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Ab st ract 

Data taken at an average centre of mass (c.m.) energy 

of 34 GeV with the TASSO detector at PETRA is analysed 

by a cluster technique to identify multijet structure 

produced in e + e annihilation to hadrons. The method 

used is insensitive to details of the hadronization 

process. 

This method allows a study of the underlying ori-

ginal quanta 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 constantcc and provides good evidence to 
3 

support the vector gluon hypothesis. 

The thesis also contains a description of the cen-

tral charged particle detector of TASSO 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 e + e 

annihilation at an average energy of 34 Gev. 

In the first chapter we give a qualitative phenomenolo-

gical introduction to Quantum Chromodynamics (QCD). We try 

in this chapter to explain the fundamental difference between 

QCD and quark 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 off 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 method 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 QCD 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 a • 
s 

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

pret the results and give conclusions. 
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1.1 Introduction 

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 violent 

collisions arose the theory that the proton contained dis-

(17) 

crete scattering centres . B y studying the distribu-

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 ^7) ̂  

A similar phenomenon was observed by the CERN-ISR 

Groups. The large P T 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. 

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 quarks was treated with some scepticisim 

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

with the fact that quarks did not appear to obey Fermi-Dirac 
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statistics. This however, was solved 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 
1 4-w 4-- o ( 6 2 > 9 7 ) 

example the ratio H 

, D (e +e + hadron) where R = — — — 
(e eZ \i ii ) 

0 ( 1 ) 
or the decay rate 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 c^, in analogy with the electromagnetic coup-

ling constant a . In contrast to electromagnetism, gluons 

can directly couple to gluons as well as to quarks. 

QCD stipulates that an isolated quark will be surroun-

ded by a cloudy mass of coloured quark-antiquark pairs. 

This will cause n to increase at short distances. How-
s 

ever an isolated quark will also be surrounded by gluon 

pairs and this will tend to decrease n at short distances. 
s 

If there are less than sixteen quark flavours the net effect 

is that a _ 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 
ne 

is the total confident of quarks within hadrons. 

e + e 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 properties of the gluon and 

the nature of the strong force field. 

1.2 Models for e+e annihilation 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 colliding beams. A 

coherent description is achieved based on the quark model 

( 87) 

and the gauge theory of.strong interactions (QCD) 

The vector dominance model is very successful for the 

low energy range, in describing p , co and$ effects for 

fs<.l GeV. Vector mesons and quarkonia models describe many 

interesting properties of vector mesons in e
+
e~annihilation 
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in the intermediate energy range (Ts^l). 

The quark parton model complemented by perturbative 

QCD, 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 e + e 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 

enaDles also rhe point-like structure of zhe quarks to con-

trol the dynamics of e +e~ anninilation. 

It is assumed that the quark parton model's validity 

is 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 production based on perturba-

tive QCD. The point-like production of a quark-antiquark 
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+ — 

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 gluon radiation and 

not modifying the initial momenta of the quark and antiquark 

significantly. 

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 q and q 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 application to e + e quark+antiquark of 

the general e+e~-+ff formula(e) or by the quark-antiquark con-

tribution to the hadronic renormal'ization factors of the gauge 

bosons. In the simple one-photon annihilation as shown in 

Fig. 1.1: 
2 

R = | Qa where Q a is the electric charge 

on quark 'a' 

l.b 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. 
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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 involved, 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 current quarks. In 

particular, the nucleon in spectroscopy is made up of three 

constituent quarks, whereas in the parton 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 gluons, which 

are not affected by the electromagnetic-weak interaction 

and carry approximately half the momentum of the nucleon. 

1.5 QCD 

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

bination of gluons to quarks, carrying a force between quarks 
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by means of the exchange of gluons, the latter being 

required as vector particles 

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 quark-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 special diagrams, 

making dominant contributions. A generalisation of the par-

ton model can be demonstrated, in which the vertices depend 

on momentum transfer ( 1 ' 3 6 ' 8 3 ) . Success has been claimed 

in explaining, in a quantitative way, deviations from Bjorken 

(16) 

scaling in deep inelastic neutrino scattering . It is 

still uncertain whether scaling violation could be accoun-

ted for by some other process particularly by quark-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. 
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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 quarks 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 quarks 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, only 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 part on model 

The relationship between QCD and the parton model lies 

in the assumption that hadrons are composed of quark con-

( 1 1 7 ) 

stituents bound together by exchange of gluons VJ--L// 

In the case of a hard collision, one regards these 

quark 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 

(113 

than the parton model and the other field theories ' 

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, so that its 

pair of secondaries may be at appreciable angles. Such a par-

ton with a high mass occurs in a short period of 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 components of momenta transverse to the direc-
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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 processes 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, 

(65 3) 
in practice, been compared with experimental data ' , 

using perturbation theory to calculate the first stage and 

(49 6) 
a phenomenological model ' 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, most 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 gluon 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, not observable for quarks produced with 
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with energies <5 GeV, in the case of an initial quark, 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 gluons. 

