12 CDC 59.8 256 14.68 - -
13 CDC 64.7 256 15.88 - -
14 CPWC 70.0 1536 2.86 768 494

Table 3.2 : Layer structure of central tracking detector




and 30° with respect to the anodes. These cathode strips have analog
readouts and give a very accurate Z determination. The charge correlation
between .the 90° and 30° cathode strips is used to separate overlapping
cathode clusters from different tracks. All chambers have a wire length of
2.2 m with the anode wire layers being situated at radii between 17 and
70 cm thus giving a visible radial track length of 53 cm. There are 5120
anode wires each of diameter 20 um with the anode wire spacing varying
between 2.09 and 2.86 mm. The precision of the position determination in
the longitudinal direction is on average o(z) =440 pm, whilst the spatial

resolution averaged over all chambers is ¢(r$)=0.24 x wire spacing.

The drift chambers enable a precise position measurement to be made
in the plane of magnetic deflection (the r¢ plane). The number of potential
wires has been minimised by adopting an entirely open drift cell structure.
A triplet of copper-beryllium potential wires separate adjacent gold plated
tungsten sense wires electrostatically as can be seen from figure 3.4. In
order to keep multiple Coulomb scattering as low as possible no futher field
shaping electrodes were used. The required resolution of close tracks within
jet events, which have a high local track density, led to small cell widths of

about 15mm being used.

The electronics employed is of the single hit variety with an amplifier
/ discriminator hybrid mounted on the chamber, a TDC consisting of a
low noise sample and hold amplifier and an 8-bit ADC which digitizes a
maximum time interval of 810 ns. The chambers are filled with a gas mixture

of 90 % Argon and 10 % Methane.

Systematic uncertainties such as wire displacement due to gravitational
and electromagnetic forces, alignment errors and the quantization of time

digitization (3.2ns) dominate the spatial accuracy of the chambers.
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3.6 End cap proportional wire chambers

The CELLO detector has end cap multiwire proportional chambers
placed at the ends of the cylindrical part of the central tracking detector.
These chambers cover the acceptance region of 153 < § < 428 mrad. Four
identical planar units, which are semicircular in shape, make up this system.
Two electrostatically separated chambers which are glued together at two
of their cathode planes form each unit. One chamber of each unit measures
the y coordinate, with wires parallel to the z axis, whilst the other chamber
measures the z coordinate. One of the cathode planes of each chamber is
divided into concentric rings about the beam pipe whereas the other cathode
plane of each chamber is divided into sectors in ¢ of equal size %"-. The

units are mounted on the front of the liquid argon end cap cryostats so that

they form a circular disk perpendicular to the beam axis.

3.7 Lead liquid argon calorimeter

A barrel shaped lead liquid argon calorimeter [50] together with end
cap calorimeters provides good electron-hadron separation and a good de-
tection efficiency for low energy photons over 96 % of the solid angle. The
central calorimeter consists of 16 stacks which have a trapezoidal cross sec-
tion corresponding to a sector of an octagon. The stacks have a length of
2m, a depth of 43 cm and a width which varies from 85cm in the first layer
to 121 cm in the last. The construction of the stacks is shown in figure 3.5.
Continuous lead plates, which are 1.2mm thick, alternate with lead strips of
equal thickness with a liquid argon gap of 3.6mm. The strips are maintained
at a positive high voltage relative to the plates, and are oriented in three
directions. There are thus strips at 0° to the beam axis, which measure phi;

strips at 90° which measure theta and diagonal strips at 45°. The width
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of the strips which are oriented at 0° and 90° with respect to the beam
axis, is 2.3 cm whereas the 45° strips are 3.25 cm wide. Two extra layers,
consisting of copper foils glued on epoxy plates with an argon gap width
of 6 mm, serve as % gaps at the front of each stack. The lead modules
are mainly supported from the rear to avoid structural material in front of
the calorimeter and to minimize gaps between adjacent stacks. Thus, the
overall dead area of the stacks is kept to less than 3.5 % of the total solid

angle covered.

The number of electronic channels per stack is 576 and these are dis-
tributed between the three strip orientations as shown in table 3.3. Each
stack is divided into seven layers which means that seven independent sam-

plings in depth can be taken.

The end cap calorimeter consists of 42 layers of lead strips of thickness
1.2 mm interspersed with full plates of an identical thickness with an argon
gap of 4 mm. Three planes of copper foils glued on epoxy in front of the

lead calorimeter are used for % measurement.

The analog signals from the 10688 electronic channels are processed by
preamplifiers directly attached to the cryostat. The signals are transmitted
to the main amplifiers and then digitized in a sample-and- hold circuit and a
comparator. The final signals are organised on a readout card where chan-
nels with signals below a certain noise level can be suppressed. Minimum
ionising particles can be safely detected since they deposit a charge which

is approximately four times higher than the noise level.

3.8 Muon detector

The detection of muons is achieved using a hadronic filter and large

proportional chambers [51] covering 92 % of the solid angle placed on the
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Layer Numlger of Electronic Channels Total Number Thickness
Number 0] 45° 90° of Channels X3

1 32 - 48 80 0.5

2 32 40 64 136 2.5

3 32 48 56 136 1.5

4 16 - 24 40 20

5 16 48 24 88 45

6 16 12 12 40 55

7 32 12 12 56 4.5
Total 176 160 240 576 210

Table 3.3 : Distribution of electronic channels in one module of the

central calorimeter




outside of the detector. The iron return yoke of the magnet, which is 80

cm thick, is used as a hadronic filter and represents 5-8 absorption lengths

for the hadrons. Multiple scattering of the muons in the lead liquid argon '~

calorimeter and in the iron filter means that a higher precision than + 9mm
serves no useful purpose. The chambers have a drift cell structure but are
read out as proportional chambers. The construction of the chambers is

shown in figures 3.6 and 3.7.

Each chamber has a sense wire plane between two cathode strip planes
with a gap of 8 mm. The wire plane consists of drift cells which have a
20 micron sense wire placed 6 mm from two 100 micron field wires. The
cathode strips, which have a width of 10.6 mm and a separation of 2 mm are
composed of flexible printed circuit (35 microns of copper on a 75 micron
mylar sheet). The strips are glued onto a honeycomb structure which is
6 c¢m thick. The angle between the anode wires and the cathode strips is
34°16'. The two cathode strip planes and the anode wires make it possible to
reconstruct a hit in the chamber without any ambiguity. This arrangement
gives a precision of 6 mm in the measurement of the position of an incident
particle, which is less than the spread of a few centimetres caused by the

iron filter.,

3.9 Forward detector

This detector [52] is used to identify and measure electrons travelling
at small angles with respect to the beam axis and thus to monitor the lu-
minosity based on bhabha events and to help analyse two photon events.
Small drift chambers, scintillators and lead glass blocks comprise the detec-
tor which has to tolerate a high background from synchroton radiation and

beam gas interactions.

Situated nearest to the interaction point are three groups of two planar
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drift chambers, with large scintillators covering the first and third group and
two planes of finger scintillators in the middle group. Behind the arrange-
ment of drift chambers is a lead glass shower counter which has 3 vertical,
3 horizontal and 4 longitudinal blocks of thickness 3, 3 and 14 radiation

lenghts respectively. The energy resolution of the lead glass calorimeter is

o(E) _ 0.05

E VE

with E in GeV, and the spatial resolution of the drift chambers is 300 ym.

The detector covers the polar angular range from 50 to 100 mrad.

