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Abstract

Data taken at an average centre of mass (c.m.) energy
of 34 GeV with the TASS0 detector at PETRA is analysed
by a cluster technique te identify multijet structure
produced in e¥e™ annihilation to hadrons. The method
used 1s insensitive to details of the hadronization
process.

This metheod allows a study of the underlying ori-
ginal dquanta by means of the distribution of momenta and
other variables of the system. We obtain, to a good
approximation, a one to one correspondence between jets
and fundamental quanta which allows us to determine the
strong coupling constantd% and provides good evidence to
support the vector gluon hypothesis.

The thesis also contaiqs a description of the cen-
tral charged particle detector cof TASS0 and of the proce-

dures used in data taking and data handling.
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General introduction and outline of the thesis

In this thesis we study hadronic production in efe~

annihilation at an average energy of 34 Gev.

In the first chapter we give a qualitative phenomenoclo-
gical introduction to Quantum Chromodynamics (QCD). We try
in this chapter to explain the fundamental difference between
QCD and guark model.

In the 2nd chapter the TASSO central detector for charged
particles used in the analysis is described and data handling,
on-line, are described.

In the 3nd chapter ©ff line analysis is described.

In the 4th chapter we describe our method of analysis
which we use to study QCD matrix element because in QCD, the
particles in the final state which are called quarks and gluons
are not observed but give rise to hadronic jets. We try to
explain that the matrix element of QCD is accessible only if
our methed for reconstructing the jets is completely indepen-
dent of hadronization, gives a precise value of the parton mo-
menta and this test of QCD is limited to the kinematical region
where the relation

parton —_— > jet is valid

In the 5th chapter we define our multijet variables and
the multijet analysis which will be used afterwards. In this

chapter we try to explain by various examples the source of the
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experimental systematic error.

In the 6th chapter the method of analysis will be applied
to the data and Monte Carlo models and we will try to give an
idea of the sources of systematic error and compare different
models with the data and try and explain the data with a mix-
ture of two models qq + qqg corresponding to first order QCD.

In chapter 7 we use the result of QRCD mixing to extract
the three jet system for vector and scalar gluon and study the
QCD matrix element. Finally we estimate the strong coupling
constant ag-

In chapter 8 we look at QCD convergence,bE model, inter-

pret the results and give conclusions.
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1.1 Introducticon

In 1967 a twenty GeV electron beam was produced at
the Stanford Accelerator Centre (SLAC) and was then fired
at a proton target, whereby it was observed that some elec-
trons were scattering with a large transfer of momentum,
greater than anticipated. From a study of these vicglent
collisions arcse the theory that the proton contained dis-

(17). By studying the distribu-

crete scattering centres
tion of the scattered electron in relation to energy and
angle, which is known as 'scale invariance', it was sugges-
ted that the scattering centres were 'point-like' and had
no internal structure (18, 47).

A similar phenomenon was observed by the CERN-ISR
Groups. The large PT phenomenon they observed, suggested
that proton-proton collisions could be interpreted as the

result of direct collisions between their point-like con-

stituents called partons.

(11%) {62)

Previously, in 1964 Zweig and Gellmann
had suggested the existence of'Quarks', or hypothetical
consituents of hadrons. This theory maintained that all

the observed hadrons were a composition of three quarks
(baryons), or one quark arranged with an antiquark (mesons).
This existence of gquarks was treated with some scepticisim

at that time, as free guarks had not been observed, along

with the fact that quarks did not appear to obey Fermi-Dirac



statistics., This however, was sclved by the hypothesis

(62)

of a hidden quantum number, colour each quark ha-
ving one of three different colours. Colour is signi-
ficant in helping to understand other problems, for

example the ratio R (62, 97)

(eTe” hadron)

where R = Fe—
(e'esp )

(1)

]
or the decay rate m*2y

A new theory, known as Quantum Chromo-Dynamics, QCD,
has gradually evolved and makes use of colour to generate
the strong interaction. It is assumed that the partons
come in two forms, quarks and gluons. Quarks have the
distinction of a flavour and come in three colours, where-
as gluons are flavourless, but are available in colour/
anticolour states. Quarks attract one another via the ex-
change of gluons. The coupling strength of quarks to gluons
is denoted by 0y » in analogy with the electromagnetic coup-
ling constant a. In contrast to electromagnetism, gluons
can directly couple to gluons as well as to quarks.

QRCD stipulates that an isolated quark will be surroun-
ded by a cloudy mass of coloured quark-antiquark pairs.

This will cause Og to increase at short distances., How-~
ever an isolated quark will also be surrounded by gluon
pairs and this will tend tc decrease ag at short distances.
If there are less than sixteen quark flavours the net effect

is that ag will decrease at short distances or equivalent-



ly large momentum transfers, and will become large at
large distances.

The approximate scaling observed in lepton-hadron
deep inelastic scattering is thus well accounted for as
is the total confﬁ;ent of quarks within hadrons.

ee” annihilation at high energies appears to pro-
cede predominantly by the production of a quark-antiquark
pair. The quarks however do not survive as free partic-
les but can only be observed as jets of hadrons, the so
called fragmentation products. Thus events consist most-
ly of two jets of hadrons. The fact that three jet events
are seen suggests that gluons should also be taken into
account. A study of the properties of three jet events
provides an insight into the propertieé of the gluon and

the nature of the strong force field.

1.2 Models for ete” amnihilation into hadrons

Models of e e  annihilation into hadrons must account
for strong interaction dynamics, both at low energies and
at the higher energies attained by ceclliding beams. A
coherent description is achieved based on the quark model
and the gauge theory of strong interactions (QCD) (87).

The vector deminance model 1s very sud%ssful for the
low energy range, in describing p,w and® effects for

Yg¢1 GeV. Vector mesons and quarkonia models describe many

interesting properties of vector mesons in eTe"annihilation



in the intermediate energy range (V/sx1}.

The quark parton model complemented by perturbative
@CD, is useful in describing asymptotic properties and
other effects, such as the scaling behaviour of the total
cross-section, inclusive distributions, angular distribu-
tions, two-jet events, multi-jet events, etc.

In the intermediate energy range new effects must be
described such as new exclusive properties, jet develop-
ment, quark and gluon fragmentation, vector meson decay
models etc. These effects, known as hadronization proper-
ties, have used phenomenological input to describe them in
detail.

At high energies, where the ete” c.m. energy is much
larger than the hadron masses, the interaction will occur
in a space-time region much smaller than the confinement
volume. The point-like nature of the electro-weak current
enaples alsc the point-like sctruccture of the quarks to con-
trol the dynamics of e’ e anninilation.

It is assumed that the quark parton model's validity
ig manifested by perturbative QCD, allowing this limiting

case to be computed.

1.3 The parton model

The parton model is classified as the high-energy asymp-
totic description of hadronic preoduction based on perturba-

tive QCD. The point-like production of a guark-antiquark



pair by a current coupled to e¥e” is the fundamental pro-
cess, the quark and antiquark being fragmented into hadrons
upon reaching the limit of the confinement volume, the pro-
cess supposedly occuring through soft glucn radiation and
not modifying the initial momenta of the quark and antiquark
gsignificantly.

Thus two independent jets of hadrons are produced.
The space-time distance between the creation and absorption
point of the qq pair is proportional to 1/Vs, thus decrea-
sing at high energy so that g and g do not have time to dress
themselves in between (interact with one another); then they
can be considered as free particles.

This model enables the maximum cross-section of e'e™ hadrons
to be calculated by applicatioﬁ to e+e:-quark+antiquark of
the general e+e_+ff formula(e) or by the quark-antiquark con-
tribution to the hadronic renormalization factors of the gauge
bosons. In the simple one-photon annihilation as shown in
Fig. 1.1:

2
R = g Qa where Qa is the electric charge

on quark 'a’

1.4 Constituents of the hadrons

Quarks are assumed to be the basic constituents of ha-
drons, and were introduced to understand the regularity of
hadrons found grouped as bases of representations of the

SU (3) group and of the SU (6) group.



" u,d, and s quarks having third-integral charges and
baryon numbers gave initially a very good insight into
the spectroscopy of hadrons, finally being superceded by
the discovery of states containing charm quarks and their
bound states.

This assumption is further supported by evidence of
Bjorken scaling in deep inelastic lepton scattering of
high-energy electrons by the nucleon. This indicated that
in such a collision, in the time-scales inveolved, the fast
lepton interacts via its electromagnetic field with point-
like constituents in the nucleon: the remaining constituents
being only spectators.

The latter two approaches indicate the similarity of
features of the structure of the nucleon, considering the
relation ship between constituent and cufrent quarks. In
particular, the nucleon in spectroscopy is made up of three
constituent quarks, whereas in the parion model, the nuc-
leon contains relatively fast valenced current quarks, to-
gether with a sea quark-antiquark pairs, each of which has
a momentum an further constituents, supposedly glucdns, which
are not affected by the electromagnetic-weak interaction

and carry approximately half the momentum of the nucleon.

1.5 QD
QCD treats colour as a charge, resulting in the com-

bination of gluons to quarks, carrying a force between guarks



by means of the exchange of gluons, the latter being
required as vecteor particles (62).

A particular success of QCD is the property of asymp-
totic freedom meaning that the interaction is relatively
weak when there is a large momentum transfer between quarks,
allowing perturbation theory to be brought into use. The
lowest order perturbation theory succeeds in describing the
variation with energy of the total cross-section in the
production of hadrons in high energy electron-positron anni-
hilation, however the basic success of the guark-parton mo-
del is in deep inelastic scattering. A major effort has
been made in calculating the higher orders of perturbation
theory in QCD, with an infinite series of specilial diagrams,
making dominant contributions. A generalisaticon of the par-
ton model can be demonstrated, in which the vertices depend

(1, 36, 83)

on momentum transfer Success has been claimed

in explaining, in a quantitative way, deviations from Bjorken

(18) 14 15

scaling in deep inelastic neutrino scattering
still uncertalin whether scaling violation could be accoun-
ted for by some other process particularly by gquark-quark
interactions, which are not considered within the quark-par-
ton model., These are known as higher twist effects. An
uncertainty of the order of a factor of two is caused in

the resulting estimates of the QCD coupling constant, if the

higher order QCD processes, and higher twist effects are

taken into account.



The forces due to QCD are relatively stronger in the
case of small momentum transfers between quarks,espe-
cially when these are further apart. These stronger for-
ces demonstrate how and why dquarks are bound in hadrons,
although accurate calculations cannot yet be done owing
to the failure of perturbation theory. At these distances
these forces increase in strength, the gquarks and gluons
are thus permanently confined in 'white' hadronic states;
qualitative ideas of this being clarified by models. This
confinement would be the reason that quarks and gluons are
never observed in the free state, conly the resulting frag-
mentation into hadrons being seen. The structure of the
jets, resulting from such fragmentation, will give some in-

sight into the problem of confinement.

1.6 QCD & the parton model

The relationship between QCD and the parton model lies
in the assumption that hadrons are composed of quark con-
stituents bound together by exchange of gluons (117)

In the case of a hard collision, one regards these
guark constituents of a hadron as non-interacting during
the course of the collision. Exact scaling in these pro-
cesses conflicts with field theories. QCD is a field theory
which agrees well with the parton model and predicts only

a small scaling violation. The experimental results on in-

elastic electron scattering gave the first evidence with
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suitable accuracy that the parton model is in good agree-
ment with QCD, this later being, however, more successful

than the parton model and the other field theories (113,

48, 61, 107)

1.7 Jet structure

It is basic to the quark parton model that the struc-
ture of the jets results from the fragmentation of partons.
The simplest system describes a pair of jets as the result
of two quarks separating with opposite momenta. The present
theory holds that a jet resulting from the initial production
of a high energy parton can be regarded as passing through

two stages:

-1) The initial parton produces a cascade of quarks or
gluons with most of the parton momentum splitting off pa-
rallel to the parton. It is also possible for a virtual
parton to produce a high enough effective mass, sco that its
pair of secondaries may be at appreciable angles. Such a par-
ton with a high mass occurs in a short period Qf time, thus
only occuring at the begining of a cascade starting with a

high enough energy.

-2) When a parton in this cascade reaches a low energy,
it combines with the other partons to form hadrons, con-

taining small compcnents of momenta transverse to the direc-



tion of the parent parton. In a final-step the residual
colour from each jet is cancelled out against that from
the other jets.

The difference between the two steps is that, the
first stage occurs at short distances and short time, where-
as the processeg in the second stage are due to confinement
at large distances and longer periods. Many different cal-
culations of aspects of the first stage have been reported
in which use is made of various developments of the pertur-
bation theory QCD., The second stage is, however, not cal-
culable in perturbation theory, the processes involved usual-
ly being referred to as 'non-perturbative'. The model has,
in practice, been compared with experimental data (65, 3),
using perturbation theory to calculate the first stage and

a phenomenological model (49, 6)

to describe the second stage,
a cut off criterion being used for the transfer from one

stage to another. In the case of a quark from initial pro-
duction, mest of the effects in the first stage are radia-
tion of relatively soft gluons, the non-perturbative hadro-
nization of which cannot be separated from the hadronization
of the initial quark. The only directly observable effect,

at presently available energies, follows from radiation of

a hard glucn at a relatively large angle, which can result

in some separation of the jets from the gluon and from the

parent quark. Effects of radiation through hard gluons,

are in practice, noft observable for quarks produced with
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with energies <5 GeV, in the case of an initial gquark, which
produces a cascade of quarks and gluons. Calculations of
this perturbative stage have been made by various authors
(37, 38), including some estimate of the succeeding non-
perturbative processes, such as the effects of the radiation
of soft glucons.

Estimates of processes from the next order of pertur-
bation theory have also been made using Fig. 1.2 to demon-
strate the adequancy of the approximation at the present ener-
gies at PETRA, These diagrams result in the production of
two quarks and a glucn, The angle between the radiated glucn

and its parent quark are generally small for most events,

with the resulting jets not beilng separated.

1.8 Non-perturbative hadronization models

These are built to describe fragmentation of a quark
into hadrons, and are branching models which consider a quark
to radiate one hadron after another, losing energy in each
step. The probability of radiating a hadron is a function
only of the fraction of the momentum, or of a similar va-

riable which is carried off by the hadron.