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 gluon. The angle between the radiated gluon 

and its parent quark are generally small for most events, 

with the resulting jets not being separated. 

1.8 Non-perturba t ive hadronizati on model s 

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 volume 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 boosted with a momen-

tum a jet of hadrons results with limited transverse 

momenta|£| |, with respect to the direction of quark (q), 

and with longitudinal momenta PM . The distribution of hadron 

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

of transverse and longitudinal functions as follows: 

F(P„, P.) = D h(z) f(P, ) 

f(P, ) = -4- e'^l and a = 1 

TI — 2 
< PI > 

and D (z) is the probability of finding the hadron h in a 

jet with a fraction z = P„ /P of longitudinial momentum. 

The afore-mentioned scaling property or dependence on z 

and not onF},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 

tan6 = —p 
q 

and neglecting masses in e + e qq 
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I P I 
1*11 i 2 

2 P 
< T > 

tan o = 
Z {s 

In this description, the l i m i t e d < P T > is independent 

offs, 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 polar tzation. 

D ° Q 2 Q ( 1 + C O S 2 Q) 
d a 4s q 

Qq is the .quark charge in units of e and Qis 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-

lible This model 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 quark masses, can be written as: 

R( s) = 3 ? Q2i [l+ a t } ] 
1 TL 
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The f a c t o r 3 o r i g i n a t e s from the t h r e e - c o l o u r s t a t e s of 

the q u a r k s i . To this o r d e r , a ^ can be w r i t t e n as: 

12 re a 
s S 

(33-2n) log 

w h e r e n is the n u m b e r of q u a r k f l a v o u r s and A is a c o n s t a n t 

w h i c h sets the e n e r g y s c a l e . It can be seen that as 
2 

s 00 R-*3 2 Q ^ the p a r t o n m o d e l v a l u e . 

To 2nd o r d e r in a , n e g l e c t i n g the q u a r k m a s s e s and 
s 

c a l c u l a t i n g in the m i n i m a l s u b t r a c t i o n r e n o r m a l i z a t i o n 

^ ^ scheme: 

2 . a Q . . a - .2. 
i 

R ( s ) = 3 ? Q , [1+ + ( 7 .35-0 .442n) 

with: 

12 tx 3 0 6 - 3 8 n r 12 . S 
= — - 4 t i ( 3 3 - 2 n ) ( 33-2n) logS ] l o g l o g ~ ~ T 

( 3 3 - 2 n ) log 
s 

These e q u a t i o n s are d e p e n d e n t on the n o r m a l i z a t i o n 

(15) 
scheme c h o s e n , and a change of scheme r e p r e s e n t s a 

r e s e a t i n g of a* The r e s u l t s for R ( s ) , s h o u l d be v a l i d for {s, 

—2 

m u c h l a r g e r than A and at a d i s t a n c e Z 4 M^ from the t h r e s h o l d s . 

In the r e g i o n of t h r e s h o l d s there is a s i n g u l a r i t y p r o b l e m , 

w h i c h is r e l a t e d to the b r e a k d o w n of p e r t u r b a t i o n t h e o r y , 

caused by C o u l o m b - l i k e e f f e c t s of gluon e x c h a n g e . 

1.11 QCD jets 

The o c c u r e n c e of a g l u o n c o u p l i n g ^ b e t w e e n the q u a r k s 
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modifies the parton jet m o d e l , and in the case of QCD this 

is as follows: 

The diagrams in F i g . 1.5 contribute to the 2-jet distri-

bution of hadrons in addition to the simple e +e±qq ter m , as 

well as the production of a third jet (gluon) when this is 

radiated with a hard m o m e n t u m . 

Several problems exist in this c a s e , firstly the h i g h e r 

order diagrams posses infra-red singularities as well as 

mass s i n g u l a r i t i e s , these being due to the massless g l u o n , 

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 quantities at a given order of perturbation t h e o r y . 

The hadronization of quarks and gluons is m o r e o v e r , not cal-

culable in perturbative Q C D , and is a non-perturbative effect 

related to c o n f i n e m e n t . This process is generally treated 

in a phenomenological w a y , by the introduction of quark and 

gluon f r a g m e n t a t i o n . 

At the order a the cross-section will receive a con-
s 

tribution from the square of point-like amplitudes as in 

( 76) 

Fig. 1.5a the square of the gluon bremsstrahlung in 

Fig. 1.5b, 1.5c, as well as the interference of the loop correc-

tion 1.5d, 1.5e, 1.5f, with the point-like a m p l i t u d e . Neg-

lecting the quark m a s s e s , the point-like cross-section is as 

follows: 

f s = j f (1+cose) 
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The gluon bremsstrahlung cross-section e + e —* qqg 

in F i g s . 1.5b and 1.5c is as follows (Ellis et a l . , 1976): 

da _ d g 
d x x d x 2 ~ d h • 

(This formula is valid for v e c t o r gluons) 

2pi 

X^ = —g- are the reduced energies of the quarks where 

x x + x 2 + x 3 = 2 

This cross-section is singular for X ^ + 1, when the gluon 

is collinear to one of the q u a r k s , or when the gluon energy 

is reduced to z e r o . These singularities only occur if the 

gluon is m a s s l e s s . 