3.10 The trigger

The trigger system [53] is used to keep the data acquisition rate at a low
enough level for the computers to manage, by distinguishing the interesting
events from noise caused by synchrotron radiation and beam gas and beam
wall interactions. Charged particle triggers from the tracking device and
energy triggers from the lead liquid argon calorimeters and the forward
detector lead glass counters make up the system. Various combinations of

these triggers can be chosen using an online computer.

3.10.1 Charged particle trigger

This device is a software programmable hardware track finding proces-
sor which acts in less than 1.5 us on the chamber signals after each bunch
crossing. It uses information from the anodes and 90° cathodes of the pro-
portional chambers and from two of the drift chambers. This information is
grouped in 64 azimuthal (r¢) and 37 polar (rz) sectors which allows masks
of various sector combinations to be defined. The masks are chosen so that
curved charged tracks (in the r¢ projection) have to have a transverse mo-

mentum of more than 350 MeV/c and straight tracks (in the rz projection)
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are found close to the interaction point. Possible chamber inefficiencies can
be avoided by using different masks which require five, six or seven chambers
out of a possible seven to be fired. The trigger condition that was usually -
used for charged tracks was r¢ (> 2 sectors)- rz (> 1 sector). Another
condition which is less stringent on the central detector is r¢ (> 1 sector)-
rz (> 1 sector). and is used for combined triggers with the liquid argon and

forward detector

3.10.2 Neutral particle trigger

Information on the energy deposition in the cylindrical or end cap liquid
argon modules is utilised by this trigger. Three energy sums are made for

each module (see table 3.4) :-

sumA this covers the region between 1 - 17 X° and is essentially a sum

of the calorimeter energy.

sumB this covers the region between 3.5 - 7 X° and measures the elec-

tromagnetic energy at the position of its maximum.

sumC this covers the region between 1 - 7 X° and measures the electro-
magnetic energy with different electronic channels from those used

in sumB.

From these three sums four discriminator thresholds are formed : SAL
(sumA, low threshold), SAH (sumA, high threshold), §B and SC. Out of

these logical signals the following triggers are formed :-

LAl a one module trigger.
LA2 two modules which are non-adjacent in ¢.

LA3 one module as coincidence with other triggers such as r¢(1)-rz(1).
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Layer

Orientations used for trigger sums

Number sum A sum B sum C
1 - - _
2 32 0° - 32 0
3 - 32 0° -
4 16 0°| 24 9° | 16 0°
5 16 0° - -
6 16 0° - -
7 - - -
Total 80 56 48

Table 3.4 : Electronic channels used to calculate trigger sums




This liquid argon calorimeter trigger allows a precise measurement of
Bhabha scattering (without using any track information) and gamma pair

STET

production. - -

3.11 Hole tagger

This is a device [54] which is designed to cover the gap in acceptance
of the lead liquid argon calorimeter between the central region and the
end caps. It consists of 2 cm of lead sandwiched between two 1 cm thick

scintillators.
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CHAPTER FOUR
DATA ACQUISITION AND EVENT SELECTION

4.1 Introduction

In e*e™ annihilation experiments, many background events occur in
-addition to the interesting physics events. These background events can
originate from several processes, such as the interaction of the electron or
positron with a residual gas molecule in the vacuum pipe (called a beam gas
event) or the interaction of one of the beams with the material of the beam
pipe wall (called a beam wall event). Spurious events can also be caused by
cosmic rays passing through the detector and interacting with the residual
gas in the beam pipe. Electronic noise generated by some of the various
pre-amplifiers and amplifiers can cause detector components to trigger pre-
maturely and so produce events that need not be further analysed. The
online data acquisition system and the offline filter programs are designed
to separate the background processes from the events that originate from

the fundamental forces under study.

This selection procedure, from the initial data acquisition to the final
sample of events, is now described. The main features of the data acquisition

system are shown in figure 4.1.

4.2 Data acquisition system

The detected signals from the different components of the detector are
read by a CAMAC [55] system and several dedicated computers monitor the
performance of the detector and ensure that the collected data is transferred

smoothly to the DESY computer centre.

The CAMAC modules are arranged in ROMULUS branches, with each
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branch corresponding to a detector component. After each beam crossing,
a logic programmable TRIGGER verifies that the signals are compatible
with an event occurring at the interaction point. This process produces a
data acquisition rate of 2 or 3 events per second, that is, one event every

100 000 beam crossings.

As described in the previous chapter, the trigger performs a fast pattern
recognition, using the momentum measurements of charged particle tracks
in the central detector and the energy deposited in the calorimeter modules.
The most important trigger requirement relevant to this study has been

that:

(a) there be at least one charged track in the inner central tracking
detector in coincidence with an energy deposition of at least 1.5

GeV in any of the sixteen lead liquid argon calorimeter modules.
Two other triggers that have been used are:

(b) a trigger that requires at least two charged tracks in the central
detector with a transverse momentum with respect to the beam
axis such that py > 200MeV/c. At beam energies greater than 19
‘GeV, the background conditions became worse, and so a tighter
trigger requirement had to be made. Thus, at the highest running
energies, there had to be a minimum opening angle between any

two tracks of 135° and the pr condition became pr > 650MeV/c

(c) a trigger that requires at least 1.5 to 4 GeV shower energy de-
posited in any of the sixteen modules. The choice of the energy

level depended on the background conditions.

Once the trigger has indicated a possible interesting event, a first com-
puter, the PDP1, examined the signals from the various CAMAC branches

and made an initial selection from the reconstruction of tracks in the cen-
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tral detector. This procedure, which is described in detail in section 4.4,
eliminates 50 % of the events and the remainder were passed onto a sec-
ond computer, the PDP2. This computer controls the data acquisition by’
starting and finishing data taking through means of a touch panel and also
provides rapid information on the status of the various detector components
through histograms. The PDP2 also performs an initial selection of bhabha
events and multihadronic events, in order to obtain a quick determination
of the ratio R. This fast calculation was intended to provide an early indica-
tion of the existence of a sixth quark when PETRA was running at a series
of centre-of-mass energies. The events are then transmitted to the DESY
computer centre, where an IBM computer stores the events on a disk file,
which is organised as a large ring buffer. A DUMP job is run automatically
to transfer the data onto an RDT (Raw Data Tape), when the space in the

buffer is nearly exhausted.

The second stage in the data processing chain uses the RDT, which
contains the signal information from each part of the detector. An event
filter now acts on the RDT and rejects about 90 % of the events. This is
achieved through reconstructing charged tracks in the central detector and

calculating the energy deposited in the liquid argon calorimeter.

4.3 Use of the emulator

The above procedure for filtering the data was used for the first half of
the time in which the data used in this study was collected. In the second
half of the relevant data-taking period, neither PDP1 nor PDP2 performed
any filtering, although PDP2 still made a fast selection of bhabhas and
multihadrons. This was because a new component was introduced into the
data acquisition chain, a 370/E emulator [56], which examined the events

on the IBM online disk by running them through the filter program.
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The 370/E emulates an IBM 370/168 mainframe computer and can
process 1 megabyte sized programs with a speed which is a quarter that of
an IBM 3081 D mainframe. The advantage of this emulator over the earlier
168/E, as used at SLAC, is that its architecture is similar to the IBM
architecture. The data and instructions are stored in a combined memory
and there is direct emulation of the IBM instructions. This means that the
programs do not need to be translated before they are run on the emulator,
thus leading to simpler operation. The filter program is linked with the
370/E system and the FORTRAN I/0 routines and then downloaded.

The main advantage of running the filter program on the emulator
are that it saves running time on the IBM mainframe computer at DESY
and the computers at the other collaborating institutions, and hence cuts

computing costs.