1.9 Parton model jet picture
The cylindrical jet picture:

Each quark according to the parton model, fragments
into a jet of of hadrons, independently of the other quark

and of the production mechanism. This fragmentation occurs,
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supposedly, within a limited confinement volﬁme in the

quark frame, and is restricted in momentum space, meaning
that there is a limited momentum for the hadrons produced

in the quark frame. If the quark is beoosted with a momen-
tum ﬁq, a jet of hadrons results with limited transverse
momenta|§|L with respect to the direction of quark (q),

and with-zongitudinal momenta P, . The distribution of hadron

momenta in a jet, is often written as a simple factorization

of transverse and longitudinal functions as follows:

and Dh(z) is the probability of finding the hadron h in a
jet with a fraction z = P,,/Pq of longitudinial momentum,
The afore-mentioned scaling property or dependence on 2
and ﬁot onk,is demonstrative of the fact that fragmentation
is an intrinsic property independent of the production me-
chanism., In this model the jets have an opening angle as

Fig. 1.3 shows .

2 P>

P
q
and neglecting masses in e' e * gg

tand =
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= Vs
|P||| """"_"é'
2_P
< >
tan6 =—T.
Z Vs

In this description, the limited < PT> is independent
of Vs, Hence the name cylindrical jet.

In e e™ hadrons, the angular distribution of the jets
follows that of the quarks; in the case of one photon anni-
hilation, and neglecting quark masses, and assuming there is
no beam polarization.

2

o) 2 F
SQ = ZS Qq(l+COS@)

Qq 1s the quark charge in units of e and @is the polar angle

with respect to the beam axis.

1.10 Perturbative QCD effect

The quark parton model gives a result, which has-a con-
stant value for R and can be consi dered as a rigorous li-
miting case, when the quark-quark-gluon coupling is neg-

(48)

lible This mcdel can be improving by including correc-

tions as calculated from QCD as shown in Fig. 1.4 (ref.)
(69, 39, 33)

The 1st order QCD total cross section for e e hadrons,

neglecting the guark masses, can be written as:

R(s) = 3 % 01 1+ _G_ﬁit_)_.]
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The factor 3 originates from the three-colour states of

the quarks i. To this order, GS can be written as:

12

(33-2n) log —%r

where n is the number of quark flavours andA is a constant
which sets the energy scale. It can be seen that as
s**”R+3E(5ithe parton model value,

To 2nd order in S neglecting the guark mésses and
calculating in the minimal subtraction renormalization

(15) scheme:

+ (7.35-0.442n) (cisn—)a]

with:

12w _ 306-38n 12 ¥ lop log —S
Fw(33-2n) (33-2n) logs ~°& %87

S
(33—21’1) lOg 7\—2_

These equations are dependent on the normalization

(15)

scheme chosen, and a changé of scheme represents a
rescaling of A. The results for R(s), should be valid for Vs,
much larger than Aand at a distance 24 ﬁi_from the thresholds.
In the region of thresholds there is a singularity problem,

which is related to the breakdown of perturbation theory,

caused by Coulomb-like effects of gluon exchange.

1.11 QCD jets
(48)

The occurence of a gluon coupling btetween the quarks



modifies the parton jet model, and in the casé of QCD this
is as follows:
The diagrams in Fig. 1.5 contribute to the 2-jet distri-
bution of hadrons in addition te the simple e+e:qﬁ term, as
well as the production of a third jet (gluon) when this is
radiated with a hard momentum.

Several problems exist in this case, firstly the higher
order diagrams posses infra-red singularities as well as
mass singularities, these being due to the massless gluon,
and are solved when computing physical quantities through
subsets of coherent states (e.g. one quark with one collinear
gluon) and in summing-up all the given diagrams contributing
to these dquantities at a given order of perturbation theory.
The hadronization of quarks and gluons is morecver, not cal-
culable in perturbative QCD, and is a non-perturbative effect
related to confinement. This process is generally treated
in a phenomenological way, by the introducticn of guark and
gluon fragmentation.

At the order ag the cross-section will receive a con-
tribution from the square of point-like amplitudes as in
Fig. 1.5a the square of the gluon bremsstrahlung (78) in
Fig. 1.5b, 1.5¢, as well as the interference of the loop correc-
tion 1.5d, 1.5%e, 1.5f, with the point-like amplitude. Neg-
lecting the quark masses, the point-like cross-section is as

follows:

o}

c_ a? 2 y
i - Fs (1+cos®) ZQai
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(76)

The gluon bremsstrahlung cross-section e e s Qag

in Figs. 1.5b and 1.5¢ is as follows (Ellis et al., 1976):

2 2

X
do dg 2%[ 1+°2 _ . ;
= g - - — — + cyclic permutations of
dX,ax, ~ d 3T (1% )(1-%,) X,, X,, X
1 2 3
(This formula is valid for vector gluons)
Xi = g%% are the reduced energies of the quarks where
X1+X2+X3 = 2

This cross-section is singular for Xi* 1, when the glucn
is collinear to one of the quarks, or when the gluon energy
is reduced to zero. These singularities only occur if the
gluon is massless.

Contributions from the diagrams, Fig. 1.5 can be divided
up as follows:

-1) The contributicon of Figs. 1.5b, 1.5%c, where one jet
is causes by a quark (or antiquark)and the other jet is caused
by an antiquark (or quark) plus hard gluon.

-2) The contribution of Figs.l1l.5b, 1.5c¢, where one jet
is éaused by g or (q), and the other by g (q) plus a soft
gluon.

-3} The contribution of the interference of Fig. 1.5a
with 1.5d, 1.%e, 1.5f, one jet thereby being caused by g

(or gq) and the other by g (or q) without gluon radiation.

QCD may be properly tested when the energy, Vs, is large

enough, so that non-perturbative effects, {(vector mesons,
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thresholds, PT of the fragmentation. etc.), which behave

like inverse powers of Vs, become negligible,

1.12 Soft gluons

The multiple emission of soft or collinear gluons con-
tains infra-red divergencies, as illustrated by many dia-
grams, one of them shown in Fig. 1.6. No rigc rous theory
has been brought into being as yet, but some progess has been

made (38, 82).

1.13 Quark and gluon fragmentation

Quark and gluon fragmentaticn may perhaps be compared
by means of three jets interpreted as hard gluon bremsstrah;ung.
A higher multiplicity is thought to be yvielded by gluon jets,
as well as a larger jet cone angle compared to qQuark jets of
the same momentum (65). This is explained by the fact that
the larger colcur charge of the gluons, leads to a greater

parton multiplicity in their evelution. The gluons has on

average, a smaller energy than quark or antiquark.

1.14 MonteLlarlo medels

Two different models are used in the analysis described

in this thesis, one model being due to Hoyver et al. (65),

with a detector simulation part written by Drs. S5S. Lloyd

(3)

and B. Foster, and the cther by Ali et al,. Both of these

models are designed on the lines of the Field-~-Feynman model
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(43)

and include QCD effects The Hoyer et al. model has

corrections of order ag s the Ali et al. model includes

(4)

Initial state radiative correction is

(13)

some a; terms
provided by Kleiss and Behrend , being applied in both
Monte Carlo models. Affter emitting possible radiative
photons, quarks and antiquarks are generated 1n the flavour
ratio of their charges squared:

ua : dd : ss : cc : bb = 4:1:1:4:1

The parton level differential distributicns are gene-
rated in accordance with perturbative QCD matrix elements.
The Ali et al. models includes all Feynman diagrams up to
the second order in Qg s except for the second order virtual
correction to three-jet events, resulting from interference
between diagram Cl illustrated in Fig. 1.7¢, and those from
Ce-cll shown in Fig. 1.7c¢.

The following is required:

S2jet T Bjet T Ujet - tot

where GSjet is the contribution to the total cross-section

of processes that produce 3 partons in the final state, and

ot the contribution of the processes with

. - o] ®)
4 partons in the final state. The 3jet and the 4jet are

calculated from QCD, as are the angular momentum distributions

f a
similarly 43

of the partons in these processes, in principle it being

possible to generate partons in the proper ratios for Oth
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1st and 2 nd order Qs processes. In practice, however,
problems with divergences must be dealt with, the cross-

sections for:

ete” ——— qq (1.1)
eteT —— qasg (1.2)
ete” —— qags (1.3)

are singular with the limit of the parton energy approaching
zero, suitable cuts, therefore have to be made. The cross-
section for e+ed + qag is found to be divergent in the

limit of the gluon energy going to zero, or when the angle
between the gluon and one of the other partons approaches
zero. The cases correspond to the limit of the thrust (de-
fined in section 1.5) of the 3-parton system approaching one.
The processes ete™ - Qqg with a gluon traveling exactly
parallel to a quark or with very soft gluon, is observatio-
nally indistinguishable from the process ete » qq.

T. .the thrust cut is set close to one s¢ that qag events

0

with T>T. before fragmentation, would be virtually indistin-

o
guishable from qq events and could therefore be included in

the 2-jet cross-section,
The processes (1.2) and (1.3) also diverge when the

4 partons approach coplanarity. An acoplanarity AO cut is
2

therefore made, where acoplanarity=4min [ flPiout]/zlPﬂ]

. . i .
where the sum run over all particles in event, P oyt IS mea-

sured perpendicular to a plane chosen to minimize A, There
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are various suggestions as to what TO and AO should be.
Among others was the suggestion that TO should be in range

of

0.95sT.£0.98

0
. . (65) _
at highest PETRA energies . AO = 0,05 has been sugges-
ted, for gquarks and glucns fragmented according to the
Field-Feynman presciption (86), the same method being used

in both models. This does not describe the true physics of
the confinement process, it 1s purely phenomenological.
Multiplicity, longitudinal and transverse momentum rela-
tive to the jet axis as well as gross jet features, are des-
cribed by the algorithm proceeding as in Fig. 1.7. The pri-
m@@ial quark interacts with the quark sea producing a qq pair’
and then combines with the g, forming a hadron, leaving the
remaining sea quark q. The probability facter for splitting
(E+P,, ) between the ensuing hadron and the surviving sea quarks

is as follows:

h
fg(z) = Af + 3Af(1—z)
with
7 = (E+P“)hadron
(E+P,,)

quark
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The sea quark q repeats the process, and it
ceases when a certain arbitrary minimum energy of the q is
reached. The last q (q) of the one jet combines with the
last q (q) of the other jet.

Af is a constant, contreclling the momentum-distribution
of final state hadrons and is a free parameter in the model,
It has been suggested that heavy quarks (c¢) differ in their
s) (78),

fragmentation from light quarks (u, d, so another

parameter, Afh’ is introcduced for charm and bottom fragmen-
tation. The flavour distribution of the quark sea is also

(65) as is, the

a free parameter in the fragmentation model
ratio of primordial pseudoscalar to vector mesons, P/(P+V),
produced in fragmentation.

It is assumed that the transverse momentum distribution

for primary hadrons is of the functional form:

2 2

e(—PT/ch)
where . characterizes the observed PT distributicn., This
is a free parameter.

The fragmentation process, as described, 1s only appli-
cable in the case of quarks and antiquarks. In Monte Carlo
models, in the case of the Hoyer et al. model the primordial
glucns split into qq where one of the quarks takes almost
all of the momentum. In the case the Ali et al. model, the

momentum splitting function is arbitrary and is determined



- 23 -

from data.

Ancother free parameter in the Ali et al. model is gg,
the characteristic transverse momentum of the quark relative
to the initial gluon in the processes g * qa. It is note-
worthy that the fragmé&ation function from the process (1.1
as used in the Ali et al. model is modified by Qz, depending

2
(60). The Q dependence of

on the effects predicted by QCD
the fragmentation function fer a given Af tends to soften
the momentum distribution of final state hadrons.

In summary, it is worth mentioning that for the frag-
mentation process Iqr T Af and P/(P+V) in the Ali et al.
model and in the Hoyer et al. are free parameters.

Finally, all unstable hadrons undergo decay. Surviving
primary hadrons, and also decay products are traced through
the simulated detecter; geometric acceptance, multiple scattering,
secondary interactions in the detector material and selec-

tion cuts with events generated in this procedure being ftaken

into account.

1.15 Methods of jet analysis

Several variaﬁles have been introduced in order to
characterize the order in which the particles are distributed
in space. This was done particularly, in order to distin-
guish more or less i%?ropic production from Jjet formation.

Some methods have been accorded various advantages

either for theoretical reasons, or for convenience of nume-



rical analysis. An advantage is claimed by a thecretical
requirement that momenta should be added linearly, s¢ that
infrared divergence problems may be dealt with (or compen-
sated for) in the calculation of quark-gluon cascades. Two
methods, which satisfy this requirement, are thrust and
spherocity. The other methods are often quicker for numerical
analysis and use variables which have been defined from study-
ing event structures (1, 51).

-1) Thrust: The event-axis is chosen, so that glPLil
is a maximum where PLi are the components along thei=l
axis of the N particles in the two-jet cm system.

Numerically this axis is found be achleving the subset of
particles, whose resultant momentum has the maximum magni-
tude;: the thrust axis being in the direction of fthat resul-
tant. The complementary subset, somprising all particles
not in the first subset, have a resultant momentum of the
same magnitude, in the opposite direction. The thrust axils
is, accordingly, alceng the direction of the maximum magnitude

of the two subsets., With this axis the jetlike nature of

the system is accordingly characterized by the 'thrust':

_ N N, = .
T = max g IPLil /ElPiI for a system of N particles
i=1 i=1

ranging from 0.5 for an istropic distribution of momenta

to 1.0 for a distribution where all the momenta are aligned
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along an axis, for cdlinear production.