C o n t r i b u t i o n s from the d i a g r a m s , F i g . 1.5 can be divided 

up as follows: 

-1) The contribution of F i g s . 1.5b, 1.5c, where one jet 

is causes by a quark (or antiquark)and the other jet is caused 

by an antiquark (or quark) plus hard g l u o n . 

-2) The contribution of F i g s . 1 . 5 b , 1.5c, where one jet 

is caused by q or (q), and the other by q (q) plus a soft 

g l u o n . 

-3) The contribution of the interference of F i g . 1.5a 

with 1.5d, 1.5e, 1.5f, one jet thereby being caused by q 

(or q) and the other by q (or q) without gluon r a d i a t i o n . 

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

e n o u g h , so that non-perturbative e f f e c t s , (vector m e s o n s , 

i 
2ao , xi a 
o-^-t/q—v+ w i—y—v + cyclic p e r m u t a t i o n s o f ] 3 ti u - x 1 ) u - x 2 ) ^ ^ 
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thresholds, P T of the f r a g m e n t a t i o n , e t c . ) , which behave 

like inverse powers of \fs, become n e g l i g i b l e . 

1.12 Soft gluons 

The multiple emission of soft or collinear gluons con-

tains infra-red d i v e r g e n c i e s , as illustrated by many dia-

g r a m s , one of them shown in F i g . 1.6. No rigc rous 'theory 

has been brought into being as y e t , but some p r o g e s s has been 

made
 ( 3 6

>
 8 2 )

. 

1.13 Quark and gluon fragmentation 

Quark and gluon fragmentation may perhaps be compared 

by means of three jets interpreted as hard gluon b r e m s s t r a h l u n g . 

A higher multiplicity is thought to be yielded by gluon j e t s , 

as well as a larger jet cone angle compared to quark jets of 

(65) 

the same momentum . This is explained by the fact that 

the larger colour charge of the g l u o n s , leads to a greater 

parton multiplicity in their e v o l u t i o n . The gluons has on 

a v e r a g e , a smaller energy than quark or a n t i q u a r k . 

1.1k Monte-Carlo models 

Two different m o d e l s are used in the analysis described 

( 65 ) 
in this thesis, one model being due to Hoyer et a l . , 

with a detector simulation part written by D r s . S . Lloyd 

(3) 

and B . Foster, and the other by A l i et a l . . Both of these 

models are designed on the lines of the Field-Feynman model 
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( 4 3 ) 
and include QCD effects . The H o y e r et a l . model has 

corrections of order q^, the Ali et a l . model includes 
2 (4) 

some a terms . Initial state radiative correction is 
s 

(13) 

provided by Kleiss and Behrend , being applied in both 

Monte Carlo m o d e l s . A f t e r emitting possible radiative 

p h o t o n s , quarks and antiquarks are generated in the flavour 

ratio of their charges squared: 

uu : dd : si : cc : bb = 4:1:1:4:1 

The parton level differential distributions are gene-

rated in accordance with perturbative QCD matrix e l e m e n t s . 

The A l i et a l . m o d e l s includes all Feynman diagrams up to 

the second order in ft, except for the second order virtual 

correction to three-jet e v e n t s , resulting from interference 

between diagram ft illustrated in F i g . 1.7c, and those from 

C 2 - C l l shown in F i g . 1.7c. 

The following is required: 

°2 j e t  + a3jet + °4jet = Q t o t 

where ° 0 . . i s the contribution to the total cross-section 
3jet 

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

similarly °A . . the contribution of the processes with 
4jet 

4 partons in the final s t a t e . The a
0 . . and the °A . , are 

^ 3jet 4jet 

calculated from Q C D , as are the angular momentum distributions 

of the partons in these p r o c e s s e s , in principle it being 

possible to generate partons in the p r o p e r ratios for Oth 
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1st and 2 nd order a g processes. In p r a c t i c e , however, 

problems with divergences must be dealt with, the cross-

sections for: 

e + e ~ » qq (1.1) 

e
+

e " * qqgg ( 1 . 2 ) 

e + e ~ > qqgg (1.3) 

are singular with the limit of the parton energy approaching 

zero, suitable cuts, therefore have to be m a d e . The cross-

section for e + e qqg 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 sect'ion 1.5) of the 3-parton system approaching o n e . 

The processes e + e -*• qqg with a gluon traveling exactly 

parallel to a quark or with very soft gluon, is observatio-

nally indistinguishable from the process e + e + q q . 