The emulator acts on the IBM online disk and is supposed to analyse
every event that is triggered. This is not possible, however, if the trigger
rate becomes too high since the emulator does not have enough time to
process the events. An identical filter program to that used on the emulator
is run offline on the events which have not been analysed by the emulator.
Typically, the emulator processes around 60 % of the events. The basic
purpose of the emulator is to designate events as GOOD or BAD. The
offline filter program analyses the remaining 40 % of events, then throws

away the BAD events after checking that the emulator is working correctly.

The general procedure for flagging events is outlined below.

4.4 Filter program

The filter program uses three main groups of event data :

(1) the coordinates of hits in the inner detector wire chambers
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(2) the total energy deposited in the liquid argon calorimeter

(3) the coordinates of single channels in the central liquid argon calorime-

ter that indicate an energy deposition

The first step in the program is to decode the raw data into a simple
format and equate the data with the appropriate detector component. The
wire chamber coordinates are then calculated for the inner detector in the r—
¢ projection, along with the corresponding z coordinates. The calculation of
the z coordinates begins by employing a clustering algorithm on the cathode
strips, with this operation being performed separately for the 30° and 90°
strips of each proportional chamber. The lower and upper values of z can
then be calculated for each cluster, and from this information, the program
looks for overlaps between the 30° and 90° clusters for a given ¢ - coordinate.
The z coordinate is then determined if the overlap is greater than some
specified value. The program then tries to reconstruct tracks which can be
forced through the point r = 0 (assumed to be the interaction point). The
track must have at least nine points on it, and these two conditions mean
that beam-wall events and cosmics are often not reconstructed. The track
recognition in the r — z projection is performed in a similar manner, but
with the required number of points on the track reduced to four. If at least
two tracks are found in the r — ¢ projection, a track opening angle, A(dg),
is calculated, which is the maximum of all opening angles between any two

tracks.

The energy deposited in each stack of the liquid argon calorimeter
is calculated from the sum of the ADC counts, which is converted into
an energy by a set of calibration constants. The stack energies are then

classified into various energy levels according to table 4.1, and an energy
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CLASS LEVEL Lg ENERGY RANGE

junk -1 E; s -800 MeV
2eT10 0 -800 MeV < E; g 800 MeV
low 1 800 MeV < E;< 1500 MeV
medium 2 1500 MeV < E; ¢ 2000 MeV
high 3 2000 MeV < E,

Table 4.1 : The classification of the total energy deposited in a stack

of the lead liquid argon calorimeter




spread parameter, Sg, is calculated
Sp = maxQ; x (L; + Lj)
L)

where §2,; is the opening angle between any two stacks 7 and j, and L;, L;
are their respective energy levels. The opening angle between the two stacks
that maximise Sg is called ©@s. A bhabha event, for example has values for
Sk and Og of 67 and 7 respectively. A stack is designated "in time” if the
timing of the energy sums occurs within 300 nsec of the interaction time.
The last stage of the filter program is to try to find clusters in the liquid

argon stack projections u,v,w and then to merge them.

The filter criteria are defined by strings of numbers of basic conditions,
which all have to be fulfilled. Twov types of string are used: ACC strings
to accept events for which the conditions are true and REJ strings to reject
events if the conditions are true. A condition is inverted if its negative

number is written into the string.

Thus, the decision process proceeds as follows. The reconstruction in
7 — ¢, the liquid argon energy sums and the timing calculations are carried
out first. The events are then examined to see if they pass a number of
strings of ‘conditions. An example of a set of these strings is given in table
4.2. The events that fail this initial selection are marked BAD and are not
further processed. The reconstruction in r — z is then done for the GOOD
events, which will for some events change their event parameters. Hence,
when the events are passed through the series of condition strings, some will
fail and are marked BAD. The remaining GOOD events have their liquid
argon clusters reconstructed and are checked for the last time against the

selection criteria.

The filter program also checks that the trigger conditions are consistent,

i.e., a particular trigger is accepting events with the specified properties.
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Criteria

Basic Conditions

Banks and Explanation
$ACC 0/ 4 13 118
Ntruclu 2 4 A(¢O) > 281 lzq[ < Ntfack;
$ACC 1/ 3 13 118
Ntrackn 2 3 A(¢0) > %t |2ql < Ntrack:
$ACC 2/ 2 17 118
Ntrackn Z 2 A(¢O) > 6—81& Iqu < Ntfaclu
$ACC 3 / 2 13 118
Ntraclu 2 2 A(QSO) > '231 Iqu < Ntrackn
$ACC 4 / 1 51
Ntrackl Z 1 N:t,med 2 1
$ACC 5 / 1 61
Ntfacks Z 1 Nlt,hi 2 1
$ACC 6 / 53
Ntt,med 2 3
$ACC 7/ -25 52 61 75 -83
N:t,junk <5 N:t,mcd 2 2 Nnt,hi 2 1 SE > 10 @S Z %
$ACC 8 / -25 51 62 75 -83
Nt junk <5 Nitmeda 21 Nyni > 2 Sg > 10 Os5 > 51—2
$ACC 9 / -25 63 74 -83
Nlt,junh <5 N:t,hi 2 3 SE > 8 65 Z i_‘;
$ACC 10 / 25 52 75 -83
Nlt,junk <5 Nlt,med Z 2 SE > 10 @5 2 ?_x
$ACC 11/ -25 51 61 _ 75 -83
N:t,junk <5 Nat,med Z 1 NJt,hi Z 1 SE > 10 OS 2 %%
$ACC 12/ -25 62 74 -83
N:t,junk <5 Nlt,hi 2 2 SE > 8 @5 2 %
$ACC 13 / 61 78 81
N,g'hizl Sgp > 16 Os < 11(—6
$ACC 14 / -25 62 77
Nlt,junk <5 Nlt,hi Z 2 SE > 14
$ACC 15/ -23 51 91
N:t,junk <3 N:t,med 2 1 Nut,timcd Z 1
$ACC 16 / -23 61 91
th,junk <3 Nlt,hi Z 1 Nl!,timcd Z 1
$REJ 0 / RESECT ALL THE REST

Table 4.2 : A set of condition strings for the filter program , where,
for example, Ny n; means the number of stacks which have a high energy

level, as defined in table 4.1




4.5 Reconstruction program

The events that successfully pass through the filter program are then
processed by the main reconstruction program, called OFFRAM . This con-
sists of a number of semi-independent programs that reconstruct the events

and perform other event analyses. These programs can be run on any type

of computer available within the collaboration (IBM, CDC or UNIVAC).

CELPAT is the processor concerned with the central detector and it
performs 1ts pattern recognition by correlating the charge deposited on the
30° and 90° cathodes of a chamber or by matching anode hits with cathode

hits. Circular bands are searched for tracks in the r — ¢ projection.

The processor FITT then uses the information from CELPAT to set
the reconstructed tracks within the CELLO coordinate system and to obtain
geometrical information such as the position of the interaction point. The
exact value of the magnetic field is calculated by the program CGDT, which

is then used by FITT to improve the track reconstruction.

The liquid argon calorimeter data is analysed by the program
LATRAK: which uses the geometrical correlations between the u,v and
w strips to decide which channels have been fired. The program starts by
correlating hits from the three orientations in seven layers and building up
two dimensional cells. The cells are then grouped into layer clusters, each of
which has a principal axis. Three dimensional clusters are then formed by
combining clusters at different depths. The axis of the cluster is determined

by fitting a straight line through the cluster centres.

The program concerned with data from the muon chambers is MUCH,
which reconstructs the point of impact in the chambers. This is done

unambiguously using information from the anode wires and the two cathode
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strip planes.