-2) Spherocity (3, 4): The axis is found by minimizing
NBo | -
£ " Ti ', where PTi is the component perpendicular to the
i=1
axis, spherocity S' is then defined by
N >
, o4t 5Pl
S = (=)min(— )
N -
z 1P,
i=1 *
(19),

-3) Sphericity In this case the sphericity

- 2
axis is chosen, which minimizeszlPTiJ , and is found by

diagonalizing the matrix:

2=

M. .
1]

(i, j = x, ¥y, z being space components)

-+

The matrix Mij has eigen-vectors, n,, 52, 53 and normalized

eigen values

i = a0 €
with At Mt A= 1 and Al SA2 A3
B3
around which the particles are clustered. The event plane

fal
is the pr%ciple axis which is called the sphericity axis,

is defined by (52, 53). The normalized eigen-values provide

two independent numbers indicating the shape of the momentum
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distribution, the sphericity variable being:

S =§ h%+%)==§(1—%)

3 = 1 isotropic events

S = 0 colinear events
in general

0s38¢1

and the aplanarity:

3
A—§A1,

A = 0 planar events,

generally

n|

0 <A <&

The mean value of the transverse momentum, squared res-

pect to the principle axis 53 of the event plane is defined

by:
P 1N++2
“Pqp ; tlelﬁ z(Pyp.ny)
u k=1
Within this plane:
2 1N+ + 2
> - —_
“Pp . Moo 2(Py-np)
k=1

-4) Oblateness (9): An orthogonal 3-vector basis

i with ﬁl being the thrust axis, is constructed (20), with

as the axis which maximizes the momentum flow perpendi-

ja g2
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cular to the thrust axis, and 53 perpendicular to Bl and
1'12,

-

E|E nal
Kk k* 2
zlpkl

k

major

-

£1P .n.
K k'3
z!Pkl

k

minor =

Oblateness ¢ = major-minor, measuring in another way, the

planarity of events. Oblateness = 0 for cylindrical jets.

-5) Triplicity (22):
1 e d
EhiarT i 2 Pyl
K i=1, 3 keci
K

where momenta are assigned fto these classes Cs chosen in
such a way as to maximize TB’ this being suited to the case

for 3-jet events (12).

-6) Shape parameters (52, 53): The distribution of

momenta is parametrized, without determining the jet axis.
It essentially uses the coefficients of a Legendre expan-
sion of an angular correlation between pairs of particles.

These coefficients are as follows:
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-+

Pyl 1Pkl
= 2_5———5—— Pl(cosékk)

S is the square of the e*e” centre of mass energy, and Pl

is the Legendre polynomial of the angle @& between two

kK’

final momenta; then energy-momentum conservation requires

Hoﬂl and H1 = 0;collinear jets give Hl = 1 for 1 even and

H = 0 for 1 odd.

Hl
Generally: 0% == ¢

0

1

These coefficients should provide useful information about
the shapes of more complicated structures, for example, when
more than one energetic glucn is radiated 1n electron-
positron annihilation at higher energies than those available
at PETRA.

-7) Energy flow: Determining the sum of energy or
momentum, as a funcfion of the angle, into various bins of
angle, so that jets are shown as peaks in such a plot:
Events to be tested should be planar, and in the case of
three-jet events, it is useful to study the energy flow pro-
Jected onto_g plane. The above procedure is useful in the
case of tHe experimental detector having a rather poor re-
solution for the measurement of the direction of particles,
such as calorimeter system, when individual tracks may not

be separated.
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-8) Poynting vector (90): This is the method of

ilustrating the mean distribution of momenta produced

Pdo

P(T, @ = ~——p
dTd cose

€ represents the angle between the momentum P and the thrust

axis n in the events plane.
-9) Cluster algorithms (40, 10, 41, 77, 71, 59):

Sophisticated clustering algorithms have been developed and

will be explained at a later stage.
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Fig:1.1 The simple one -phofon onnihilation .

Fig: 1.2  Some of the next order 6f perturbation.

Fig: 1.3 The cylindrical jef picture.
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Fig: 1.6 Two of the higher-order QCD diagrams .

*
g q e
e ,

m,
=)



q
' g
5 ) simlar terms in which ftnul‘
* state parfon lines cross
q .
c)

C2

Gs

Cs

Cn

L

Cio

Fig: 1.7 a ) Feynman diagrams con5|dered In the Hoyer et al.
a0 model. |
b) Additional terms toﬁéldered n the “Al et o. QCD model.
¢ ) Diagrams C2toCn that contmbute to the order C(zs
virfual correction to the process € & — QGG
through inferference with  Diagram (.
In each case, addifional diagrams res:ulhng from the

permutahion of quark and anhiquark are not shown.
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r= E+P) rw=2rq rH=Zrq

Fq = (1-2Z) re={(1-2)rg

‘Fig: 1.8 The Field- Feynman model of quark hadronization
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2.1 The PETRA storage ring

PETRA (°°)

(Positron Elektron Tandem Ringbeschleuniger
Anlage) began operation in autumn 1878 as the highest ener-
gy ete” colliding beam machine in the world (see table 2.1).
The layout of the storage ring is shown in Fig. (2.1).
There are six experimental halls, whose positions are also
shown in Fig.?ﬂ?4). The. South East hall contains the TASS0O
detector, which will be described in mere detail. These halls
are arranged symmetrically about the beam, with exception
of the north-west hall, which extends 10 metres from the inter-
action point on the outside to 20 metres on the inside,.
The storage ring has eight bending sections, each with
a curvature radius of 256 m. The magnets are positioned
symmetrically around the vacuum pipe, which is 2.3 km in cir-
cumference and each array is separated by intersection regions.
The radio frequency system is located in the northern
and southern regions, and is operated using 64 cavities, dri-
ven by eight klystrons at 500 kHz and a total power of 4.5 MW,
which gives a maximum beam energy of 18.3 GeV., The radio
frequency provides for a symmetrical arrangement of the
accelerating section and the experimental interaction points,
The technical parameters are given in table 2.2. These para-
meters depend on.beam optics and correspond to 23 GeV, which
is the highest energy accessible with present magnet design,
and can be reached by doubling the accelerating installations

tc central beam separation by elecirostatic deflectors posi-
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tioned on each side of the intersection region. The sex-
tupole maghets control the momentum (spread) expansion of
the beam particles. The bunch (size) dimensions have an
width of o, = 0.1 cm, a height of qy = 0.01 cm and a length
of c% = 1.0 cm. The beam pipe vacuum is maintained at
5x10°° Torr.

An improvement program hag been started in order to
increase the energy and luminosity of the PETRA machine.
Extra radio-frequency power and cavities will be installed
in the east and west halls to upgrade energy output. It is
expected that PETRA will reach an energy of 20.5 GeV per beam
in the autumn of 1882 and 22.5 GeV in the summer of 1883,

An increase in luminosity by a factor of 2.5 owing to

the installation of the mini-beta (80)

quadrupoles had been
reached by January 1981, Micro beta studies are being un-

dertaken in order to the increase to luminosity,

2.2 Luminosity

This is defined as the propeortional constant between

interaction rates and cross-section.

Q__ > Q)

ntfrB "

flux target,
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Asuming that e’ carries the flux and e is the target:

ntnumber of etper bunch

f revolution frequency

B number of bunches per beam
F cross-section of the beam

The interaction rate n for a given cross-section is:

n = number of incident particles x numbers of target particles xag
2

scc cm

n fBoA /F

3
I

n==L¢

F o= 4n<& GY

L - n*fBni 1 T
4HC§Oy 41'Le2 Ofgy B
where I = n efB are the beam currents, Small beam cross-

sections are limited since in trying to force an infinite
current into a zero-affa cross-section the system will es-
cape towards greater thermodynamical equilibrium at the
slightest distorticon. Such distortions are inhomogeneities
within the magnetic field, the beam interactions being very
important as otherwise beams could be forced through small
cross—-sections at the interaction points. The beam cross-
section is not important elsewhere.

The average differential luminosity over runs was

+31 -2

1.5x10 cm <, which gave~100 nb las integrated luminosity
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per day.

2.3 TASSO detector
2.3.1 Introduction

TASS0 (101) (Ewo Arm Spectrometer §glenoid) is able to
detect charged particles and reconstruct precisely theilr
mnomenta over a solid angle range very close to 4mn steradions
with a resoclution —Q% = 0.02p. In this chapter we will
briefly describe the various pieces of TASSO and will refer
to the following coordinate system as shown in Fig. 2.2

The z-axis is chosen to be along the ¢ beam direction.
The polar angle ®1is measured with respect te this axis.

The transverse plane, defined to be orthogonal axes (X,Y)
with the x-axis taken in the horizontal plane pointing to-
wards the ring centre. When a cylindrical coordinate system
is used, the transverse plane is parametrized using the va-
riables (r-g$) where # is the azimuthal angle and r is the
radius vector:

2 2 2
r=x+y ; sing = ¥/r; X/r=cose

The transverse plane divides the detector into twe iden-
tical parts. This forward backward symmetry of the apparatus
is essential for the measurement of a possible forward-back-

(81)

ward asymmetry in particle production .

The TASSO detector can be divided into two parts,



as shown in Figs. 2.3 and 2.4 for different views, the
central detector comprising all components inside the
solenoid magnet and the outer detector comprising the liquid
argon shower counters around the solenoid and the two hadron
arms equié?d with CERENKOV counters, shower counters, time

of flight counters and muon chambers., 3Since only information
from the central detector was used in this analysis we will

describe the central detector in more detail below.

2.3.2 The TASSO central detector

At a centre of the central detector sits the beam pipe
consisting of an aluminium cylinder with thickness of 4mm
and a radius of 13 cm. Synchrotron radiaticn traversing such
a large radius beam pipe has a minimum chance of hitting any
detector counters.

A particle emitted in the transverse plane and traversing
the inner detector will see the following counters as showaAin

Fig. 2.5.

2.3.2a The beam pipe scintillation counters

A cylindrical scintillator surrounds the beam pipe. It
has an average radius of 15.05 cm. Its thickness is 0.5 cm
and its length is 120 cm. They are used only for triggering

on cosmic rays for calibration purpcses.

2.3.2b The central proportional chamber (CPC)

(114, 42, 23, 26)

The CEC is a low-mass cylindrical



multiwire proportional chamber divided by styrofoam cylinders
into four shells, Each shell is 1.6 cm thick and 170 cm
long. Inside a shell there are 480 anode wires parallel to
the beam axis and two layers of helically wound cathode strips.
These strips are mounted against the styro foam walls on

each side and wound in oppesite directions. The strips are
inclined by 36.6° with respect tc the z-axis and allow z-po-
sition measurement of the charged tracks traversing the CPC.
Each cathode layer has 120 strips of layer-dependent width.
The CPC uses a magic gas mixture with percentages of:

75 % argon, 25 % isobutane with a small percentage of freon
and methylal. The gas flow rate is 15 l/hour allowing the
CPC gas to be completely changed every 8 hours. Table 2.3
summarizes the pricipal dimensions of the TASSO CPC. A com-

plete description can be found in Ref.(42).

2.3.2c The cylindrical drift chamber (DC)
( 28, 29, i, 108, Io9)

This is described in References
It is the most impecrtant component of the TAS50 detector. The
chamber consists of two circular end plates, an inner tube
and outer shell as shown in Fig. 2.8. The end plates consist
of solid aluminium, are 3.9 cm thick and 2650 mm in diameter
being held apart by the inner tube and the outer shell. The
inner tube 1s made of 0.5 cm fibreglassepoxy to minimize the
amount of material between the interaction peint and the cham-

ber. The surface, or outer shell of the tube is constructed



of 0.6 cm aluminum plates.

The chamber has 2340 identical drift cells as in
Fig. 2.9, These cells are 1.2 cm high. The distance between
a sense wire and the nearest wires is 1.6 cm measured along
the arc. These cells are arranged in 15 equally spaced con-
centric layers. The number of cells and the radius of each
layer is summarizes in table 2.4, 1In nine of the layers the
sense wires are parallel to the beam axis, the remaining six
layers being strung at an angle of 4° with respect to the beam
axis. Each cell is provided with one sense wire and six field
wires. The sense wires are 30 um gold plated tungsten and the
four potential wires are gold plated molybdenum. A gas mix-
ture of 90 % argon and 10 % methane was initially used but
now a mixture 50 % argon, 50 % methane is used allowing vol-
tages of 1.85 Kv. on the sense wires and 0.62 Kv. on the field
wires. The average efficiency is 96 % including electronic
failures.

2.3.2d The fnner time of flight scintillation counters (ITof) (101, 114)

On the inner face of the solenoid c¢oil are 48 scintilla-
tion counters, which form a cylinder, ha#ing a radius of
132.2 cm. The dimensions of each counter are 390xl7.4x20m3
with an attennuation length of 2 m, each end of these being
viewed by a photomultiplier. The average counter efficiency
was found to be 98,7 % per tube with a signal threshold of

80 mV. The pulse height and arrival time for each phototube
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is recorded by ADCs and TDCs. The ADCs photomultiplier
tubes are calibrated with a LED/spark gap system. These
counters are used in the experimental trigger and cover the
range of |cosel¢0.8 (or 80 % of the solid angle). The time
resolution of the counters in 400nsec in the centre of the

counters improving linearly to 350nsec at the ends,.

2.3.2¢ The TASSO solenoid magnet

The sclencoid axis is aligned along the beam direction
in a straight section to minimize the influence on the cir-
culating beam. Details of the magnet are given in Fig. 2.10.
The field is activated (excited) by a water-cooled coil 440 cm
in length and having an inner diameter of 273 cm. The con-
ductor consists of a rectangular aluminium bar of area
2.94x3.64cm2 with a central bore of 1.17 c¢m in diameter for
cooling purposes. The coil is in four layers with a total
of 336 windings.

The inner surface and some parts of the outer are pro-
tected by a heat shield. The c¢oil is a self-supporting struc-
ture. It is suspended to the side yokes by two rods connec-
ted to the end flanges on either side. Magnetic flux return
is provides by the teop and bottom yokes. The maximum activa-
tion (excitation) current is 5200 A, which produces a maximum
field of 4.5 kg. The magnet is so desighed as to provide the
maximum field in the z-direction, so we have large BZ compo-

nents, small radial components and a minor azimuthal depen-
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dence of the field (54).

2.3.2f Luminosity monitor

The luminosity at the TASS0 was measured by a system
of counters, shown in Figs.2.6, 2.7.

These counters were arranged in 8 identical arms with
four arms are mounted on either side of the TASS0 interaction
region. The system was symmetric in the horizontal and ver-
tical plane. Each arm consisted of a plastic scintillation
counter, C, a smaller cone defining the acceptance, A, and
a lead glass shower counter, S.

The signature of a bhabha was a signal in an A counter
alcong with a recoil particle in the diagonally opposite C-coun-
ter, plus a large pulse height in the S counters, behind both
C and A.