T^.the thrust cut is set close to one so that qqg events 

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

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 A Q cut is 

therefore made, where acoplanarity=4min [ 41
 p
i o u i-l /sI PiJ J 

where the sum run over all particles in event, p l
Q u t

 i s mea-

sured perpendicular to a plane chosen to minimize A . There 
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are v a r i o u s suggestions as to what T Q and A Q should b e . 

A m o n g others was the suggestion that TQ should be in range 

of 

0 . 9 5 -̂ tQ-s* 0 . 9 8 

(65) 

at highest PETRA energies . Aq = 0.05 has been sugges-

ted, for quarks and gluons fragmented according to the 
(86) 

Field-Feynman presciption , the same method being used 

in both m o d e l s . This does not describe the true physics of 

the confinement p r o c e s s , it is purely p h e n o m e n o l o g i c a l . 

M u l t i p l i c i t y , longitudinal and transverse momentum rela-

tive to the jet axis as well as gross jet f e a t u r e s , are des-

cribed by the algorithm proceeding as in F i g . 1 . 7 . The pri-

mordial quark interacts with the quark sea producing a qq pair' 

and then combines with the q , forming a h a d r o n , leaving the 

remaining sea quark q . The probability factor for splitting 

(E+P„) between the ensuing hadron and the surviving sea quarks 

is as follows: 

f h ( z ) = A . + 3 A + 1 - Z ) g f f 

with 

z =
 ( E + P " ^ h a d r o n 

( E + P j 
" q u a r k 
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The sea quark q repeats the p r o c e s s , and it 

ceases when a certain arbitrary minimum energy of the q is 

r e a c h e d . The last q (q) of the one jet combines with the 

last q (q) of the other j e t . 

A ^ is a c o n s t a n t , controlling the m o m e n t u m - d i s t r i b u t i o n 

of final state hadrons and is a free p a r a m e t e r in the m o d e l . 

It has been suggested that heavy quarks (c) differ in their 

( 78) 

fragmentation from light quarks (u, d , s) , so another 

p a r a m e t e r , A ^ , is introduced for charm and bottom fragmen-

t a t i o n . The flavour distribution of the quark sea is also 
( 65) 

a free p a r a m e t e r in the fragmentation model as is, the 

ratio of primordial pseudoscalar to v e c t o r m e s o n s , P / ( P + V ) , 

produced in f r a g m e n t a t i o n . 

It is assumed that the transverse momentum distribution 

for primary hadrons is of the functional form: 

where a characterizes the observed P T d i s t r i b u t i o n . This 

is a free p a r a m e t e r . 

The fragmentation p r o c e s s , as d e s c r i b e d , is only appli-

cable in the case of quarks and a n t i q u a r k s . In Monte Carlo 

m o d e l s , in the case of the Hoyer et a l . model the primordial 

gluons split into qq where one of the quarks takes almost 

all of the m o m e n t u m . In the case the Ali et a l . m o d e l , the 

momentum splitting function is arbitrary and is determined 
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from d a t a . 

A n o t h e r free p a r a m e t e r in the Ali et a l . model is Qg» 

the characteristic transverse momentum of the quark relative 

to the initial gluon in the processes g q q . It is note-

worthy that the fragmentation function from the process (1.1 ) 

as used in the A l i et a l . model is modified by Q , depending 

( 6 o ) ^ 

on the effects predicted by QCD . The Q dependence of 

the fragmentation function for a given A ^ tends to soften 

the momentum distribution of final state h a d r o n s . 

In summary, it is worth mentioning that for the frag-

mentation process a , a , A f and P / ( P + V ) in the A l i et a l . 

model and in the Hoyer et a l . are free p a r a m e t e r s . 

Finally, all unstable hadrons undergo d e c a y . Surviving 

primary h a d r o n s , and also decay products are traced through 

the simulated detector; geometric acceptance, multiple s c a t t e r i n g , 

secondary interactions in the detector material and selec-

tion cuts with events generated in this procedure being taken 

into a c c o u n t . 

1.15 Methods of jet analysis 

Several v a r i a b l e s have been introduced in order to 

characterize the order in which the particles are distributed 

in s p a c e . This was done p a r t i c u l a r l y , in order to distin-

o 

guish more or less isotropic production from jet f o r m a t i o n . 

Some m e t h o d s have been accorded various advantages 

either for theoretical r e a s o n s , or for convenience of nume-
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rical a n a l y s i s . An advantage is claimed by a theoretical 

requirement that m o m e n t a should be added l i n e a r l y , so that 

infrared divergence problems may be dealt with (or compen-

sated for) in the calculation of quark-gluon c a s c a d e s . Two 

m e t h o d s , which satisfy this requirement, are thrust and 

s p h e r o c i t y . The other methods are often quicker for numerical 

analysis and use variables which have been defined from study-

4. 4- 4- (11, 51) 
ing event structures ' 

\ N 

-1) Thrust: The event-axis is c h o s e n , so that slP^i' 

is a maximum where P ^ are the components along t h e i _ 1 

axis of the N particles in the two-jet cm s y s t e m . 