The LINKJOB program combines the track information from the var-

ious parts of the detector.

The output from OFFRAM is read onto a DST (Data Summary Tape)
which contains for each event, information from each of the processors, the

raw data and the reconstructed tracks and their vertices.

4.6 Event selection

Once the GOOD filtered events have been fully reconstructed, they
can then be passed through various selection processes to yield interesting
physics events. The work described in this study is concerned with multi-
hadronic events, which undergo selection in two stages. Firstly, bad tracks
within an event are rejected and then the event as a whole is subjected to

selection criteria.

Charged tracks are rejected if they fulfil any of the following conditions:

(a) |cos(6r)| > 0.86, where O is the angle the reconstructed track
makes with the beam axis

(b) number of central detector hits < 8

(¢) momentum, p < 200 MeV

(d) momentum,p>10-Ey__

(e) distance to the vertex in the r — ¢ plane Zy > 1.95 cm

Neutral showers detected in the liquid argon calorimeter are rejected if

they fulfil either of the following two conditions :

(f) |cos(6r)| > 0.86

(g) Eshower < 200 MeV
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The cuts (a) and (f) on the angular range of accepted charged tracks
and neutral showers were made for two main reasons. In the endcap region
of the detector, i.e., |cosd| > 0.89, the background from photon-photon
interactions is large, and also in this region efficiency calculations are made
difficult because of the smaller number of chambers in this area. Cut (b)
ensured that the charged tracks were reconstructed well and hence their
position was determined accurately. The rejection of low energy showers (g)
and charged particles (¢) means that the remaining tracks and showers have
an energy or momentum above the energy threshold of the various detector
components. This energy threshold exists because of inherent electronic
noise in the amplifiers and renders an energy measurement below this level
unreliable. Cut (d) is applied, since for tracks with p > 10- Ey_ the
resolution of the central detector becomes bad. The distance to the vertex

should be small (e) to eliminate beam wall events.

A final selection of multihadronic events was then made based on both

the charged particle and the neutral shower information.

The events were accepted if they obeyed the following conditions :

(1) the number of charged tracks had to be at least 5

(2) the number of negatively charged tracks had to be at least 1
(3) the total visible charged energy > |p;| > 0.20W

(4) the total neutral shower energy > Espower > 0.02W

(5) the total visible energy 3" |p:| + Eshower > 0.4W

(6) the maximum angle between any two charged tracks in the r — ¢

plane, ¢o > 130°

Events arising from beam-gas interactions are eliminated by cuts on the

momenta (c), the vertex (e), the charge(2) and on the total event energies
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(3)-(5). Condition (6) rejects events which have a cone-like structure such
as those that occur from off-momentum electrons, which initiate a large
shower in part of the central detector. A visual scan of a large fraction
of the data gave an upper limit of 0.1% for remaining background events
of this type. Events of the type ete™ — 717~ have a small number of
charged tracks and a low visible energy and are hence rejected by conditions
(1) and (3)-(5). A Monte Carlo simulation of this process found that the
remaining background from this process was less than 0.1%. Radiative
bhabha events can lead to several particles in the central detector arising
from the conversion of a photon in the beampipe, but are reduced to a

negligible amount by condition (1).

Events in which the hadrons result from a photon-photon interaction
are rejected by imposing the conditions (3)-(5). In this process, only a small
fraction of the visible energy is measured in the central detector since most
of the energy is carried off by the electron and positron at small angles.
Figure 4.2 shows that applying the cut on the total visible energy removes
the background events that this process produces. A background of 0.9%

from two photon scattering remained after the application of these cuts.
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CHAPTER FIVE
STUDY OF HADRONIC FINAL STATES

5.1 Introduction

In this chapter, general properties of jets produced by et e~ annihilation
are presented. The production of jets and their subsequent fragmentation
have been studied by using charged and neutral particles at a centre-of-mass

te~ — hadrons is

energy of around 44 GeV. At this energy, the process e
dominated by the production of the quark pairs u, dd, s5,c¢ and bb, with
a small fraction of events originating from hard gluon bremsstrahlung,.e.,

+

eTe — qqg.

As has been mentioned in chapter 2, the events produced by the frag-
mentation of a qg pair show a two jet structure, whilst a small number of

three jet events occur from initial state gluon radiation. Contributions from

both these event types are included in the data described in this chapter.

In this analysis, the results represent the sum of the contributions from
the different quark flavours. The ratio of the cross-sections for the different

+

quark flavours produced in eTe~ annihilations, to lowest order, is the ratio

of the quark charges squared;

uii:dd:s5:cc:bb=4:1:1:4:1

5.2 Variables used

The variables used in this analysis are based on the measurement of
the momentum of charged tracks and of the energy deposited by neutral
particles.

The momentum of a charged particle, or energy of a neutral particle in
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an event with IV particles is denoted by
Pi where 1=1,...,N

This is used in the definition of the sphericity tensor and its associated
normalized eigenvalues @1, Q2 and @3, given in chapter 1. Two other event
measures can be defined using these eigenvalues. These are (p%, ) and
(p%,.1), the average squared transverse momenta 'in’ and ’out’ of the plane,

respectively. These two quantities are defined as

2
_ 2 : 2 _ ZP;’
pTzn - (pl - QZ N

2
§ : p;
pTout N 2 = Ql EN

where 71,7, are the eigenvectors assoc1ated with the eigenvalues 1 and Q..
Thus, (p%,,,) is the square of the momentum component perpendicular to the
jet (sphericity) axis in the event plane , and averaged over all the particles in
an event, whilst (p%._ .) is the square of the momentum component normal

to the event plane, similarly averaged.

In addition to the momentum of a particle, two other particle prop-
erties can be calculated. The particle transverse momentum, pr, and the
longitudinal particle momentum, py,, are defined relative to the jet axis. For
example, the pr of a particle is the component of its momentum perpendic-
ular to the jet axis. The event measure thrust as shown in equation 1-5 is

calculated using longitudinal particle momenta.

The angles that the thrust and sphericity axes make with the beam axis
(in the CELLO coordinate system, this is defined as being in the z-direction)

are denoted by ©1 and Og, respectively

The particle production along the jet axis was also analysed using the

rapidity y, defined by
_ llnE TPL
YT Ep
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where E is the energy of the particle. In calculating the energy of the

charged particle, its mass was taken to be the pion mass.

5.3 Energy-energy correlations

Energy-energy correlations were first proposed by Basham et al [57],
as a method to investigate the angular distribution of the partons and the
emission of both hard and soft gluons. The energy-energy correlation is

defined as
N

1dnFEC 1
- dx - NsAy Z Z EiE;

n=1 1,3

where E;, E; are the energies of two particles : and j, which are separated
by an angle x, N is the number of events and Ay is the bin width in y.
Thus, it is the energy weighted sum over all two-particle combinations whose
angular separation is between x and x + Ax. The normalisation is such that

18;) dEEEC

dy =1
OGdX X

when self combinations at y = 0° are included. The asymmetry of the

energy-energy correlation can also be calculated,

EEC EEC
Alx) = “E—(180° ) - —(x)
Schematic representations of the energy-energy correlation and its related
asymmetry are shown in figure 5.1, for several event configurations. In
the process ete™ — ¢q two back-to-back partons are produced, which give
two delta functions at x = 0° and y = 180°. However, because of the finite
" resolution of the calorimeter in , the energy-energy correlation becomes like
figure 5.1(a), i.e., with finite bin width. When the fragmentation process
is taken into account, the shape of the energy-energy correlation becomes

dependent on the transverse momenta of the hadrons. For example, figure

5.1(b) shows the result if only collinear hadrons are produced, whilst figure
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5.1(c) shows the effect of limited hadron transverse momenta, smearing the

forward and backwards peaks.