The geometrical acceptance of the system was 1.4x1073
ster, The statistical error was small and the systematic un-
certainty in the luminosity was in order of 4 %. Radiative

2
corrections to order (a ) were applied.

2.4 Data taking

The Strobe Interrupt Gate Handler Box or sighbox con-
tains the logic, which controls the strobes and resets issued
to the experimental components and initiates read-out through

the Nord 10 online computer. There are 3 kinds of trigger:
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2.4.1 Pretriggers

These triggers stop the experiment by disabling the
strobe but do not initate read out. E.g. one time flight

counter in coincidence with the beam pick up.

2.4.2 Post triggers

These start the read out, provided there has been a pre-
trigger. E.g. tracks found by central chamber processor

(see below).

2.4.3 Stand alone triggers

Stop the experiment and start the read out. E.g. total

energy liquid argon trigger.

2.4.4 The strobe

Beam pick up (BPU) electrodes are mounted in the beam
.pipe at 7.2 metres from the interaction point and provide
an induced signal from the beam just before the beams cross.
This signal acts as the detector strobe, having a fixed ti-
ming with respect to the beam-crossing. The timing is stable
up to about 200 pS over the duration‘of a beam fill. The
beam pick-up signal decreases 1f the beam current decreases.
The period between beam-crossings is 3.96 uS when PETRA
operates in the mode of 2 bunches of e+ on 2 bunches of e

and 1.98 uS in the mode of four bunches on four, although to
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date PETRA has net run in the four on four mode. Certain
components require 1 pS settling time after clearing old
data before new data can be accepted. 8So we are left with
2.9 uS to make a decision as to whether the event is accep-

ted or not in the 2 bunch mode.

2.4.5 The main parts of TASSO trigger

2.4.5a The CPC hardware processor

The information from the 4 anode layers of the CPC is
passed to a hardware processor which looks for coincidences
between hits in the 4 layers to define track segments. A
track requires at least 3 out of 4 hits within a sector. The
outputs from the 48 sectors are used by other triggers compo-
nents. The minimum track PT accepted by this processcr is
about 100 Mev/c.

2.4.5b The drift chamber preprocessor (The DC prepro) re3, 103)

The information from the central drift chamber is passed
to the drift chamber processor. A logical level is provided
for each wire with an amplitude above threshold. Each allowed
combination of hits in the different central drift chamber
(DC) layers is 'anded' together. 6 of the 15 layers are con-
sidered in this tracker-finder, but allowing for drift cham-
ber inefficiencies, only 5 correlated hits, in the 6 layers
are required to form a track (shown in Fig. 2.11)} for the

different momenta tracks accepted by different masks. There
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are in total, 1080 possible combinations (the set of 6
possible combinations of 5 out of 6 wire hits that form
some track) in the TASSO drift chamber. Each mask is com-

puter-selectable.

2.4.5c The inner time of flight counters pretrigger

As explained above, the pulses from each end of the coun=-
ter are split and part of the signal is supplied to ADCs,.
The discriminators feed mean timer TDCs and latches for read-
out by computer. The mean timer outputs are used by drift
chamber and proporticnal chamber processors. Opposite pairs
of counters are 'ORed' together for a cosmic trigger, whilst
a signal, 2 I ToF mean-timer is used for the pretrigger.

Fig. 2.12 shows inner-time of flight logic.

2.4.6 Condition for track trigger

The requirement of a valid track trigger requires at
least one of the following ccnditions:

A valid mask from the drift chamber prepro plus a corres-
ponding 3/4 valid track from the CPC processor, and a hit
in the I ToF counter to which the frack points. Fig. 2.13
shows the logic of this trigge; and this is known as & track
for <triggering purposes.

The total energy trigger (sum of the shower counter
pulse) the forward detector double tag trigger and the lumi-

nosity monitor trigger are called stand alone triggers.
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Drift chamber processor track, 3800 MeV of neutral ener-
gy in the shower counters and the forward detector single

tag trigger, are known as the post triggers.

2.5 Online data handling

(88) is done by a Nord

The TASS0 online data-handling
10/s computer, On receipt of a valid trigger, the sighbox
gives an interrupt to the Nord 10, to read the data via an
interface, which restructures the computer-bus to camac stan-
dards. There are 5 camac branches with 24 camac crates. The
online program provides event analysis, histogramming display,
plus controel of the software system and transfer of the data
direct to the main IBM computer at the DESY computer center.
The average eXperimental deadtime defined as the percentage
of beam-crossings missed, was 10 %.

The input rate to the Nord is usually of the order 1-2 Hz.
The data included certain calibrations at the start of run
and end run and non-PETRA runs. At the end of each run cer-
tain information known as the run summary, was printed. This

included two dimensional histograms for each component of

TASS0.

2.5.1 IBM transfer
Initially the data was written to the Nord 10 buffer disc
as shown in Fig. 2.14. The data was then sent directly from

Nord 10 buffer disc to IBM by DMA.



The data could also be transfered back from IBM disc
via Nord 100 disc from where a microprocessor 168/E which
uses IBM could check the format of the information, search
for tracks, and control the data flow from this disc to the
IBM on-line disc. The track search information is passed
to a second IBM disc and merged with the original data on the
dump tape. The IBM on-line disc was written on tapes, called
dump tapes. These were considered to be the first permanent
record of the data and were written in the same format as

the subsequent data tapes.

2.5.2 Experimental monitoring

Every TASSO component provided NIM signals from H.v and
gas flow or water flow. The temperature in three areas about
the detector are recorded, giving the overall status of each
component. The experiment was interrupted, if any of the
components gave an alarm.

The on-line check of each component was carried out by
histogramming wire hits, TDC and ADC distributions for the
components. These histograms were regularly checked by the
shift crew and were viewed on a colour television display.
Events were displayed on request. Some of the components
had on-line checking programs which menitored the data con-
tinuously during the run . Faults were given by interrupt

and/or a message to the personnel on shift.
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MAXIMUM

COLLIDER LOCATION CENTRE OF MASS | START
Name (City . Country) ENERGY (GeV)
SPEAR Stanford , USA 8 1972
DORIS Hamburg , W.GERMANY " 1974
PETRA Hamburg . W.GERMANY 38 1978
CESR Cornetl . USA 16 1979
VEPP- & Novosibirsk, USSR 11 1979
PEP Stanford , USA 36 1980
SLC Stanford . USA 100 1985 2
LEP Genava . SWITZERLAND 260 1987 7
TRISTAN KEK . JAPAN 60 1986 7
Cornell 50x30}  Cornell , USA 100 1986 7
VLEPP Novosibirsk, USSR 600 1986 7
S EXISTING AND PROPQOSED .HIGH ENERGY

-

e

g C(OLLIDERS

IN  THE

WORLD.
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Max. design beam energy

Max. design luminosity per interaction point

19  GeV

2.2x10 ¢t sec’

Beam current (max) 80 mA
Number of bunéhes 2
Number of inferaction  point 5

Free length for experiment 200 m
Circumference 2304 m
Bending radws 192.05m
Maximum number of RF cavifies 64

RF fréquency 500 MHz
RF power L.8 MW
Number of klystrons 8
Length of accelerating structures % m
Injection energy 7 GeV.-
Table :2.2 PETRA MACHINE  PARAMETERS
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CYLIND RICAL PROPORTIONAL CHAMBER.

REACD“:L)JS CHAN::LS CRIENTATION STRII;’N:)IDTH SEF:AF\nR:'}I'ION
Inner Cathode | 18.02 | 120 | -36.5 | 6.30 1.26
Plane 1| Anode 18.72 | 480 0 2.5
Outer Cathode | 19.42 | 120 | +36.5 | .6.79 1.36
Inner Cathode | 21.07 | 120 | -365 | 7.37 1.47
Plane 2| Anode 2177 | 480 0 2.8
Quter Cathode | 22.97 | 120 | +365 | 7.86 1.57
ner Cathode | 2613 | 120 | =365 | 8.4k | 1.70
Plane 3 | Anode %48 | 480 0 3.3
Oufer Cathode | 25.53 | 120 | +36.5 | 8.93 1.79
iner Cathode | 27.18 | 120 | -36.5 | 9.51 1.90
Plone 4 | Anode 2788 | 480 0 37
Outer Cathode | 28.58 | 120 | +36.5 | 10.00 2.0
i3 PRINCIPLE  DIMENSIONS OF THE TASSO
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LAYER | ppifT teLls RADUS | STERED ANGLE
’ 72 367 o
: Ok w28 +3.36
3 96 489 ¢
L 108 550 -3.37
5 120 611 G
5 132 672 ;
! 1ed 733 +3.94
8 156 795 o
’ 168 856 - 4.50
10 180 917 0
11 192 978 ]
12 204 1039 +4.50
13 216 1100 0
14 288 161 - 4.50
15 240 1222 0
rables 2.4 PRINCPLE DIMENSIONS OF THE TASSO

CYLIND RICAL DRIFT CHAMBER.
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Fig: 2.2 Co-ordinate system used in the analysis.




~Chamber SH

\

Radiator (Optional )

—
3!

USHY

o\

on Absorb
NANNANNN

Drift Chamber
TOF

N\

Prop. Chamber

p-Chamber
/]

—

L/

LL

LT

]

=
//

i

- — e

A

SH {J2 SH

ToF I

\“Heatshield
|

Beam Pipe
Beam Pipe Counter

TOF  SH T Chamber

7

27

e —,— —|

1

ron Absorber

A
NIRRT

N

N

~

—_

m)

P

—]
NN

NN\7
N

"

I [IT

s

22.4.80

Fig:2.3 -

TASSO

H - Chamber

P : : i
mrer I

29991

- S‘g —_



] H—chamber
- iron yoke

shower counter
TOF

Cerenkov counters C,,C..Cq
Aerogel = C,

drift chamber

coil |
iron yoke TOF
L—chamber __—————— drift chamber

LA shower counter
— _<:

beam pipe

_95'_

H-chamber

proportional chamber

plane view
(TASSO)

29732



m A

04

03

0.2

01

f—

- Ag -

” " Comp. Coil
100 mrad
Iron /
) 80 mrad 60
Driftchambers Sh A / mrad
> P |
prop. Chamber /_—J/
. Z
~1C ~
/ = ' 18 mrad
. . -’-/—-
. . ___—-—-—'""'—-__-_-—.
- . ‘—__—___————-—‘—--_-—.
/ T — L 1 ‘: E_l’ :=-£eam -
/ L Flange 2 3 m

Synchrotron rad. absorber

Fig:25 Beam Pipe




A counters | C counters
L 112560 x10 | 12620
D 596 £ 05 5501
Xarc| 40 +0d 904037
Xac| 160 201 | 1902037

dimenswos and tolerances (mm)

| P
.' “‘.' ' ~ - _h
? é | B=t2m radv . —
1% <
.;é
4;5 ] .
4, “
\/\l{.
/_ : RN XA
. S
| VN
% Y,
counter A ! }Z B
2
counter C » by ) /2
N %G
X, /
5 4
4 J
Fig: 2.6

TASSO  LUMNGSTY  MONITOR

o
H
%
%
%
z
1

4

&

A

[/

counter C

counter A

shower counter S



- 59 -
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GEGMETRY
Fig: 2.1

OF PREPRO MASKS. THIS IS THE

SET OF MASKS THAT CONTAIN THE SAME OF

THE 1% DRIFT CHAMBER LAYER.
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3.1 General Introduction

The dumptapes contain a very large number of events,
most of which are background or 'junk'. So it is neccessary
to do data reduction before any full analysis or full event
reconstruction can be made, The data reduction and event

reconstruction were done in several stages.

3.2 FEvent reconstruction

3.2.1 Introduction

There are two main track finding programs used during
data reduction. Firstly a fast track finder called FOREST(73)
is applied to all data and then those events which are of po-
tential interest are fully recorgtructed by a program called

mrLn (340,

3.2.2 Forest

The requirements of the track-finding program were speed,
clarity and efficiency, especially when working with very
complicated events.

The charged track search used pairs of drift chamber

hits in adjacent layers, called 'links' (73)_

The links deter-
mine the parameters of a track in the case of a straight line
or a circle coming from the interaction point as Fig. 3.1

The elementary tree of any given link is composed from this

link, which is then a trunk of the elementary tree, and the
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branches of the elementary tree, such that all links have

the middle hit in common with almost the same values of

track parameter. A very fast minimum spanning tree algorithm
then connects elementary-trees into full trees and the right
track is recognized as the chain with a maximum number of
links within the full tree. After a search at a given level
was finished, the best track candidates were chosen, their
hits are marked and no longer used in the search on subse-
quent levels,

Forest uses drift chamber hits in r-4 projection to
search for 2-dimension track circles and the results of this
were used in a search in S-Z projection, where 5 1is the space
arc length of a track.

The forest average analysis time is 60 msec of IBM
370/168 cpu time per dumptape event, including 20 msec rea-
ding, writing and decoding. The efficiency per track was

measured to be

40 % for PT <250 Mev/c
80 % for PT 250 <PT <750 Mev/c
-95-98 % for PT >750 Mev/c

This program was able to reduce the ratio of useful

"
events to background from 1:10 to 1:10,.

3.2.3 Mill

(34)

The mill procedure used forest output, as an ite-

ration and was used after the data had been reduced by forest,



It applied non-linear drift time corrections, and used the
proportional chamber anode hits in track fitting. Mill

(75). The

used a combination of the tree and road method
mill average analysis time is 8 sec IBM 370/168 cpu time
for a high multiplicity event and 2 sec for a 2-prong event.
The mill efficiency is about 97 % for all kinds of track with
PT>1OO Mev.
3.3 Track parameterisation

A positive Z was defined by the et direction. Positive
Y was vertically upwards and positive X was pointed towards
the center of the ring. Fig. 2.2 shows the coordinate system
used in the analysis.

The magnetic field was along the positive z-axis. Tracks
were parametrized by the variables R, do, éo, Zo’ A, and Q.
Thus R represented the radius of the track projected into

2 2
r-4 plane, d, =1/(XO+YO)the distance of closest approach in
r-¢, éo the azimuthal angle of the track at (XO,YO), Zo
the Z coordinate and A the dip angle. These parameters are

shown in Fig. 3. 2.