Numerically this axis is found be achieving the subset of 

p a r t i c l e s , whose resultant momentum has the maximum magni-

tude; the thrust axis being in the direction of that resul-

t a n t . The c o m p l e m e n t a r y subset, somprising all p a r t i c l e s 

not in the first subset, have a resultant momentum of the 

same m a g n i t u d e , in the opposite d i r e c t i o n . The thrust axis 

i s , accordingly, along the direction of the maximum magnitude 

of the two s u b s e t s . W i t h this axis the jetlike nature of 

the system is accordingly characterized by the 'thrust': 

T = max J l p
L i l /^iPjJ a system of N particles 

i=l i=l 

ranging from 0.5 for an istropic distribution of m o m e n t a 

to 1.0 for a distribution where all the m o m e n t a are aligned 
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along an a x i s , for ccillinear p r o d u c t i o n . 

(3 4) 
-2) Spherocity ' : The axis is found by m i n i m i z i n g 

n ip i 
2 Ti , where P T . is the component p e r p e n d i c u l a r to the 
i = l 1 

a x i s , spherocity S' is then defined by 

N IP I 2 S 1 fT± 1 

S'= (± - ) m i n < ^ ) 
K N -

s lpil 
i = l 

(19) 
-3) Sphericity : In this case the sphericity 

-V 2 

axis is c h o s e n , which m i n i m i z e s 2 1 P ^ | , and is found by 

diagonalizing the matrix: 

- i ni 
i j N 2 ki A kj 

k=l 

M_. „. = f gP,... P 

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

The matrix Pft . has e i g e n - v e c t o r s , n 1 , n ^ , n ^ and normalized 

eigen v a l u e s 

2 ( P k . n )2 

A , 1 2 
2 I P k l 
k K 

with A x + ft + ft = 1 and A 1 ^ A 2 ^ A 3 

+ A 
n~ is the priciple axis which is called the sphericity a x i s , 
o r 

around which the particles are c l u s t e r e d . The event plane 

is defined by (n^, ft)* The normalized eigen-values provide 

two independent numbers indicating the shape of the momentum 
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d i s t r i b u t i o n , the sphericity variable being: 

S = 1 isotropic events 

S = 0 colinear events 

in general 

0 £ S 1 

and the aplanarity: 

A = | A i , 

A = 0 p l a n a r e v e n t s , 

generally 

The mean value of the transverse m o m e n t u m , squared res-

pect to the principle axis n 3 of the event plane is defined 

by: 

s = | (^g+ag) = | (1-aj^) 

0 a 

1 n _ _ 2 

Within this plane: 

. 1 
22n, 

i n - - 2 

in k=l 

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

+ ( 20) 
n^ with n ^ being the thrust a x i s , is constructed , with 

-V 
n0 as the axis which m a x i m i z e s the momentum flow perpendi-
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cular to the thrust a x i s , and n ^ p e r p e n d i c u l a r to n 1 and 

n 2 > 

2lP n 2 

k 
major = — 5 

SIP, 
k 

SlP. .n 0 . k 3 
k 

m i n o r = — = 
s i p k 

Oblateness 6 = m a j o r - m i n o r , measuring in another w a y , the 

planarity of e v e n t s . Oblateness = 0 for cylindrical jets 

(22) 
-5) Triplicity K }\ 

t3 = — 2 2 lpkl 
2 Ip. I I . . K 

k i=l, 3 keci 

where m o m e n t a are assigned to these classes c^ chosen in 

such a way as to maximize T^, this being suited to the case 

(12) 
for 3-jet events 

(52 53) 

-6) Shape parameters ' : The distribution of 

m o m e n t a is p a r a m e t r i z e d , without determining the jet a x i s . 

It essentially uses the coefficients of a Legendre expan-

sion of an angular correlation between pairs of p a r t i c l e s . 

These coefficients are as follows: 
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H = J j s L U s L P (cos^kk) 

' s 
k , k 

S is the square of the e + e ~ centre of mass e n e r g y , and P^ 

is the Legendre polynomial of the angle 6 between two 

final momenta; then energy-momentum conservation requires 

HQ^I and H^ = 0 ; c o l l i n e a r jets give H 1 = 1 for 1 even and 

H = 0 for 1 o d d . 

H, 
Generally : $ 1 

h 0 

These coefficients should provide useful information about 

the shapes of more complicated structures, for e x a m p l e , when 

more than one energetic gluon is radiated in electron-

positron annihilation at higher energies than those available 

at P E T R A . 