A particular process eTe™ — ¢gg leads to a gluon being emitted at a
given angle with finite energy, thus giving the parton distribution of figure
5.1(d). The three peaks in this diagram outside the x = 0° region corre-
spond to the three angles between the quark, antiquark and the gluon. If
the hadrons are produced collinear to the partons then the picture remains
unchanged (figure 5.1(e)) but the inclusion of transverse momenta produces
the smeared distribution of figure 5.1(f). Figures 5.1(g) and 5.1(h) show the
energy energy correlation and its related asymmetry for the case where a
hard gluon is emitted in the initial state, thus leading to a broad third jet of
hadrons. It can be seen from figure 5.1(h) that the asymmetry enhances the
contribution from hard gluon radiation relative to the quark pair produc-
tion contribution. Thus, the use of the energy-energy correlation asymmetry

increases the sensitivity to as.

5.4 Further track and event Selection

Before a final selection of multihadronic events was made, several ad-
ditional track cuts were made. This was to ensure, in particular that the
neutral component of the events consisted of well measured photons. These

cuts and the rationale behind them are described below.

In the shower reconstruction program, LATRAK, clusters of deposited
energy are reconstructed in each of the seven layers of each lead-liquid ar-
"gon module. This is achieved by using the geometrical correlations between
the three channel orientations u,v and w and between adjacent channels in
depth. The clusters are formed in two dimensions and then combined longi-
tudinally into three-dimensional showers. The topology of these showersi.e.,

whether they result from single or overlapping photons is then determined.
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This is done by determining the two principal axes and the corresponding
sigmas of each two dimensional cluster. The clusters are then separated

into single and double shower candidates by checking these sigmas.

The LINKJOB extrapolates tracks found in the inner detector into the
liquid argon calorimeter. The position of the extrapolated tracks are then
used in the reconstruction of the two-dimensional clusters. This leads to

the separation of the final reconstructed showers into two types :

(a) charged showers - those showers that can be linked to charged

tracks

(b) neutral showers - those showers for which no link to charged tracks

can be found.

It should be noted that this technique of linking tracks with showers
is not 100% efficient. Hence, cuts on the longitudinal development of the
shower have to be employed to distinguish photons from charged particles
where the linking procedure has failed. These cuts also help to distinguish

photons from neutrons and K%’s.

The following criteria are used to select well measured photons:

E

(1) photons that result from two or more overlapping showers are re-

jected

(2) neutral showers are rejected if the total charge deposited in the

second and third layers is less than 20 % of the total deposited

charge

(3) neutral showers are rejected if more than 5% of the total charge is

deposited in the seventh layer

(4) photons that do not extend in depth over at least three layers are
rejected
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(5) photons have to be in the angular range 0.05 < |cosf| < 0.84 ,

where 6 is the angle the photon makes with the beam direction

(6) photons that have an energy less than 500 MeV are rejected

The shape of an electromagnetic shower in the lead-liquid argon calorime-
ter is essentially that of a large deposition of energy near the front of the
calorimeter, that is, within layers two and three, followed by a rapid decrease
in energy deposition until at the back of the calorimeter only a small amount
of energy 1s deposited. Thus, conditions (2) and (3) ensure that the distri-
bution of the energy deposited in the calorimeter modules is approximately
in the shape of an electromagnetic shower. Condition (4) removes showers
that are a result of noise within the calorimeter system. This problem be-
came worse at high beam energies of around 22 GeV. The introduction of
cut (6) was also found to be necessary at high beam energies and meant
that showers which were a result of background were rejected. At a beam
energy of 17 GeV, a minimum photon energy of 300 MeV was found to be
a sufficiently hard cut. The use of condition (5) meant that the photon was
contained within the central part of the calorimeter, and was away from the

module edges.

2

The above cuts were extensively checked using multihadronic events
and single photon events generated by Monte Carlo, and with Bhabha
events. The background due to charged particles where the linking pro-
cedure failed, or the misidentification of neutrons or K} ’s is less than 1 %,

as determined from Monte Carlo studies.

In addition to the cuts on neutral showers, a further constraint was put
on the charged tracks. This was done to ensure that all the tracks were
well-measured, and so facilitate the agreement between the data and the
Monte Carlo. Thus, charged tracks were rejected if less than three of the

multiwire proportional chambers in the inner detector fired.
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Hence, after these more sophisticated cuts have been made on the
charged tracks and neutral showers, the agreement between data and Monte
Carlo is better, and therefore, a better understanding of the data is gained.
An example of the agreement between the data and the Monte Carlo is

shown in figure 5.2 for the momentum distribution.

5.5 Correcting the data

The data, which are obtained from the DST’s, need to be corrected by
the use of Monte Carlo techniques. This procedure enables the data to be
compared directly with other experimental groups’ data, provided it too has
been corrected. Theoretical predictions can also be investigated by using
the corrected data, as for example, in the determination of ag presented in

chapter 6.
Corrections to the data are required for the following reasons.

(1) Initial state radiation; this causes the initial quark- antiquark pair
to have less energy than usual and so the visible energy is correspondingly
lower. The event is also boosted with respect to the detector, which can

lead to the particle momenta being incorrectly measured.

(2) Detector inefficiency; although the CELLO detector has a very good
angular coverage, it is sometimes possible that a particle could enter one
of the gaps between the modules of the liquid argon calorimeter. Some
particles such as the neutron, neutrino and K| are also not detected, and
" hence lower the total visible energy. The possibility of particles escaping
undetected down the beampipe needs also to be taken into account. Non-
functioning components of the detector, such as broken wires, can also lead

to inefficiencies as can the cuts used to select well measured photons and

charged tracks.
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(3) Reconstruction inefficiencies; these can occur when two particles are
nearly collinear, which can lead to one of the particles not being detected.
There is also the problem of charged tracks being misidentified as neutrals,
because of the failure of the linking procedure. These inefficiencies lead to

a reduction in the event multiplicity and in the total detected energy.

(4) Triggering inefficiency; this is as a result of the online trigger system
wrongly classifying an event. However, this effect is expected to be very

small in this analysis because of the selection cuts imposed on the events.

(5) Resolution inefliciency; the corrections need to take into account
the finite resolution of the detector, and also the fact that the mass of the

charged particles is assumed to be that of a charged pion.

The procedure for correcting the data involves the generation of two
sets of Monte Carlo events. The first set includes a full simulation of the
detector and is passed through the complete reconstruction chain, whilst the
second set is generated independent of the detector and the reconstruction

process.

The first stage in generating the first set of Monte Carlo events was
to generate the initial state partons using the LUND Monte Carlo (58] -
JETSET version 5.2. Initial state radiation was taken into account up to
order o, through the program by Berends and Kleiss [59] . The LUND
program uses the second order approximation of perturbation theory to
generate a parton configuration, which can consist of ¢g, 9dg, ggg9g9 and
qqqq final states. Since the theoretical expressions for the last three of
" these configurations diverge as a result of infrared and collinear singularities,
an invariant mass cut-off Y,,;, is introduced. The squared parton-parton
invariant mass is defined by

(Pa+Pb)2

Ya.b = W2
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where W is the center-of-mass energy and P,, P, are the four-momenta of

any two partons a and b.

Thus, if a three parton final state event contains a parton pair with
Yap < Yinin, then this event is removed from the three parton sample and
treated as a two parton event. The addition of these events to the two parton
cross section cancels its divergences, as discussed earlier, which leads to a
finite expression. This procedure also removes explicitly the divergences
from the three parton cross section, and gives individually finite two, three

and four parton final state cross sections.