3.4 Data reduction
3.4.1 Introduction

The data reduction was necessary, because of the large
number of triggers recorded.

Fig. 3.3 shows the data reduction scheme and table 3.1
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gives the size of the resulting datasets during the reduction.
The stages of reduction are now described as shown in Fig. 3.2

as follows:

3.4.2 Pass 1

Pass 1 processes all events on a dumptape after the
results of the forest track finding algorithm were added to
the event. In this stage unpacking of data was carried out
along with correction of data by using calibration information.
Standard 6250 bpi tapes were used, onto which approximately

20000 events could be written.

3.4.3 Pass 2

This was the first stage of data reduction. The selec-
tion criteria requireqd:
1) 2 tracks in r-¢ each with ldol<2.5 cm, or
2) the neutral energy trigger plus 2 track set and
21l GeV in scintillation shower counters and

21 track in r-4 with ldol<2.0 cm

3.4.4 Pass 3

The following requirements were made befcre an event
was written to pass 3:
1) >3 track in r-4 with Idol< 2.5 c¢m or

2) 22 track in r-¢ with Idol< 2.5 cm and IZO]< 15.0 cm



3.4.5 Pass 4

This selects single photon annihilation hadronic events
by applying the following cuts on the tracks:

1) The track had to be fully reconstructed in R-$-Z

2} eré ¢10.0 per degree of freedom in R-¢ fit

3) ;_SQO.O per degree of freedom in S-Z fit

4) |d0|5 5.0 cm

5) PT >0.1 Gev/c

6) [cos| ¢0.87

7) 12,-<Z> 1 20.0 cm

where <Zo>is the average ZO for all the tracks, which

already passes test (1) to (86)

Test 1 is to make sure that there is enough information
from the drift chamber for the tracking program to find the
whole track,

Test 2 and 3 remove Tfictitious tracks which are cau-
sed by other tracks.

Test 6 for high momentum track to make sure it reaches
at least the 6th zero degree wire layer of the drift chamber.

Test 4 and 7 to make sure the track come from the inter-

action region and goes into the central detector.

The event selection uses only the good tracks, that

pass tests 1 to 7



The cuts zapplied were:

Bng.O Gev

2) 25 tracks if EB<13.O Gev

1) =24 tracks if E

3) The event was divided into two hemispheres by the
plane perpendicular to the sphericity-axis. If we letl

n, be the multiplicity in cne hemisphere and n, the

T B

multiplicity in the other and if

EBs 8.0 Gev and Nne = 1 and nB =3 or
EB> 8.0 Gev and nf =1 or 3 and ng = 3

then the mass of the 3-prong system had to be
£1.782 Gev {(Tmass)
4) <ZO>56.O cm

5} if E 8.0 Gev, IZQi|<4

B <
where Qi was the charge of the ith particle

6) The event was divided intc two hemispheres by the
pPlane perpendicular to the z-axis and if EB58.O Gev
then there has to be least one track in each hemisphere.
EB 28 Gev

The momentum in each hemisphere should be greater than

0.05xP

beam
7) PToT >0.53 EB Gev/c
where PToT =Z|Pi|

These cuts were to remcve beam-gas events, beam-pipe
events, tpair events and 2-photcon events as well as other
background events that had not been removed in previons

reduction stages.



Cuts 1 and 2 remove most of QRED andyyevents.

Cut 3 removes T candidates

Cut 4 removes some of the beam gas and beam-pipe
interaction events.

Cut & removes radiative events.

Cut 7 removes mostyyevents.

77% at w = 14 GeV to 79% at w = 34 GeV of events
survive these cuts.

The contamination from beam gas was found to be
0.5*0.,5% at w <15 GeV and negligible at higher energies.
The contribution of Tpair production was 1.5%1.5% at
wg 15 GeV and 1.2:1.2% at w215 GeV. The background
from yy processes was found to be 1.6x0.8% at all energies,

(More detailed study see ref. 118).
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DATA SET

REDUCTION FACTOR FRGOM
PREVIOUS DATA SET

DUMPTAPE
Pass 1 Tape
Pass 2 Tape
Pass 3 Tape

Pass 4 Tape

10
30

Table :3.1

FACTOR FOR DATA USED IN THE ANALYSIS

SIZE OF DATA SETS AND REDUCTION




Flg: 3.1
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WIRE CYLINDERS

Construction of curved 2-hitlinks with the help
of the interaction point.
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point of closest approach in r-¥

Fig: 3.2 X-Y-Z projection to show track parameterization
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Dumptape

Y

Pass 1 Tape

Cosmic Ray Selection

Pass 2 Tape 533{3'5 Ray
Trigger Selection
Pass 3 Tape
' v v Adapted
Mill
2-Prong . )
Events Selec] Mill File
: Shower Milled Milled
Single T
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Fig:3.3

General Flow-chart of data reduction.
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Dumptape
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y
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:
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|

Mill

v

Hadron Cuts

l

Hadron event candidate
used in the analysis

Fg:3.4 TASSQO event analysis procedure and reductions step.
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4.1 General introduction

Quantum chromodynamics QCD deals with energetic par-

(5)

tons, quarks and gluons The materialization of high
momentum partons into colourless hadrons, called the hadro-
nization process, is a non-perturbative effect and is present-

(15)

ly not calculable in QCD Assuming a given hadroni-

zation model, two parton and three parton final states can be
approximated using the topoleogy of the observed hadrons (32).
Classical methods of hadron topology analysis like thrust,
sphericity, oblateness etc., give a general description of the
global shape of hadronic events. The difference in shape
between a two parton and three parton final state depends to

a certain extent on the model chosen to describe the hadreoni-
zation process (8). In other words, the shape variables used
in hadron topology analysis are complex convolutions of the
perturbative and non-perturbative effects. The variation

of the hadronization paramefers can simulate a change in the
amplitude of perturbative effects. This ambiguity is one of
the majsr difficulties of topological approaches to perturba-
tive effects. The other more serious difficulty of hadron
topology analysis is the fact that different matrix elements
lead to the production of hadronic events o¢of sdimilar shape (75).
There is no clear relation between the event shape and the
exact properties of the matrix element defining the dynamics

of the final state partons.

The analysis presented here, called MULTIJET analysis,
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groups hadrons into jets so as to establish a one to one
correspondence between high energy jets and high momentum
partons. Thanks to this correspondence, the dynamics of the
fundamental final state partons can be reliably represented

by the dynamics of the observed jets (72).

L.2 The jet reconstruction algorithm

For each event we apply the following procedure:

~1) We classify particles according to their momenta.
The first particle is the one of highest momentum.

-2) Particles are grouped into clusters. A particle
belongs to a given cluster if the angle between the particle
momentum and the cluster axis is less than an angular cut 6.
The cluster axis is defined by the vector sum of the particle
momenta belonging to it. The cluster energy or momentum is
defined by the scalar sum over the momenta of the cluster par-
ticles. The angle §is an estimation of the angular width of
a jet arcund its axis. A cluster is not necessarily a complete
jet but only a jet fragment. Such a jet fragment may sometime
carry most of the jet energy if the angle is a good approxi-
mation to the angular size of a high momentum jet. Jets of
higher momentum are better collimated around their axes and
can easily be contained inside a cone of relatively small ope-
ning angle. On the contrary, a jet of low momentum cannot be
contained inside a cone of scme axis 1f the cone opening angle

is not big enough. If a given angle '&' is to be used for
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constructing clusters directly related to the corresponding
jets then a lower limit on the energy of a reconstructible
jet is automatically introduced.

-3) If the angle between two neighbouring clusters is
less than '2x &', these clusters are combined together into
one cluster, The axis and energy of the obtained cluster are
defined respectively by vector and scalar sums over the momen-
ta of the concerned particles. Two clusters whose axes are
separated by an angle less than 2x 8 are considered as the frag-
ments of the same jet and consequently they are combined.

-4) A leading cluster is a cluster that represents a first
approximation to the corresponding jet and consequently it
should carry an important part of the jet energy. Low energy
clusters are jet fragments that should be associated with the
appropriate leading cluster in order to fully reconstruct the
jet momentum and directicon. The distinction between low ener-
gy clusters and leading clusters can be made only by comparing
their respective energies. This leads to choosing an energy
cut € that defines the minimum energy of a leading cluster be-
low which the cluster is considered as a low energy one. Jets
of low energy having an angular size much larger than the an-
gular cut §will be split into many clusters each carrying a
certain fraction cof the jet momentum. Fdr-é given angle '§',
a lower limit on the energy of a reconstructible jet is de-
fined by the energy cut €. In order to fully reconstruct high

energy Jjets, low energy clusters are combined with the closest
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leading cluster regardless of how far they are away.
-5) Clusters obtained after applying the above cluster

combination rules (g,8), are considered to be jets. The

energies (ei) are measured in units of Eunit where:
1
Eunit = 2 Bvis
Evis = the total reconstructed energy of a hadronic
event.

The momentum vector Ei of energy €y associated with the
i-th jet has the jet axis (ﬁi) as direction and the jet ener-

gy ei as modulus

él =& U

jets

z g = 2 by definition summed over all
i=1 jets in event

co§tui.ﬁj) > 2x8

ei> € for all i

4.3  Quantum nultijets and hadron multijets

We call a hadron multijet the set of reconstructed jets
out of a given hadronic event by applying the clustering me-
thod to final state hadrons. We call quanta, final partons,
quarks and gluons, and the photons due to the electromagnetic

radiative correction to e'e” annihilation. Applying the



clustering method to the initial parton, the same jet re-
constructicon procedure used for hadrons can be used on the
quanta generated by Monte Carlo methods. The obtained multi-
jets are called quantum multijets. The study of quaatum mul-
tijet properties using the same variables designed to define
the properties of hadron multijets allows:

-1).A clear presentation of the behaviour for given
matrix elements. Instead of using complicated and lengthy
theoretical formulae, often very difficult to interpret, it is
better to present the properties of our Monte Carlo models using
the distributions of a set of variables that we will use for
describing the properties of the generated and observed hadron
multijet.

-2) A comparison of hadron multijets properties and quan-
tum multijet properties. 1In fact, our analysis aims at rea-
lizing a one to one correspondence between a jet of hadrons.
and a jet of guanta. Two quanta produced at small angles with
respect to each other will produce the same jet of hadrons. In
general, it is not possible to know from which parton or gquan-
tum a hadronic jet originates but it is possible to know from
which jet of quanta or partors 1t comes.,

-3) To work in a well defined kinematic region of par-

" tons. In fact, well defined kinematics of our hadronic jets
becomes a precise copy of the kinematics of the quantum jets
whereover a one to one correspondence between hadronic and quan-

tum jets is realized.
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-4) A good definition of our theoretical model. Soft
gluon and cdlinear gluon emissions leave unchanged our re-
sults and this is due to the angular and energy cuts {g,8)
used in the analysis. In other words, this presentation of
the QCD matrix elements is very suitable and very realistic
since:

a) it gutomatically takes into account the singularities

of the model (infrared and cdlinear divergences),

b) it limits the presentation to those partcons able to

produce separable jets and

c) it takes account of the QED radiative correction.
In comparison with the ad hoc¢ theoretical cuts intro-
duced in order to the regularize the model, the cuts
presented here clearly are the same as will be used fto
reconstruct experimental jets and consequently have

a clear and direct interpretatiocn.

4.4  The multijet variable

To describe the topeology of the observed jets we use
the standard set of variables commonly used in hadron topo-
logy analysis. In addition to the fact of being simple, these
variables allow a direct ccomparison of the multijeft analysis

properties and performances with those of the classical ha-

dron topology analysis.
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L.4.1 The multijet thrust

The hadronic thrust is defined by:

T = max I I?i.ﬁ /% l?ii
uT hadron hadrons
with:
. = the thrust axis

{ﬁi} = momenta of the particles in a hadronic
event

The thrust T describes the angular distribution of

the particles around the axis. Let:

B,
cos®, =—— u
i Pi ’ T
ey
S R VETE N e—
vis

So T =E|fi coseﬁf

This gives T = ;fi cosei; It follows that T is the average
cosine of the a;gle ey of the particles with respect to the
thrust axis, weighted by the fraction ‘fi' of the event energy
taken by each particle.

The angular width of jet is a non-perturbative effect

(96, 107). It is a

induced by the hadrcnization process
convolution of the inclusive transverse momentum (PT) spectrum
of the hadrons with respect to the Jjet axis by the parton frag-

mentation function:



sine, = [Py |/1B,]
let us call:

and z; = PL./Pje

. t
i i

with P, = .z_ B, the jet momentum
e Jje i

P, P,
tan® = —3i - _Ti
i P z..P.
L. i" jet
1
P | Pr
tan® = (52—) = jet
i P Z . P
jet i L
P
1 T3
and <tan®. >= ( ) . < >
i P, Z .
Jjet i
In the process e e —» Q4 —» 2 jets, we have Pjet ~-Vs/2 at high

energies if we have detected all particles charged and neu-

1 N R, N>
T jet> where < jeg 5 1s the average
multiplicity of a jet ank<N> is the average total multipli-

tral and <z>*

city. DSubstituting we get:

<PT,>'
<tan®, > . —2 =
i” T s <N>
L/
p
< Tf <N>




The dependence of <N> on the center of mass energy

(19)

¥8>10 Gev is well represented by a logarithmic law:

<N>.a 1ln S and <PT> ~constant

From this we get:

<tan®i > = constant . » 0

This shows that at very high energies, the process
eTe”— g3 —2 jets
will lead to the production of highly collimated jets of small
angular size independently of the detailed properties of the
hadronization process. This result is based only on the two
experimentally well established facts (67, 102):
— The hadrons have a limited PT with respect to the
jet axis,
- the average multiplicity increases only logarith-

mically with the centre of mass energy.