-7) Energy flow: Determining the sum of energy or 

m o m e n t u m , as a function of the a n g l e , into various bins of 

a n g l e , so that jets are shown as peaks in such a plot: 

Events to be tested should be p l a n a r , and in the case of 

three-jet e v e n t s , it is useful to study the energy flow pro-

jected onto a p l a n e . 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 p a r t i c l e s , 

such as calorimeter system, when individual tracks may not 

be s e p a r a t e d . 
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- 8 ) P o y n t i n g v e c t o r This is the m e t h o d of 

i l u s t r a t i n g the m e a n d i s t r i b u t i o n of m o m e n t a p r o d u c e d 

p ( t , e> = p d ° , 
dTd cose 

© r e p r e s e n t s the angle b e t w e e n the m o m e n t u m P and the t h r u s t 

axis n in the e v e n t s p l a n e . 

q n 4. (40, 1 0 , 4 1 , 7 7 , 7 1 , 59) 
- 9 ) C l u s t e r a l g o r i t h m s : 

S o p h i s t i c a t e d c l u s t e r i n g a l g o r i t h m s have b e e n d e v e l o p e d and 

w i l l be e x p l a i n e d at a l a t e r s t a g e . 
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Fig: 1.1 The simple one-photon annihilation. 

Fig: 1.2 Some of the next order of perturbation. 

Fig: 1.3 The cylindrical jet picture. 
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Fig : 1.4 

Fig: 1.5 

hard 

Fig: 1.6 Two of the higher-order CLCD diagrams 



- 32 -

a ) 

b ) 

c ) 

Fig: 1.7 

\ y 4 > - \ z > ~ 

a ) Feynman diagrams considered in the Hoyer et al. 

QCD model. 

b ) Additional terms considered in the - All et al. QCD model. 
2 

c ) Diagrams C2 to Cn that contribute to the order CXs 

virtual correction to the process e+ e" — QQG 

through interference with Diagram C1. 

In each case, additional diagrams resulting from the 

permutation of quark and antiquark are not shown. 
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r = E+Pi rH = Z rq r t f - Z rq' 

q _ // q 

rq 

tot iniiiw 

rq' = (1 - Z) rq rq '=(1-z ')rq' 

Fig-. 1.8 The Field - Feynman model of quark hadronization 
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C H A P T E R 2 

E X P E R I M E N T A L SETUP 
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2.1 The PETRA storage ring 

( 85) 

PETRA (Positron Elektron Tandem Ringbeschleuniger 

A n l a g e ) began operation in autumn 1978 as the highest ener-

gy e + e ~ colliding beam machine in the world (see table 2 . 1 ) . 

The layout of the storage ring is shown in F i g . (2.1). 

There are six experimental h a l l s , whose positions are also 

shown in F i g * ? . ^ 4 ^ . The. South East hall contains the TASSO 

d e t e c t o r , which will be described in more d e t a i l . These halls 

are arranged symmetrically about the b e a m , with exception 

of the north-west h a l l , which extends 10 metres from the inter-

action point on the outside to 20 metres on the i n s i d e . 

The storage ring has eight bending sections, each with 

a curvature radius of 256 m . The magnets are positioned 

symmetrically around the vacuum p i p e , which is 2.3 km in cir-

cumference and each array is separated by intersection r e g i o n s . 

The radio frequency system is located in the northern 

and southern r e g i o n s , and is operated using 64 cavities, dri-

ven by eight klystrons at 500 kHz and a total power of 4.5 M W , 

which gives a maximum beam energy of 18.3 G e V . The radio 

frequency provides for a symmetrical arrangement of the 

accelerating section and the experimental interaction p o i n t s . 

The technical parameters are given in table 2.2. These para-

meters depend on beam optics and correspond to 23 G e V , which 

is the highest energy accessible with present magnet d e s i g n , 

and can be reached by doubling the accelerating installations 

to central beam separation by electrostatic deflectors posi-
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tioned on each side of the intersection r e g i o n . The sex-

tupole m a g n e t s control the momentum (spread) expansion of 

the beam p a r t i c l e s . The bunch (size) dimensions have an 

width of a x = 0.1 c m , a height of cy = 0.01 cm and a length 

of a, = 1.0 c m . The beam pipe vacuum is maintained at 

5xl0~ 9 T o r r . 

A n improvement program has been started in order to 

increase the energy and luminosity of the PETRA m a c h i n e . 

E x t r a radio-frequency p o w e r and cavities will be installed 

in the east and west halls to upgrade energy o u t p u t . It is 

expected that PETRA will reach an energy of 20.5 GeV p e r beam 

in the autumn of 1982 and 22.5 GeV in the summer of 1 9 8 3 . 

An increase in luminosity by a factor of 2.5 owing to 

the installation of the mini-beta quadrupoles had been 

reached by January 1 9 8 1 . Micro b e t a studies are being un-

dertaken in order to the increase to luminosity. 