The next stage is the hadronization of the partons, which takes place
according to the prescription of the LUND string fragmentation model,

given in section 3-4.

A description of the various parameters that are used by the LUND
Monte Carlo, and the way in which the values of these parameters were

determined is now given.

Quark or diquark pairs are produced in the colour force fields of the

initial partons, with a ratio R, = I;,((qqq)). The probability for creating s

quarks relative to u or d quarks is given by the ratio Ry = 1}:((2)) The
fraction of primary mesons that have spin one, as opposed to spin zero, is
dependent on whether the meson contains heavy ( ¢ or b ) or light quarks.
This gives rise to two numbers, rg and 71, the vector meson probabilities

for heavy and light mesons, respectively.

The longitudinal fragmentation of the initial quarks is governed by
two fragmentation functions. For u,d and s quarks the LUND symmetric
function of equation 2-4 is used, the nature of which depends on the two
parameters a and b described earlier. The Peterson fragmentation function

of equation 2-5 is used for ¢ and b quarks, which introduces the parameters
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ec and €p.

The transverse momentum ¢ given to the quarks and antiquarks deter-
mines the transverse momentum of the primary hadrons. The quark trans-
verse momentum distribution is a Gaussian of the form e:cp(_;—qg‘z), where
o4 is /2 times the usual definition of Gaussian width. The longitudinal
and transverse momentum components discussed above, are defined with
respect to the string directions. A quantity F; is used together with quark
masses to define the remaining energy below which the fragmentation of a
jet system is stopped. The value of as at a specific Q% is determined to
second order using Az, as defined earlier. Finally, in this stage unstable
primary hadrons were allowed to decay according to known branching ratios

to produce the final particle configurations from the LUND Monte Carlo.

The values of the above parameters were determined using a Monte
Carlo technique. Events were generated by the LUND Monte Carlo without
any initial state radiation, and then compared with corrected data. This was
done at a centre-of-mass energy of 34 GeV, since several experiments have
published corrected data at this energy. In particular, the energy-energy
correlation data and its related asymmetry as presented by the JADE Col-
laboration [60] and the properties of jets data as analysed by TASSO [61]
were used. Thus, through an extensive tuning of the aforementioned param-
eters, the LUND Monte Carlo was able to describe the available corrected
data at a W of 34 GeV. The values of these parameters which were found
to give the best fit to the data are given in table 5.1. Comparisons of the

LUND Monte Carlo generated with this set of parameters, and the corrected

data of TASSO and JADE are shown in figures 5.3 and 5.4.

The third stage in generating the first set of Monte Carlo events was
to pass the LUND Monte Carlo final state particles through a series of

programs, which simulate the CELLO detector.
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PARAMETER | VALUE
R, 0.09
R¢ 0.30
T, 0.75
T, 0.50
a 1.0
b 0.6
& 0.0025
£e 0.0035
o 021 GeV/c
Nz 05 GeV
Y rie. 0.010
E, 2 GeV

Table 5.1 : The values of the most important parameters used in the

LUND Monte Carlo
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The first of these programs is CELLOUT, which reformats the four vec-
tors of the generated particles into a form suitable for the CELLO Monte
Carlo. The particles are then analysed by PTRAK, which tracks the par-
ticles from the interaction point and then through the beampipe. Particles
with a short lifetime, such as K°’s and A’s, which have not decayed in
the LUND program, are allowed to decay and their daughter products are
tracked through the detector. After the beampipe, particles are tracked
through the inner detector and the liquid argon calorimeter. The program
package EGS simulates electromagnetic reactions; both in the beampipe
and in the liquid argon calorimeter. Hadronic reactions are dealt with by
the HETC program. A simulation of the response of the detector is incor-
porated in the program CELINT, which uses as input the particles tracked
through PTRAK. The finite resolution of the detector is thus taken into
account as is noise, through the use of random noise generators. CELINT
also uses the information contained in the calibration constants for each
detector component. The track information is then put into a raw data for-
mat, which means it can then be processed by the reconstruction program

OFFRAM.

The reconstructed Monte Carlo events are then subjected to the same
trigger conditions and event selection procedure as is applied to the data.
Thus, this first set of Monte Carlo events should be similar to the data

measured in the CELLO detector.

The second set of Monte Carlo events were generated, as in the first
case, using the LUND Monte Carlo. However, initial state radiation was
not included although all the other input parameters were identical. These
events were not passed through a simulation of the detector, nor were they

reconstructed.

Thus, for any given variable, z, such as sphericity, three distributions
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now exist :

(a) d(z) - the uncorrected data
(b) ms(z) - the detector simulated Monte Carlo

() mgy(z) - the Monte Carlo independent of the detector

From distributions () and (c), a correction factor C(z) is obtained for
the effects of the detector on each bin in the histogram of the variable z

ma(z)

C(z) = ()

The division in the above equation is carried out bin by bin for each variable
z. The error on the correction factor AC(z) is also worked out on a bin by
bin basis ;

AC(z) = (Ami(z) + Amj(z))*

where Am(z) and Amgy(z) represent the standard errors on the two re-
spective sets of Monte Carlo events. The corrected data distribution, d¢(z)

for a given variable, z, can then be obtained;

de(z) = d(z)C(z)

3

This procedure was followed for the variables defined earlier in this chapter,
thus giving a set of corrected data distributions which could be compared
with theoretical predictions. This comparison is valid since the effects of
smearing are correctly evaluated because a good approximation to the un-
derlying physics has been used as a result of the tuning procedure described

- earlier.
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5.6 The distributions

Corrected data distributions obtained with the CELLO detector at a

centre-of-mass energy of 44 GeV are now presented.

(a) Sphericity. The sphericity distribution shown in figure 5.5 was
determined using both charged and selected neutral particles. It can be
seen from this figure that most of the analysed multihadronic events have
a sphericity less than 0.15, which corresponds to the event having a two-jet
structure. This confirms the findings of the TASSO Collaboration [61] who
found that as the centre-of-mass energy increased the events became more

strongly collimated.

(b) Thrust. This distribution was calculated using the same group of
particles as in (a). Since the thrust maximises the sum of the longitudinal
momentum, a high value of thrust indicates a two-jet structure. Thus, figure
5.6 confirms the observation obtained from the sphericity distribution, that

most of the events are two-jet like.

(c) Angular distribution of sphericity axis. The shape of this distribu-

tion is well described by the form

1 _dN
N dcos@g

x 1+ cos’@g
and therefore confirms the theory that the dominant process in the produc-
tion of multihadronic events is eTe™ — ¢g , where the quarks are massless

and have spin % A fit to the data of the form

1 dN

—_——~1 20
N dcos®g +acosOs

as shown in figure 5.7, gave the value ¢ = 1.20 & 0.13.

(d) Angular distribution of thrust axis. This is shown in figure 5.8

and is essentially the same shape as that described above for the sphericity
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Figure 5.7 : The angular distribution of the jet axis determined by

sphericity. The curve is a fit to the data of the form 1 + acos*e
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Figure 5.8 : The angular distribution of the jet axis determined by

thrust. The curve is a fit to the data of the form 1 + acos*S




axis. A similar fit to the data yielded the value a = 1.12 + 0.13 , where a
is the coeflicient of the cos?® term. Thus, within errors the two angular
distributions are equal and give compatible values of a. This means that

the basic physics results are not dependent on the choice of jet axis.