The hadronic thrust T of two jet events increases as
a function of the centere of mass energy of the process, the
thrust T also depends on the produced quark masses.
In fact the thrust of a single jet is Jjust:

T = /Eje with E = the jet energy =

1D‘jet t Jjet
P

€E; = glpil, Pjet = z|P,.u |l = £ "1

jet jet * jet
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Putting:
2 2 2
Mp = Ejet - Pjet where mparton5=0

T = Ejet\/l_(Pjet/Ejet) = EjegV 1T

3
I

In two-Jjet events we have:

mp = (%ﬁi) . 1-T

or

The above formula, where Mo is called the transverse mass
of the jet, shows that the hadronic thrust of a jet reflects
not only the properties of the hadronization process (z&PT)

(110) ' 4t 45~ 30 Gev,

but also the effect of the quark masses
the mass of the b-quark is not negligible with respect tc beam

energy (2mb/V"~l/3) and this makes the structure of the bb events:

e e > bb > 2 jets




strongly influenced by the mass of these heavy quarks. In-
dependently of the hadronization process properties, the
bb -two jet events will be broad at VS~ 30 GeV.

The basic philoscphy of hadron topology analysis is
that a high momentum jet has a high thrust or a transverse
mass small in comparison with the jet momentum or more clear-
ly a limited angular size. This feature of jet production
through the hadronization of a high momentum parton is al-
ready included in our analysis via the cut parameters (g, &8).
A jet of high momentum will . give a leading cluster carry-
ing an important fraction of the jet energy 1f the angle 8§
is not too small. This statement is equivalent to the one
saying that the jet structure of hadrons is observable if the
jet transverse mass 1s small compared to the jet momentum,
The limitation ¢f the jet angular size is an immediate conse-
quence of the jet transverse mass limitation. There is one
to one corregpondence between the jet angular size and the ratio
of the jet transverse mass to its momentum. In our analysis
we do not require that a leading cluster contains the total
energy of the jet. The small fraction of the jet energy taken
by those low energy clusters surrounding a leading one reflects
the effect of statistical fluctuations in the hadronization
process. In combining a low energy cluster with the neighbou-
ring leading one we take account of these statistical effects
and we correct at the same time our definition of the jet

energy and axis.
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Let us consider a jet having an energy of 10 GeV and
consisting of two particles of 5 GeV each emitted at 60°
with respect to each other. The momentum of this jet will
be ~ 8.5 GeV and its transverse mass around 5 GeV, Each of
the particles will have with repect to the Jjet axis a
PT = 2.5 GeV. BSuch a jet can only come from the hadroniza-

tion of a massive quark. This jet, although peculiar, will

produce a single cluster if the angle 5is taken to be 30°.

N ‘
e
M 25 GV
2 — Pt 8.5 GeV
$ 2.5 GeV
Gely

Assuming a jet of energy 15 GeV and a transverse mass

m = 5 GeV, the jet momentum will be Pjetrl4 GeV with two par-
ticles having each 7.5 GeV momentum. This jet has an angular
size much smaller than 30° and will give one single cluster
for 8« SOO; Summarizing we can say that the production of
energetic particles at large angles with respect to the jet
axes will result in an abnormally high transverse mass of the
jet. As we expect a.low momentum for heavy quarks, such an
eventuality is in-contradiction with the basic concept of a
jet of hadrons.

Any relationship between this analysis and the non-
perturbative effects, dominant in hadron topology analysis,

disappears once the Jjets are reconstructed and counted correct-
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ly. One of the variables sensitive to the kinematics of

these jets is the MULTIJET thrust TJ defined by:

- jet .
T TEX i—l iei-UJ|/2 Njet = number of jets
uj B .
g = energy of jet
The sum runs over all jets
N, - . .
where 2. is just EJet|€il- up is the thrust axis of jets
i=1

Figure 4.1 shows the distribution of the TJ and of T
for qq Monte Carlo events generated with two different PT

spectra: <PT >= 320 MeV and <P, >= 380 MeV. The cut parame-

T

ters (g, 8) used for T. calculation are: e= 0.2 and & = 30°

J
This distribution of the hadronic thrust T gives an idea about
the topology of the produced hadrons. No other quantitative
information can be extracted from this T spectrum. On the
contrary the TJ spectrum is insensitive to hadronic effects
and gives direct information on the underlying parton struc-
ture of the events concerned.

Let us mention that QED radiative corrections are al-
ready applied to the process e'e — » qq and the TASSO detec—
tor simulation is also included in the calculation. All two
jet events appear in the region TJ;O.QS. Some fraction of

qg-events appearing in the region T _<0.95 are three-jet events

J

corresponding to the process e e —» qqY. The thrust, T; , of

two jet events is not exactly one because these two-jets are
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not perfectly collinear, The jet acollinearity of two-jet
events is easily explained by the missing neutral energy, the
QED radiative correction with the photon emitted along the
beam and by the detector acceptance and resclution. We con-
clude from this figure that physical quantities important

for the study of QCD matrix elements like the number of the

jets and their kinematics are reflected in the T, plot with

J
a minimum of distortion from acceptance or hadronization

effects. In the following sections we will see that TJ is
an extremely powerful variable for the study of multiparton

final states as well as being experimentally convenient.

4.5 The muitijet planarity

In the preceding paragraph we have seen the importance
of the thrust axis (uT or uJ) in studying the topology of the
hadrons or of the hadronic jets. 1In hadron topology analysis

the following axes (uM, uN) are often used:

+ def + + +
Pp = Pl—(Pi.uT)uT
1l
P = max g|P u |/-1- z|P. |
in © 7 T,OMZ M
bl



1
Pout ;IﬁT. uN’/§ Elﬁl'
i i
The quantities Pin and Pout are called the hadronic
planarity and the hadronic aplanarity, respectively, and are
] ] _ 1 s
measured in units of Eunit =3 Evis' These quantities have

the virtue of being linear in the momentum of invidual ha-
drons. Similar quantities can be defined using the momenta

of the jets instead of those of individual hadrons. We call:

e > e > +

Ty = e5-(g-uplu;

Pin = max El ez |
e 1l 1

with

-+ - -+
Uz, €2, a3 orthoncermal vectors

In this case Pirl and PO define respectively the MULTI-

ut
JET planarity and the MULTIJET aplanarity.

In hadron topology analysis the quantities Pin and Pout
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can be expressed as follows:

P. = <N> , <P _»>
in T,
in
Poyt = <> . <PT;ut, normalized to E|Pi|

with N = the hadronic multiplicity '

<PT> ; <PT> = the average PT component in and
in out

-+

out of the event plane (ﬁT, uM)
In the multijet analysis, the planarity Pin will mea-

sure.:

-1) the jet acollinearity in the case of two-jet
events,
-2) the transverse momentum of the third jet with res-

pect to the 'I‘J axis in the case of three-jet events.

Used in conjunction with the number of Jjets per eveat

NJ, the wvariable Pin contains important information about the

physical preocess governing jet production as we will soon see,

The multijet aplanarity PO has ancther meaning in com-

ut

parison with Pin' Two and three jet events are planar and
consequently they have zero aplanarity. Four Jjet events are

often aplanar and the variable PO can tell how energetic

ut



the fourth jet is. Besides that, the multijet aplanarity
Pout has an important experimental role. Theoretical three
jet events are perfectly planar. The experimental ones are
not coplanar due to missing energy and limited resolution.
Let us recall here that our analysis does require that ex-
perimental three jets have coplanar axes in three-jet events,
showing more tolerance towards the apparatus and less sen-—
sitivity te¢ the systematical error. In hadron topology ana-
lysis such a tolerance towards the experiment does not exist.

To take an example let us consider the topological variable

oblateness O defined by:

0 = ——FF =N(<PT.> -<PT> )
in out

From this formula we see that a three—jet event will have

an almost vanishing oblateness if the three axes are not co-
planar. Acollinear two-jet events will simulate three-jets
in any topological approach. These events will Have low T
compared to collinear two-jets, high average PT and low

in

average PT . They will consequently have low hadronic
out

aplanarity, high sphericity, low thrust T and high oblateness 0.

This shows that our approach to three-Jjet physics is not on-
ly more serious theoretically because we have a handle on ha-
dreonization effects but also more realistic experimentally

because we do not require our detector to be an ideal one.



In the following sections we will show that ocur approach
to multijet events allows a direct observation of the final
state parton dynamics (72, 78).

Figure 4.2 shows the multijet aplanarity and the ha-
dronic aplanarity of an events after the detector simula-~
tion. On the same figure we see the distinction of the ha-
dronic aplanarity computed for gqq events., Notice that the ha-
dronic aplanarity of qay events is higher than that of Qg events

for the above reasons. We see here how good the definition of

three-jet events as flat events is by using this method.

4.6 Study of QCD matrix element

In this section, we concentrate on the properties of
the quantum multijets. The properties of the three processes:

ete” . quark-antiquark-vector gluon (qagv)

e¥e” —— quark-antiquark-scalar gluon (qags)

ete” — gquark-antigquark-photon (qqy)

will be presented using the kinematics of fundament%l quanta.
In comparison with lengthy formulae, the distributions here
presented are simple and directly measurable experimentally
since they can be calculated using hadronic jets. The QED
radiative correction is applied to the process: e e — 4ag,

qqy events are simple qq events with a radiative photon of
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any momentum.

Figure 4.3 shows the distribution of the average thrust

TJ as a function of the cut parameters (g,8). Qqy events

are of high thrust TJ almost independently of the cuts (e,s).
This 1s due to the fact that mest of the considered photons
are very soft. Hard photons bheing a minority, their effect is
not seen here, The effect of the gluon spin on the average

thrust T. of qgg events is seen to be significant for all the

J
considered cuts (g,8).

Figure 4.4. shows the distribution of the average plana-

rity called <X_> as a function of (e,6). The collinearity of

T

gq two jet events is well represented by the dominance of
low XT events. This figure shows a clear separation between
agg-scalar and ggg-vector events in XT distribution for all

values (g,8). For a perfect three Jjet event, the multijet

planarity XT can be written as:




- 100 -~

Xy 2 X5 > &g
Tj = Xl
XT = X2 51n®12+X3 51nch3

Taking into account the normalization equation:

X, + X. + X3 72

the kinematics of three quanta final states 1s well defined

using any pair of linearly independent variables. In fact

=+ =+

the three vectors il’ Xg, X3 are ccupled by the energy momen-—

tum censervaticn condition:

X2 X3
X. =2

X1

Given the thrust Xl, the corner C of the tri%éle ABC shown

hereabove describes an ellipse having A and B as foci and

2—X1 as major axis.

g PN X112
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The conditions: X1 ;Xé ;Xé restrict the possible position

of the point C to the arcs DE and D'E"of the ellipse. The

point C is well defined by the value of X, taken together

T
with the given X1 selected. In other words, the above pic-

ture shows that the pair (X XT) defines in a unique way

1!
the topology of a three jet event. It also shows that, given

in advance the wvalue of X the XT distribution will be sen-

17
sitive to the properties of the produced partons such as the
spin of the glucon. Other possible parametrizations of the

transverse motion of the partons with respect to the most

energetic one can be obtained using:

- the difference AX23 = X2 - X3

or
-~ the ratio: cos@ = (XE_XB)/Xl

where ®is called the Ellis Karliner angle

The above calculation shows that X cos ® and AX

T’ 23

are equivalent representations of the parton transverse momen-
tum. The three body kinematics is equally well defined by
any one of the pairs of parameters: (Xl, XT), (Xl’ cos @),

(Xl, AX Scalar gluon emission will produce, in comparison

23)'
to vector gluon radiation, three jets of lower thrust and

(91). In other words the gluon spectrum is

higher planarity
harder in the scalar case than in the vector case, the formulae

being :
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2 2

‘vector X ( do ) = 2as "1t + cyclic permutation]
= = [ = —
o "dX, dX, 3n (1 Xl)(l Xl) of 1, 2, 3
XZ
1 do a s 3 . .
scalar = ( ) = { — + cyclic permutation]
o Xm dX2 3n (l-Xl)(l Xz) of 1, 2, 3

When comparing experiment with Monte Carlo calculation
in order to determine the gluon spin in three-jet events, it
is useful to compare the results obtained using the different
parametrizations. The observation of the same signal indepen-
dently of the chosen parameter (XT, AX23, cos @ ) shows that
the systematic error attached to the measured numbers is small.

Figure 4.5 shows the dependence of the fraction ¢f three
jet events (st) on (£,80) and on the gluon spin for qqg(y).
The small increase up to 6~250 in the qagCY) events arises be-
cause of a falling proportion of these eventsthat contribute
to 4-jets. The energy and the angular cuts (g,8) select more
three-~jets in the scalar case than in the vector case. Here,
we recall that both scalar qﬁg Monte Carlo events were gene-

rated with the same cut on the thrust of the partons:

T <0.95

calculated before the application of the QED correction.

4.7 Conclusion

In this chapter, we have presented our method of jet

reconstruction called MULTIJET and the variables appropriate
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to study the kinematics of the produced jetslof guanta.
The applicability of this method in theoretical calcu-
lation as well as in the analysis of real data is straight
forward.

In the second section, we have shown the cap-
city of our variables to define the dynamical properties
of final state partons. In the following chapter, we will
use this approach to define the properties of the observed
multijet events and specify the matrix element responsible

for hadron multijet production in e“e” annihilation.
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- HADRONIC APLANARITY FOR Qﬁ EVENTS

— = HADRONIC APLANARITY FOR QQG events

w—— MULTIJET  APLANARITY FOR QGG events
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cC H A P T E R 5

SPECIFIC FEATURES OF THE METHOD

OF ANALY SIS
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5.1 The relation of jets to parton

The production of high momentum partons shows itself,
as explained in the previous chapters, through the production
of high energy jets. In comparison with hadron-hadron colli-
sions and lepton deep inelastic scattering, ete”™ annihilation
into hadrons has the following highly important features:

-1) The observed hadrons emerge directly from hard quark-

antiquark production. There is no extra background pro-

duced by the fragmentation of a composite target or a

composite projectile,

-2) The centre of mass energy for quark-antiguark produc-

tion is well defined. Lepton-hadron and hadron-hadron

collisions produce high energy jets through many possible

channels such as:

gluon-quark scattering

quark-quark scattering

photon-quark scattering

photon-gluon scattering

gluon-giuon scattering

etc. ...

These collisions have no predefined center of mass energy.
The parton momenta have a statistical distribution defined by
the structure function of the concerned hadron. The momentum
of the final state target hnadron in lepton-hadron deep ine-

lastic scattering is very difficult to measure experimentally
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with a sufficient precision. In contrast, parton scattering
in e'e” annihilation:

efe” —m— qq
has the centre of mass energy of the electron-positron beams.