2.2 Luminosity 

This is defined as the proportional constant between 

interaction rates and c r o s s - s e c t i o n . 

o — ) — — a ) 

n + f B 

flux 

n 

target. 
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Asuming that e + carries the flux and e is the target: 

.+ ± 

n number of e per 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 = n u m b e r of incident particles x numbers of target p a r t i c l e s x a 
2 

sec cm 

n = n + f B a n /F 

n = L a 

7 r'y F = 4tt c^ 

L = n + f B n 1 f i 
4 T I a a „ 2 ' a a fB 

x y 4rc e x y 

where I = n efB are the beam c u r r e n t s , Small beam cross-

sections are limited since in trying to force an infinite 

current into a zero-cvf£«L cross-section the system will es-

cape towards greater thermodynamical equilibrium at the 

slightest d i s t o r t i o n . Such distortions are inhomogeneities 

within the magnetic f i e l d , the beam interactions being very 

important as otherwise beams could be forced through small 

cross-sections at the interaction p o i n t s . The beam cross-

section is not important e l s e w h e r e . 

The average differential luminosity over runs was 

1. 5xlO + 3 1cnT which gave-100 n b ^ a s integrated luminosity 
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p e r d a y . 

2.3 TASSO detector 

2.3.1 Introduction 
(101) 

TASSO ' (Two Arm Spectrometer SOlenoid) is able to 

detect charged particles and reconstruct precisely their 

m o m e n t a over a solid angle range very close to 4 TI steradions 

with a resolution — = 0 . 0 2 p . In this chapter we will 

briefly describe the various pieces of TASSO and will refer 

to the following coordinate system as shown in F i g . 2.2 

The z-axis is chosen to be along the e" beam d i r e c t i o n . 

The p o l a r angle © i s measured with respect to this a x i s . 

The transverse p l a n e , defined to be orthogonal axes (X,Y) 

with the x - a x i s taken in the horizontal plane pointing to-

wards the ring c e n t r e . When a cylindrical coordinate system 

is u s e d , the transverse plane is parametrized using the va-

riables (r-j6) where <b is the azimuthal angle and r is the 

radius vector: 

2 2 2 
r = x + y ; sin-j6 = y/r; X/r= c o s 0 

The transverse plane divides the detector into two iden-

tical p a r t s . This forward backward symmetry of the apparatus 

is essential for the measurement of a possible forward-back-

ward asymmetry in particle production 

The TASSO detector can be divided into two p a r t s , 
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as shewn in Figs. 2.3 and 2.4 for different v i e w s , the 

central detector comprising all components inside the 

solenoid m a g n e t and the outer detector comprising the liquid 

argon shower counters around the solenoid and the two hadron 

P 
arms equiped with CERENKOV c o u n t e r s , shower c o u n t e r s , time a 

of flight counters and muon c h a m b e r s . Since only information 

from the central detector was used in this analysis we will 

describe the central detector in more detail b e l o w . 

2.3.2 The TASSO central detector 

A t a centre of the central detector sits the beam pipe 

consisting of an aluminium cylinder with thickness of 4mm 

and a radius of 13 c m . Synchrotron radiation traversing such 

a large radius beam pipe has a minimum chance of hitting any 

detector c o u n t e r s . 

A particle emitted in the transverse plane and traversing 

the inner detector will see the following counters as showrtin 

F i g . 2 . 5 . 

2.3.2a The beam pipe scintillation counters 

A cylindrical scintillator surrounds the beam p i p e . It 

has an average radius of 15.05 c m . Its thickness is 0.5 cm 

and its length is 120 c m . They are used only for triggering 

on cosmic rays for calibration p u r p o s e s . 

2.3.2b The central prop ortional chamber fCPCJ 
tonn (114, 4 2 , 23, 26) . . ^ . 

The CPC ' ' ' is a low-mass cylindrical 
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multiwire proportional chamber divided by styrofoam cylinders 

into four s h e l l s . Each shell is 1.6 cm thick and 170 cm 

l o n g . Inside a shell there are 480 anode wires parallel to 

the beam axis and two layers of helically wound cathode s t r i p s . 

These strips are mounted against the styro foam walls on 

each side and wound in opposite d i r e c t i o n s . The strips are 

inclined by 36.6° with respect to the z - a x i s and allow z-po-

sition m e a s u r e m e n t of the charged tracks traversing the C P C . 

Each cathode layer has 120 strips of layer-dependent w i d t h . 

The CPC u s e s a magic gas mixture with percentages of: 

75 % a r g o n , 25 % isobutane with a small percentage of freon 

and m e t h y l a l . The gas flow rate is 15 1/hour allowing the 

CPC gas to be completely changed every 8 h o u r s . Table 2.3 

summarizes the pricipal dimensions of the TASSO C P C . A com-

(42) 
plete description can be found in R e f . 

2.3.2c The cylindrical drift chairber (DC) 

This is described in References ( ^ ' ^ ' W t ' m ' / 0 < ? ) 

It is the most important component of the TASSO d e t e c t o r . The 

chamber consists of two circular end p l a t e s , an inner tube 

and outer shell as shown in F i g . 2 . 8 . The end p l a t e s consist 

of solid a l u m i n i u m , are 3.5 cm thick and 265o mm in diameter 

being held apart by the inner tube and the outer s h e l l . The 

inner tube is made of 0.5 cm fibreglassepoxy to minimize the 

amount of material between the interaction point and the cham-

b e r . The surface, or outer shell of the tube is constructed 
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of 0.6 cm aluminum p l a t e s . 