(e) Particle momenta. The differential cross section for charged and
neutral particles is given in figure 5.9. The distribution shows a sharp
decrease with momentum, although the distribution is broader than the
TASSO figure at 34 GeV. Figure 5.10 shows the normalised cross section

for the fractional particle momentum, which falls steeply with zp.

(f) Particle production with respect to the jet axis. The study of the
longitudinal and transverse momentum distributions was carried out with
respect to the jet axis as determined by both the thrust and sphericity
axes. As can be seen from figures 5.11 and 5.12, these distributions are
independent of the choice of jet axis. The two figures 5.9 and 5.12 show
that the pp distribution is similar to the momentum distribution. This
would be the case if most of the events were two-jet like, since any three jet
structure would increase the relative number of tracks with a small value of
pr. The pr distribution also indicates the jet like nature of the events, since
this distibution is highly peaked towards low values of pr, whereas isotropic
events would give a flat distribution in py. The long tail of this distribution
can be understood as being the result of hard gluon bremsstrahlung, which
will produce a third jet of hadrons with non-negligible transverse momenta

with respect to the jet axis.

The dependence of {pr) on z; was also investigated, with both the
thrust and the sphericity axes being used as the jet axis. The distributions
are shown in figures 5.13 and 5.14, with slight differences apparent, espe-
cially at high values of z;,. These differences arise when the two axes are

pointing in slightly different directions. For example, at a W of 44 GeV, a
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Figure 5.13 : The average transverse momentum as a function of
the fractional longitudinal momentum with respect to the jet axis, using

the sphericity axis. The solid line show the prediction of the QCD LUND

model using standard parameters.




(pr)(GeV [c)
1.25 T T —T— T y T ™

1.00
0.75
0.50

0.25

0.0 - 1 = 1 4 1 = | 4

TL

B

Figure 5.14 : The average transverse momentum as a function of the
fractional longitudinal momentum with respect to the jet axis, using the
thrust axis. The solid line show the prediction of the QCD LUND model

using standard parameters.




difference in (p7) of 0.25 GeV/c at 1, = 0.5 implies that there is an angle
of 1.3° between the two axes. The (pr) versus ¢y, figures follow the pattern
of having a minimum near zy, = 0, then a broad maximum approximately
between z;, = 0.1 and z;, = 0.4 with a gradual decrease as 7, — 1.0. The
transverse momentum should approach zero as = approaches 1 from kine-
matical constraints, that is, the axis is strongly weighted by the high z
tracks and so these have small values of py. However, there is no kinematic

constraint to limit (pr) at zz = 0.

(g) Rapidity. As mentioned earlier, the rapidity provides a method of
analysing the particle production along the jet axis. The rapidity distribu-
tion is shown in figure 5.15, with the data folded around y = 0. At small
values of y, the rapidity distribution is flat, with a plateau region extending
from y = 0 to y = 2. The particle yield then decreases sharply as the value
of y increases away from the flat region. The fact that all the charged par-
ticles were assumed to be pions will affect the region close to the maximum
value of the rapidity. This is because particles that are in fact kaons or
protons will have values of y that are larger than the correct values. The
dependence of (pr) on rapidity can also be examined in a similar manner to
the variation of this quantity on zy as described above. The result is shown
in figure 5.16, with the (pr) being calculated with respect to the sphericity

axis. The minima around zero is less pronounced than in figure 5.13.

(h) Topological event measures. The shape of an event can be studied
using the two event measures (p%.. ) and (p%,,.), in addition to the jet
“measures discussed in section (c). These two quantities are plotted in figures
17 and 18, respectively. It can be seen from these two distributions that the
(p%,,) distribution extends up to a higher value of (p%) than the (p%,,,)
figure. This indicates that most of the hadronic events occurring at this

energy are planar in nature, since the (p% .} distribution has such a short
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tail.

(1) Energy energy correlation. The energy energy correlation was calcu-
lated using both the charged and selected neutral particles. The bin width
Ax was chosen to be 3.6°. Figure 5.19 shows the energy energy correlation,
with self-correlations removed. The predominance of two-jet events can be
seen from the two peaks, with the occurrence of soft gluon bremsstrahlung
causing one peak to be higher than the other. The energy energy correla-
tion asymmetry is shown in figure 5.20, and this indicates that there is a

contribution to the events from hard noncollinear gluon radiation.

5.7 Summary

It is apparent from the many figures shown above that the majority of
hadronic events are two-jet like in nature. In addition, the effects of QCD
can be seen in the tails of some distributions. Thus, some of the events are
shown to consist of three jets of particles, either as a result of hard or soft
gluon bremsstrahlung. The results on the angular distributions of the jet
axes support the theory that the underlying process is mainly half integer

spin quark pair production.

El
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CHAPTER SIX
DETERMINATION OF as

6.1 Introduction

As has been mentioned in chapter 2, the observation of three-jet events
in et e~ annihilation into hadrons at a high centre of mass energy has pro-
vided direct evidence for gluon bremsstrahlung as predicted by QCD. A
measurement of the three-jet cross section should therefore lead to a deter-
mination of ag, since the strong coupling constant is directly proportional
to the rate of three-jet events, provided the four-jet rate is not large. Ob-
taining a value of ag from the data is however, made difficult by the fact
that the QCD prediction is made at the parton level. Thus, the QCD calcu-
lation has to be combined with a model, which describes the fragmentation
of quarks and gluons into hadrons. In this analysis, the LUND string model
of fragmentation was chosen, for the reasons outlined in chapter 2. The
use of only one fragmentation model should result in a reduced systematic
uncertainty on the value of ag. This is because different fragmentation
schemes give a range of values of ags as explained in chapter 2, and this
effect has:been found by the MARK J, CELLO and JADE collaborations
to be the biggest source of systematic error. The ag used in this analysis

is that defined in the (ms) scheme.

6.2 Procedure

The first stage in this analysis was to generate Monte Carlo events
which could be compared with the corrected data. The Monte Carlo events
were generated using the LUND Monte Carlo-JETSET version 5.2. The
input parameters of the Monte Carlo were those determined in the previous

chapter, apart from the value of as.
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The data were corrected for the acceptance of the detector and for
initial state photon radiation according to the prescription given in chapter
5. Thus, the various distributions could be compared directly with the

properties of the hadrons generated by the Monte Carlo.

Several sets of Monte Carlo events were generated, each with a different
mput value of ag. The values of ag that were chosen covered a wide range
and encompassed the values of ag determined by other collaborations. Ap-
proximately 50,000 events were generated for each value of ag, and this
corresponds to ~ 10 times the number of accepted multihadrons in the data

sample.

Thus, for each distribution investigated, the corrected data was com-
pared with the several sets of Monte Carlo. The comparison between the
data and the Monte Carlo yielded a x? value for each value of as per his-
togram. A plot of x? versus as could then be drawn for each distribution,
and hence the position of minimum x2? could be found. Thus, the value of
ags that best described the corrected data at a centre of mass energy of 44

GeV could be calculated.

)

6.3 Results

The above procedure was carried out for several distributions, all of
which were presented in chapter 5, apart from @Q; and @3, two of the eigen-
values of the momentum tensor defined in chapter 1. The distributions were
chosen since they are variables that are sensitive to the shape of an event,
and hence to three-jet events. The exception to this is the energy energy
correlation asymmetry, which was used because of its sensitivity to as, as

discussed in the previous chapter.