Then there is a direct and simple relation between the beam

energy and the momenta of the produced partons. The diagrams

below illustrate these points.
1 1!

lepton-hadron

scattering hadrons
} hadrons
_ h }  hadrons
PARTON
hadron—-hadron } hadrons
scattering
PARTON
—h h !
} hadrons
q
e™- e scattering
+ e -
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A gluon bremsstrahlung can be directly detected if the
produced gluon is able to generate an experimentally sepa-
rable jet. In e+e_ annihilation into hadrons, this require-
ment can be easily defined. Let st be the fraction of events
with three jets. In a model based on QCD, FSJ will be a func-

tion of g which we can write as

st = f(as)
In the method used here, the jets are defined with the aid

of cuts (g, & applied to the variable of the multijet. There-
fore the above formula becomes

F = f(e,éﬂxs)

33
Then our definition FSj is the fraction of three jets which
pass the cuts (g,8) of our multijet algorithm. In the case of
parton when €+0 and 6+0 qgq and qqg events will take the form
of three and four Jjets, when a photon is radiated. As € and &
increase the fraction of three jets and four jets decrease,

In fact, the photens and gluons of low energy are absorbed as
shown by Fig. 4.8 (quanta F3j)' As a demonstration of this

effect, one obtains a maximum in the difference

Faj(qag) - Faj(qa)
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Q

near 8§ = 25 . (see Fig. 5.1)

For a given value of &, the cut e defines the minimum
energy of a gluon, or photon, capable of producing a sepa-
rable jet.

Final state partons with high momenta produce jets of
hadrons. The hadronization (or fragmentation) process im-
parts to the jet a certain angular width reflecting the dis-
tribution of single quark transverse momentum with respect to
the jet axis. Adding together the effect of hadronization to
the effect of the initial quark mass, we end with a phenomeno-
logically established result: the limitation of the jet trans-

verse mass mT(jet). In the process

the ratio (2mT(jet)/VS) is a decreasing function of the beam
energy. This is the same as saying that the jet angular size
decreases with increasing jet momentum. Thus the introduced
cuts (£,85) are related to the general features of the hadroni-
zatibn process. The relaticn is restricted by the assumption
that high energy Jjets have a limited transverse mass. From
this point of view, the double cut (e,86) is equivalent to a

single cut on the jet transverse mass:

Mo jet)*™MT(e,5)



- 113 -

From this point of view, the kinematics of the observed
jets should define the matrix element of the observed reaction
in the same way as QED is experimentally studied using the
observed muons, electrons and photons. More precisely, there
are minimum values of e and § beyond which there is a one to

one correspondence between:
quantum jet of high momentum 44— hadron jet of high energy

In other words, these cuts establish a useful and direct bridge
between theory and experiment which helps to avoid doubtful
assumptions.

The question remaining unanswered, is:

How can we know, from experiment, the values of the mini-

mal cut (€ . ,8 . )7
min min

In the following chapters, we will deal with this problem.

5.2 Efficiency of the method

Soft gluons, hard photons and hadronization lead to a
considerable confusion between qg and qqg process in the dis-
tribution of the number of jets per event. In Table 5.1 we
compare the multiplicity (Njet) of the hadron multijet and of

the quantum multijet. From this table we conclude:

-1) for the gq processes the fraction of events with

Njet = 3 is lower in case of the hadron multijet than in

the case of the quantum multijet, showing evidence that
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the value of 6 we have chosen not only cancels the ha-
dronization effects but also favours the absorption
of the emitted hard photon into one of the hadronic

jets,

-2) For the q4g process, we notice that 'N 2' oceurs

jet™
more frequently in the case of the hadron multijet than

in the case of the guantum multijet. We notice at thé

same time that the fraction of events with 'Njet=3' is
similar in the both cases (51%-78). We conclude from this
that qggy events are well defined in this analysis. We
conclude also that the precise definition of the hadronic

3-jet cannot be simply condition 'N, 3'. We understand

jet”
by hadronic 3-jet the hadronization of the three parton

final state qqg. Then additional conditions to N, 3

Jet=

have to be defined not only because of the discrepancy in

the fraction of events with Nj =3 between the quantum

et
and the hadron multijet but because ¢of the background from

aqgvy.
-3) For qqgg processes, events with Njet=3 and events with

Njet=4 occur with comparable probability, showing evidence

that the separation of perturbative effects into 3-jet

and 4-jet is quite artifidal and model dependent at this
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energy and that the quantitatively safe statement about
higher order QCD contributions should proceed via aninte-
grated cross section over the (3 and 4)-jet kinematic
region if one does want to get a significant and experi-

mentally meaningfull fraction.

5.3 Sensitivity of the multijet variables to systematic effects

The cut parameters (g,5) will be treated in our analysis
as free variables. This implies a comparison of our data
with Monte Carlo events of different types. This comparison
will be done using the multijet variables:

L st computed over a wide range of the plane (g,56).

These variables have different sensitivities to hadronic effects.

XJ, X

They also have different sensitivity to systematic error. To be

specific, l&t us take a few examples:

5.3.1 Sensitivity to angular resolution

The multijet planarity is equal to the scalar sum of the
Jjet momenta components normalized to Ebeam’ along the axis
orthogonal to the multijet thrust axis that maximizes XT.
Acollinear two-jet events will have an XT spectrum that reflects
their acecllinearity spectrum convoluted by the resolution of

the energy of each jet:
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For small acollinearity (d +lJJ2) = small (in the above figure}

the thrust T

3 will still be very close to unity (TJ.;O.QS):

€ costlJ1+ €, cos;LlJ2 1
= i.e if LIJ1 and kJJ2 are very small

El + 82
For: El = E:2 =1
[s]
LlJl = tb2 = 10
TJ = 0.9848; XT =2 * 0.1736 = 0,35
For: sl = €2 =1
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T = 0.94; X, = 0.684

These two numerical examples show that:

-1) XT has a very high sensitivity to the two-jet
acollinearity

=2) TJ is less sensitive than X
LR

~-3) Clearly these effects are absent if we work with

m te the acollinearity

AP

st.

In first order QCD, for any multijet parameter Y we have

<Y > = <y > (1-Br_-_)+<Y¥> _ Br =
QcD(oa,) ad a4 qqg 98

We compare this model to the data in order to measure quag
where quag be the fraction of hadronic events corresponding
to the emission of a gluon with thrust cut £0.95 and hence

fix Qg » Let us suppose that the experimental two-jet events
have a - wider acollinearity spectrum than the simulated one we
solve separately each of the following three equations:

. . €L
1-Br = _)<X_ > +Br = <X_> = <X_> which gives
( qag’ Xt [qa aag 7! - r” | g %s

qag data

which can written as

<XT>I = <XT>| _— )
QCD data
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and similarly for TJ and FSJ

- (2)

QCD data
F . I = F._.. I p——} a(j)
33 qcp % data s

Supposing that the only vice of cur QRCD model is the

bad simulation of tweo-jet accollinearity, we expect to obtain:

-1) ag) = gzal : a correct measurement of the
coupling constant
(2) real L . .

-2) ag > dg : since in the two-jet part of

our samples we have (see Fig.6.3)
<Tj(2jet)>] < <T (2jet)>|
M.C. data

This difference leads to a higher rate of 3-jet events in

our CD model than in the data.

%) >é2 > g:al : since X is the most sensitive to

-3) o
the comitted error

For small (g,85) the multijet variables have the following

limits:



g —— O y, 6 —> 0
TJ —_— T
NJ —_ N
XT - Pin
where Pin the hadronic pélarity, NJ is the number of jets

per event and N the number of particles per event.
In these limits, the comparison of the data with QCD
will be strongly dependent on the c¢hosen hadronization model.

Besides that, our variables (TJ, X Faj) lose any quantum

T
mechanical meaning in terms of partons or quanta.

Since there 1s no magic recipe allowing a rigo rous se-
paration between perturbative and non-perturbative effects
using a hadron topology analysis (T, Pin)’ we like to optimize
our analysis to reach the region of equivalence between hadron
and quantum multijets. Assuming a given hadronization model,
this can be achieved under the assumption that the only source

of high energy jets are high momentum partons. If this assump-

tion is correct, then for any pair of numbers:

E2E€ . ., Baﬁmin, the comparison of the data with QCD should

give a constant value of Br - , where Br - be the fraction
qag aqg

of hadronic events corresponding to the emission of a gluon

with thrust cut <0.95, (c% = const.; for anyﬁeémin and any

e;smin) and this independently of the variable chosen for the

determination of the coupling constant as. In the opposite

case, this region of equivalence between gquantum and hadron
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multijets will be reached for Monte Carlo events, but not

for real events. The number of jets and their kinematics are
only defined by phase space effects in the case of multijet
(NJaS) uniquely produced by simple hadronization of two par-
ton final states: pure qq. If the experimentally observed
not-two-jet (NJ;S) events are of a pure hadronic origin(mis
reconstructed gqq events) then the comparison of QCD model
with experiment should lead to a cut dependent coupling con-
stant: oy = f{e,&6). This eventuality will be considered in our
analysis. Another important test of the idea that jets are
the observable picture of the final state partons is the study
of kinematical properties of the observed jets. It is a too
naive argument toc say that events where hadrons are structured
in three lobes are the most clear evidence for hard gluon
bremsstrahlung and the deepest test of QCD., We will see that

the process:

is able to produce a significant rate of hadronic events ha-
ving the 3-lobes appearance. In this thesis, the golden rule
we want to follow. is:

If the reconstructed jets are a good reproduction of the
initial parton momenta, then the matrix element defined using

these Jjets should correspond to the one predicted by the
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thecry. There is no point in discussing QCD.multijets

if the matrix element is not reproducible by the data and if
the properties of the reconstructed matrix element are se-
riocusly hadronization dependent or cut dependent. It could

be that the necessary cuts to neutralize hadronization effects
are so tight that very few events survive. In such a diffi-
cult situation, the only legitimate conclusion i1s that the
data does not allow a good separation between the different

mechanisms leading to the production of multijet events.
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AND ORGINAL PARTON (QUANTA)

- Qa Q4G QQAGG
Njet

Hadrons | quanta | Hadrons { quanta | Hadrons | quanta
2 190.6%|89.5% [30.0% [17.0% | 14.9 % | 16.8%
3 | 8.5%|10.5% | 51.4%|78. 4% | 43.8% | 51.3%
L | 1.0% | 0.0% | 15.4%| 4. 5% | 40.6% | 31. 3%
5 [ 0.1% ] 00% | 3.0%| 0.0%| 0.7% | 0.6%
6 {00% | 00% ]| 0.2%, 00%| 0.0% | 0.0%
7 | 0.0%]| 00% | 0.0%| 00% | 0.0% | 0.0%
COMPARISON BETWEEN EFFICIENCY OF QUR METHOD
Table: 5 1 FOR FINDING JET USING HADRONS MONTE CARLO
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Cc H A P T E R 6

STUDY OF MULTIJET VARIABLES

AND BRANCHING RATTIOS
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6.1 Introduction

In this chapter we apply the cuts (g,8) of the multi-
jet analysis to the data and the hadronized Monte Carlo model
for the processes ggq and qag. We extract the fraction of
qqg events required to explain the data, quag’ with the

assistance of multijet variable5<:Tj>, F33’< XT> by solving

the following equation:

Y —(1-Br = )+Y - Br = =Y
a3 1B g3 * Y qggt qag data

where Y stand for any of the previous multi-

qad’ Yqdg’ ‘data
jet variables and are obtained by applying the multijet al-
gorithm on the qﬁ Monte Carlo, the qag Monte Carlo and the
data individually.

We will see the independence of the result BrQﬁg

with respect to the cuts (g,8) in the region where the rela-

tion

jet < > parton

starts to become valid.

The multijet variable5<<Tj >, st,< XT> should give

gsimilar results for quag, if the systematic error is small.

We now present the results of the determination of

quag using each of the multijet variables in turn.
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6.2a Fraction of three jets ('Fj,j.}

st is the fraction of events with 3jets satisfying the

cuts g ,8 of the multijet algorithm. Fig. 6.1 shows the dis-
tribution of st as a function of €,6 for the qgq and qaqg

Monte Carlos and for the data. The maximum fraction of three
jet events is obtained from the qqg sample and is of the order
of 51%. Using the results of Fig. 6.1 and the relationship,

FSj(S’ 6)q data

—(1-Br - )+F. . (e,6)Br - = F. (g,
g1 Bragg)*Fa e B qqe” Fazlesd)

We obtain quag as show in Fig. 6.2 as a function ofe andd .
quag is insensitive to (g 8) for a QCD model of first order
if one chooses,e = 0.1 - 0.2, 6™ 30°,

The constancy of quag for these values of €and &, is
a good sign in favour of description of the data in terms of

our jet analysis.

[+]
Forg= 30 ande= 0.15 we find

Br - = 25+ 1) %
Tagg = ) o

6.2b The average value of nultijet thrust <T]. >

The variable Tj is the variable attached to the jets, which’
corresponds to the hadronic variable T. The variable Tj
takes into account, not only the number of jets in each event,
but also the energies of the jets and the angles between the

axes, the definition being.
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T. = max Y €. |cos®. ]|
J X i i
i=1

Fig. 6.3 shows the values of <Tj>obtained from the qq and
qqg Monte Carlos after fragmentation and also for the

data using:

T.»! (1-Br = )+ .T..] Br - = _.T.,|
< > _ < > - < >
V7 qq 448 J qqg 48 V" data

We can calculate quag in the same way as the previous re-
acticen. The results are show in Fig. 6.4 as a function of
gand ©.