It should be noted that only the large angle region, x > 50°, of the
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energy energy correlation asymmetry was used to calculate ag. This region
of the energy energy correlation asymmetry is calculated from the section
of the energy energy correlation (see figure 5.19) between x = 50° and
x = 130°. The determination of the value of ag uses this area of the
energy energy correlation asymmetry distribution because, at large angles,
the energy energy correlation asymmetry is insensitive to the value of Y,y
This is because the value of Y,,;,, is of greater importance in the case of two
particles which are close together in y, rather than in the case where the
angle x separating the particles is between 50° and 130°. This fact can be
seen from the definition of V,,;, given in chapter 5. Thus, using this half
of the plot introduces less systematic errors into the value of ag since the
figure is not dependent on an artificial procedure for differentiating between

two and three jet events.
The results are shown in table 6.1.

As can be seen from the table, the shape variables give compatible
values of ag. The value of ag obtained from using the energy energy cor-
relation asymmetry is smaller, but is still compatible with the other values

of ag, if systematic errors are taken into account.

The values of as found in this analysis should only be compared with
the results of other experiments if those experiments were also carried out
at a beam energy of 22 GeV. This is because of the ’running’ nature of
ag as described in section 1.7 and embodied analytically in equation (1-
3). Thus, the value of ag which was obtained using the energy energy
correlation asymmetry can be compared directly with the MARK-J group’s
result. The values of as obtained by both experiments are compatible
within experimental errors, although the MARK-J result was obtained by
taking the average of the string and independent fragmentation models.

This is in contrast with the method employed in this study, which was to
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eliminate the independent fragmentation model because of its theoretical
limitations and its failure to describe accurately the experimental data of
several collaborations. Thus, the systematic error on the value of as is

smaller in this analysis for the reasons outlined in this chapter.

The value of ag found in this work is in agreement with the results of
table 2.3 (other experiments’ determinations of ag using the energy energy
correlation asymmetry) but with a substantially lower systematic error. It
should, however, be noted that the results of table 2.3 were obtained from

experiments performed at a beam energy of 17 GeV.

Thus, it can be seen that one of the main aims of this work has been
achieved, namely, the determination of the strong interaction coupling con-
stant, ag, at the highest currently available beam energy with a low sys-

tematic error.

Several possible sources of systematic error were investigated and eval-
uated. The first of these was the possible error introduced into the analysis
by an incorrect choice of the parameters that were used in the LUND Monte
Carlo. The magnitude of this systematic error was evaluated by changing
the values of the input Monte Carlo parameters in such a way that the
corrected distributions, that were used for the tuning procedure, were still
described by the Monte Carlo at the generator level. This procedure was
therefore an attempt to take into account the errors quoted for the TASSO
and JADE corrected distributions. It was found that the systematic errors
from this source are larger in the determination of as using the shape vari-
ables. This is essentially because the shape variables are more sensitive to
the tuning of the Monte Carlo than is the energy energy correlation asym-
metry as mentioned above. Hence, the measurement of as using the energy
energy correlation asymmetry is the most accurate and reliable of the values

presented in this chapter.
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Fitted Distribution

Value of (s

Xz/l.f. at minimum

Sphericity
Thrust

T
Chw?
Q,
Asymmetry

0.175 £ 0.015 £ 0.015
0.164 * 0.015 £ 0.015
0.169 * 0.015 * 0.015
0.180 * 0.015 * 0.015
0.169 t 0.015 = 0.015
0.152 + 0.015 * 0.010

42/6
13/6
7.9/8
12/9
4.6/9
5.1/5

Table 6.1 : The values of as that were calculated using the CELLO

corrected data at W = 44 GeV.

Note:- The first error in the value of ag is the statistical error and the

second error is the systematic error.




The second source of systematic error that was examined was the pro-
cedure used to select the multihadronic data sample. An additional sample
of multihadrons was obtained using a different set of selection criteria in
order to check that there was no bias in the original data sample. This sec-
ond selection procedure permitted each event to have a smaller total visible
energy, for the event to be accepted. Hence, this second selection contained
~ 10 % more multihadronic events. The value of as was then determined
in an identical manner to that which was used for the first data sample.

The magnitude of this systematic error was then found to be ~ 10 %.

In order to investigate whether the CELLO corrected data at 44 GeV
could be described by QCD, the distributions of chapter 5 were compared
with the QCD model, using an ag value of 0.16. Figures 6.1-6.7 show the
results of this comparison, which confirms that a value of ag at 44 GeV of
0.16 describes the essential features of the data obtained with the CELLO

detector.
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CHAPTER SEVEN
SUMMARY AND CONCLUSIONS

In the first chapter of this thesis, an introduction was given into the
theory of quantum chromodynamics (or QCD); the theory which attempts

to describe the interaction of elementary particles through the exchange of

gluons.

The experimental evidence that QCD is a plausible theory to describe
the strong interaction was outlined in chapter 2. The second chapter also
showed that in order to describe the experimental results from e*e™ anni-
hilation, a model to describe the fragmentation of the quarks and gluons is
needed, in conjunction with QCD perturbation theory. The relative merits
of several types of fragmentation models were considered from the concep-
tual point of view and from the models’ ability to describe the main features
of the data. This procedure led to the LUND string model of fragmentation
being used in the second results chapter to determine the value of 5. A
brief summary and evaluation of previous attempts to determine ag was
also given in chapter 2, with the main conclusion being that the systematic
error on the value of ag was large. This was because of the uncertainties in
the analysis procedure brought about by the various fragmentation models
which gave different results for the value of as. The choice of the LUND

fragmentation model for this study was intended to reduce this source of
systematic error.

The main features of the detector were summarised in chapter 3, with
particular emphasis on the CELLO detector’s suitability for detecting mul-
tihadronic events.

A description of the data acquisition chain and the means whereby

multihadronic events were separated from background events was given in

chapter 4. It was found that after selection cuts had been made, the number
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of background events was negligible. This result was found after visually
scanning the multihadronic events and using extensive Monte Carlo tech-
niques. Thus, after this procedure, which is explained in greater detail in
chapter 4, a sample of multihadronic events was obtained which was rela-

tively free of events originating from background processes.

The first results chapter described the procedure for obtaining distri-
butions of the corrected data. This method was shown to be valid since,
after some more specialised cuts, in particular those used to ensure well-
measured photons, the agreement between the data and the Monte Carlo
was good. Corrected data distributions for a large number of variables were
then presented. These variables were chosen in order to ascertain if the data
could be described by the theory of QCD. It was shown in chapter 5 that the
main features of the data, such as the preponderance of two-jet events or the
half integer spin nature of the interacting particles were in agreement with
the predictions of QCD. Several of the distributions plotted, for example,
the energy energy correlation asymmetry, show that there is a contribution
to the multihadronic event sample from hard non-collinear gluon radiation.
This process, together with soft gluon bremsstrahlung, results in the pro-
duction of three-jet events, the evidence for which can be seen in the tails
of many distributions, such as the pr distribution. Thus it was shown that
the corrected data obtained with the CELLO detector at a centre-of-mass
energy of 44 GeV was in agreement with QCD for the variables used for

this study.

In chapter 6, a method of determining the value of ag was outlined in
which the most reliable and well tested fragmentation model was used. This
technique was used for several variables, all of which were chosen because
of their sensitivity to the value of ag. The energy energy correlation asym-

metry gave the most accurate result because of its low systematic error, the
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reasomns for which are given in the second results chapter.

The final part of the work presented here was to compare the CELLO
corrected data at a centre-of-mass energy of 44 GeV with QCD predictions
using the value of ags obtained in chapter 6. It was shown that the QCD
predictions agreed well with the CELLO corrected distributions that were

investigated.

Thus, it can be seen that the corrected multihadronic data collected
with the CELLO detector at a centre-of-mass energy of 44 GeV can be well

described by quantum chromodynamics.
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