From Fig. 6.4 we get:

9

Brozg = 29.33%.94%at €= 0.15 6= 30
The value for quag obtained using the variablec< Tj>

is higher than that obtained from the variable F3j' The

reason is that the case of the events involving acollinear

two jets,this acollinearty is taken into account by the ex-

pression of Tj‘ The angular resclution in the experiment

affecting the axes of the Jjets, is then reflected in the va-

lue of T, which results in a higher value for quag using

T

e

6.3 Average value of multijet planarity XT

The quantity XT is the variable attached to the jets,
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which corresponds to the hadronic variables Pin' Fig. 6.5
shows the distribution of the average planarity as a func-

tion of (g,8). By applying the following equation

<XH (1-Br - H<Xf| _ Br_= :<Xf|
a4 qdg qdg 998 data

we get quag as shown in Fig} 6.6 which we can see is insen-
sitive toé foréif:fBOD ande> 0.1 which gives quag;Sl‘S and
at €= 0.15, 6= 30° gives Br = 32.57¢t0.76. This value is
higher than the wvalue deduced by F3j because the collinearity
of the jets in gg two-jet events is represented by the do-
minance of low XT events, and the acollinearity of the axes
of the jets is directly observab;e with this variable. We
can eliminate the effect of the acollinearity of the two
jets if we put XT =0, i.e Pin = 0 anywhere where Nj = 2 and
this will be done when we estimate as values in the next chap-
ter.

In summary we have used the values of st’<Tj>and <XT>
obtained from the qg and qgg Monte Carlos after fragmentation
and from the data to calculate the branching ratio Br =

qag’

The values obtained are

Br = = 25.21.01 9 i F..
rqqg % using 33
quag = 29,330.94% using <Tj>
quag = 32.57£0.76% using <X;>

at €= 0.15 & = 30°
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c A A P T E R 7

STyDpDY OF QCD MATRIX ELEMENT

& AMPL ITUDE
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7.1 Extracting the signal of 3-jet events

We now compare the data to our First order QCD model in-
cluding the mechanisms gq and gqg.

This is done with the choice of the following cuts:
1. €= 0.2 and &= 30°

This cuts of our multijet method have been studied in the pre-
vious chapter, which at this value of g and & gave good results
in absorbing hadronic effects and maximizing the number of
three jet events and also gave good agreement between all

the multijet variables.
2. number of jets reconstructed (Nj) = 3

This removes the bulk of qq events as well as some of

the gqQg events.
3. |@N|>8o°

Oy is the angle between the normal to the event plane and
the e'e axis. This cut removes qQqy which are coplanar with

the beam axis.

Q
4, 923%1—Tj);5
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Hadronization @n make QQ produce events with N, = 3,
but these events are systematically shifted towards high
thrust and low CbB and so will be removed by these cuts.
Also soft photons will be removed by this cut.

This condition removes this kind of event allcwing a
further reduction of the background to the QCD three jet.

In addition to these cuts we set the following:

where XB 20,1 will remove very low gnergy Jjets which are
likely to be badly reconstructed.

Following the same procedure as outlined in previous
chapters we obtain the branching ratio quag using the quan-
tity F

33 and obtain a very similar result i.e

Br - = (24.26%0.92)%
qde ( )%

Hence the action of the additional cuts has a negligible effect

on the result.

Using the result quag we will compare the data with

the prediction of the model, where the model is a mixture
of 24.26 qqg events and 75.74 qq events for the vector gluons.

The same technique yielded quag=2l,1610.75% for scalar gluons.

7.2 Camparison between the QCD models and the data

Figures 7.1, 7.2, 7.3 and 7.4 show the distribution of
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Xl, XT, XT/Xl, cos® for the data, for vector gluon and sca-
lar gluon QCD models studied.

Our way of selecting the jets does not imply any prior
constraint on the mechanism of jet production. This is one
of the qualities of this jet analysis in comparison with ha-
dronic topology. Another quality, no less important, is the
fact that this approach allows us to define systematic error
within the result. Finally we conclude the 3jets produced
by different mechanisms show different kKinematic properties be-
cause according to table 7.2 the data exclude the purely ha-
dronic models bb or QR {(where b stands for bottom quark).

In table 7.1 we show the compariscon of the wvalues <Xl>, <XT>,
<XT/Xl >and <cos@>with QCD models for different gluon spin.

The table shows that QCD model with scalar gluon is excluded

at a level of 7 standard deviations. At the same time, we show
the existence of a difference of less than 0.22 standard devia-
tion between the data and QCD model to first order with wvector
gluons.

The results of table 7.1 show that the kinematic region,
where the 3jets are defined, is large enough to allow selec-
ted events to retain their characteristic properties.

The conclusion cof this section from the distributions
shown and the tables is that the data is in favour of the QCD

model tc first order with gluon spin equal to one.

7.3 Determination of as

So far we have found the values of quag i.e the frac-
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tion of qqg events, which are required to give the expe-—
rimentally measured values of the multijet variables F3j,
XT and Tj' We now wish to find the corresponding values
of O%, the quark gluon coupling constant. as is related to

Br — wvia the formula (e, 19):
qQdg
d 2 Xz X2
- +X—=
1 og3ag _ 2 %(Q ) g
o IX dx= " 3 T (1% ) (1-%=) for vector gluons
0 q - q q q
with
g
Br = = g&ﬂﬂ&l , where <. is the total zeroth-~order
qqg QJ 0

cross—-section. Thus we can write

Progg = % 1
where I is the integral of the above expression with limits
which are related to the cuts which are used to distinguish
the qqg process from the gq process.

The value of I thus found was I = 1.71, This value is
obtained by analysing the Monte Carlec events ensuing due to
various admissions for the value of GS' Using the value of
we can now list the values of a corresponding to the values

of Br_ - found earlier
qdg

variable used Br - a
aqg 5

st 25.2%0.8% 0.147320,00486
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T, 30.99%0.99% 0.1811*0.0057

X 33.5320.79% 0.1960t0.0046

As mentioned before (chapter 6) the values deduced from Tj

and X, are systematically shifted higher because of the

T
apparent acollinearity of 2 jet events due to instrumental
effects, We can attempt to correct for this by setting

XT = 0 and Tj = Xl when Nj = 3, The result of doing this

are shown in Figs. 7.5, 7.6. In section 6.1 we have applied some

cuts to eliminate certain effects explained there and

t Br - = 24.26+0.94 9
we get Broz. (A
The corrected value of <T.> and <X.>
corrected corrected
and st yield
iabl d Br - a
variable use qde s
F.. 24.26+0,94% 0.1418+0,0055
3]
corrected
T, 27.78+0.,92% 0.16823+x0,0053
Jcorrected
XT 27 .56+0,86% 0.1611+0.005
corrected

we note that these values of as from XT and Tj are not in-
consistent with that deduced from st.

Combining the three values of &_ from F,., T.
S 3] J
corrected

and X gives an average value

corrected

. = 0.155+0.,0053
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we can get an estimate of the systematic error by comparing

this value with that obtained by taking the average of the

T

acollinearity  effects. This indicates a systematic error

Qg values obtained from F3j’ Tj and X, beforecorrection for
of *0. 0197 ,our result for 0!.S is thus

ay = 0.155£0.005%0.020
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Data QACDv (agy) QCDs (os)

<Xt/2> | 03180+ 0.0027 0.3178 (0.0740 ) | 0.3389 (7.7407 o)

<Xi> 0.8680+0.0014 0.867 (0.0714 6} | 0.8557 (87857 ).

<COS 6>| 0.398020.0067 03984 (0.0597 o) | 0.3568 (6.1492 @)

<Xt2X1>| 0,370+ 0.00%9 03748 (O.ZOS1 ¢) | 04057 (81282 ¢ )

MEAN VALUES OF THREE JET MATRIX
ELEMENTS USING VECTOR GLUON AND
SCALAR  GLUON .

Table : 7.1
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DATA BB Qa

F3) 0.147 £ 0.003 0.122 0.085

<12- X7> | 0.318+0008 0. 2684 0.280

< X1> 0-868 + 0.001 0.890 0.887
<17 X1/ X1> | 0.389 +0.006 0.323 0.321
<C0S 8 > | 0.374+0.003 0.443 0.484
e o MEAN VALUES OF THREE JET MATRIX

ELEMENTS FOR THE DATA AND PURE
HADRONIC MODELS .
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cC H A P T E RE 8

SHORT STUDY OF QCD CONVERGENCE

& PURE HADRONTIC MODEL AND OVER-

ALL CONCLUSTION
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8.1 Introduction

In this chapter we will present the four jet contribu-
tionbat the present PETRA energy, discuss the convergence
of perturbative QCD as a result of the contributicn of four
jets, look at the capacity of a bb model and finally give an

interpretation of our result with the overall conclusion of

our study.

8.2  Fraction of four jets events sz

We shall question the constancy of the fraction F4j’ with
respect to the choice of €and 6. We have seen that st is
practically constant for e«0.15 and 5230° Therefore, we shall
look for a similar requirement for F4j'

We have to take MO = 3 Gev as a cut on the minimum in-
variant mass of each pair of partons in qagg and AO = 0,05
as the minimum acoplanarity of these event. The cuts (MO, AO)

are analegous to the cut T€0.95 for defining the qqg processes.

The comparison of the data with the QCD mcdel by using

F

and F4j allows the calculation of branching ratio quag

3]
using the following equatiocons:

[1-Br = -Br -~ ]xF..| +Br = xF_.| +Br - xF..| = F..
3 - 3 - 3 - 3
adg " aded " 3 qq 938 3 g5, 93eE 3 5. 3 qata
[1-Br = -Br - JxF,.| +Br_ =~ xF,.| +Br - xF, .| = F .|
4 - 4 - 4 - 4
adg” qdgg’ T 43 45 adg 4) o3, 9988 4 g5.p M data
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Fig 8.3 shows how the gggg process can éppear as three

jets of reconstructed partons if ¢ and § are large.

: 2
The comparison of the data with the QCD model of O(a S)
: i F,, and F,. allows calculation of Br - . Figs.
by using 33 43 qdgs ig
8.1 and 8.2 show quagg decreasing as a function of
o
e and § and becoming close to zero for 6 = 30 and € =0.2.

From these figs. we get

Br(qdgg)= 6.09%0.3 Y for quanta multijet

Br(qagg)= 6.1*0.7 1‘ for hadron multijet

The statistical error indicates the weakness of the signal
F, . observed.
4]

Here we see lowvalues of Br(gqgg) which are very

small and compatible with QCD model pradictions

8.3 Test of the convergence of perturbative QCD

So far, we have been only considering the term of order
O in the perturbative QCD series. Here we pay some attention
to the perturbative effects of 2nd order in a;. Fig. 8.3
shows the dependence on € and § of the quantum multijet variab-
le st for qqgg events. From this figure we see that
st(qagg) - 52% fore= 0.2 and 5= 30 .

We don't include the process qggg from the begining be-
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cause this correction is small and its effect may be neg-
lected. Therefore the application of this correction makes
necessary a detailed study of the three and four jets, and
this is not feasible, unless the properties of the three jets
are very clearly and well defined.

The variation of the fraction Br(qqg) after including
qqgg as a function of ¢,8 has the same properties as Br(qag)
using only processes aq and qag. We see Br(qagg) is of order
of 5 % less than using first order.

Therefore we have no valid reason in believing in a
measurable contribution of the four partons process to the
sample of three jet events cobserved. The contribution of this
process to the production of the three jets of hadrons being
about equal to its contribution to the production of 4 jets,
thus showing that the QCD model is compatible with the pro-
duction of a negligible <fraction of events with four jets of

hadrons.

8.4 bb effects

The interesting characteristic of the bb model (where
b is the bottom quark) is the capacity of this model to
produce events possessing a structure in three lobes of
momentum well separated. As with the three jets of qqg process
once again, the fracftion Fjj in this model is comparable

to the data but the other kinematic variables do not show

a consistent picture.
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Figs. 8.4, 8.5, 8.6, 8.7 and 8.8 display the distribution
of F.., <X,,>» <N.> <T, >, F,,, as a function of £,& for

3J T J J 43
hadronized Monte Carleo. These figures show the strong va-
riation of purely hadronic effects with the choice of the cuts
ine ,& . More severe cuts than€ = 0.2 and & = 30, have been

mcre effective in minimising the effects of hadronization when

these cuts have been accepted by the matrix element of qqg.

8.5 Interpretation of the results

In order to make evident the hadronic structure in mul-
R -
tijets as produced in the e e annihilations, several physi-

cists with different approachs, have studied this problem
(79, 72, 105, 30, 32, 96, 5, 78, 36, 63, 14, 53, 115, 93, 35,

95, 94, 55, 46, 104, 57, 68, 71, 72)with a variety of results

(79, 68)

depending on their approach and belief. Some other

approaches to studying the jet structure using cluster analysis
(78, 59, 42, 77) should not be confused with our analysis.

We are studing the hadron jets, and not the fragmentation of

jets, in the kinematic regicn where
i jet of energy «————» 1 parton of energy

This kinematic region is far from the region where the
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perturbative calculation may be questionable at an energy of
35 GeV.
By comparing our results to those of other people at

pprra (111, 67)

we get a very stable value of ag with or with-
out cuts in this kinematic region. In our analysis the syste-
matic error 1s almost independent of the properties of the

(57)

hadronization of the partons and only reflects the reso-

lution of the apparatus but cur final result is similar to
other work (111, 67).
The effects of the gluon spin have been made evident, using

(67)

thrust Xl or Ellis-Karliner angle cosg .

The calculation of F4j is in good agreement with other
calculatiOns(SS’ 120, 119).

Qur choice of jet angular size and eenergy cut is in good
agreement with the generalisation of the Sterman-Weinberg model
to the case of 3-jets (95).

Qur method allows us to makea separation between 2-jets,
3-jets and 4-jets with the same cut (g,5), thus allowing a co-
herent definition of terms of the perturbative series. The

'experimental cuts ine and & are necessary to absorb the hadronic

effects.

8.6 General conclusion

We conclude from the foregoing that the production of

events with three jets of hadrons in e"e” annihilation at c.m.
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energy equal to 35 GeV by radiation of hard gluons, is well
described by QCD, not only the rate of events, but also the
kinematics of the three jets, The possibility of producing
three-jet events by purely hadronic effects has been discounted,
not with regard to hadronization, but by considering jet dy-
namics. The contribution of terms of the order of a; to the
effective cross-section for production of three jets is small.
The éerm of order a; of the perturbative series, is not direct-
ly visible at the present energy of PETRA, which sugests that
the data are in favour of a rapid convergence c¢f the perturba-
tive series. An effective cross-section for producticn of
events with four jets, by the process qdgg and qqqg is
measured. The rate of four-jet events is compatible with con-

tributions due to various processes with three-jets:

e.g. qdqgy and bbg.
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