The chamber has 2340 identical drift cells as in 

F i g . 2 . 9 . These cells are 1.2 cm h i g h . The distance between 

a sense wire and the nearest wires is 1.6 cm measured along 

the a r c . These cells are arranged in 15 equally spaced con-

centric l a y e r s . The n u m b e r of cells and the radius of each 

layer is summarizes in table 2.4. In nine of the layers the 

sense wires are parallel to the beam a x i s , the remaining six 

layers being strung at an angle of 4° with respect to the beam 

a x i s . E a c h cell is provided with one sense wire and six field 

w i r e s . The sense wires are 30 ym gold plated tungsten and the 

four potential wires are gold plated m o l y b d e n u m . 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 K v . on the sense wires and 0.62 K v . on the field 

w i r e s . The average efficiency is 96 % including electronic 

f a i l u r e s . 

(in 1 11/1 
2.3.2d The inner time of flight scintillation counters (IToFJ 

On the inner face of the solenoid coil are 48 scintilla-

tion c o u n t e r s , which form a cylinder, having a radius of 

3 

132.2 c m . The dimensions of each counter are 390x17.4x2cm 

with an attennuation length of 2 m , each end of these being 

viewed by a p h o t o m u l t i p l i e r . The average counter efficiency 

was found to be 98,7 % p e r tube with a signal threshold of 

80 m V . The pulse height and arrival time for each phototube 
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is recorded by A D C s and T D C s . The A D C s p h o t o m u l t i p l i e r 

tubes are calibrated with a LED/spark gap s y s t e m . These 

counters are used in the experimental trigger and cover the 

range of I cos ©| ̂ 0.8 (or 80 % of the solid a n g l e ) . The time 

resolution of the counters in 400nsec in the centre of the 

counters improving linearly to 350nsec at the e n d s . 

2.3.2e The TASSO solenoid magnet 

The solenoid axis is aligned along the beam direction 

in a straight section to minimize the influence on the cir-

culating b e a m . Details of the m a g n e t are given in F i g . 2 . 1 0 . 

The field is activated (excited) by a water-cooled coil 440 cm 

in length and having an inner diameter of 273 c m . The con-

ductor consists of a rectangular aluminium bar of area 

2 

2.94x3.64cm with a central bore of 1.17 cm in diameter for 

cooling p u r p o s e s . The coil is in four layers with a total 

of 336 w i n d i n g s . 

The inner surface and some parts of the outer are pro-

tected by a heat shield. The coil is a self-supporting struc-

ture. It is suspended to the side yokes by two rods connec-

ted to the end flanges on either s i d e . Magnetic flux return 

is p r o v i d e s by the top and bottom y o k e s . The maximum activa-

tion (excitation) current is 5200 A , which produces a maximum 

field of 4.5 k g . The m a g n e t is so designed as to provide the 

maximum field in the z - d i r e c t i o n , so we have large B z compo-

n e n t s , small radial components and a minor azimuthal depen-
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(54) 
dence of the field 

2.3.2f Luminosity monitor 

The luminosity at the TASSO was measured by a system 

of c o u n t e r s , 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 TASSO interaction 

r e g i o n . The system was symmetric in the horizontal and ver-

tical p l a n e . Each arm consisted of a plastic scintillation 

c o u n t e r , C , a smaller one defining the a c c e p t a n c e , A , and 

a lead glass shower c o u n t e r , S . 

The signature of a bhabha was a signal in an A counter 

along with a recoil particle in the diagonally opposite C-coun-

ter, p l u s a large pulse height in the S c o u n t e r s , behind both 

C and A . 

The geometrical acceptance of the system was 1.4x10 

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 a p p l i e d . 

2.k Data taking 

The S_trobe interrupt Gate H a n d l e r 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 c o m p u t e r . There are 3 kinds of trigger: 
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2.U.1 Pretriggers 

These triggers stop the experiment by disabling the 

strobe but do not initate read o u t . E . g . one time flight 

counter in coincidence with the beam pick u p . 

2.U.2 Post triggers 

These start the read o u t , provided there has been a pre-

trigger. E . g . tracks found by central chamber p r o c e s s o r 

(see b e l o w ) . 

2.U.3 Stand alone triggers 

Stop the experiment and start the read o u t . E . g . total 

energy liquid argon t r i g g e r . 

2.k.k 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 c r o s s . 

This signal acts as the detector strobe, having a fixed ti-

ming with respect to the b e a m - c r o s s i n g . The timing is stable 

* 

up to about 200 pS over the duration of a beam f i l l . The 

beam pick-up signal decreases if the beam current d e c r e a s e s . 

The period between beam-crossings is 3 . 9 6 M.S when PETRA 

operates in the mode of 2 bunches of e + on 2 bunches of e 

and 1 . 9 8 ILLS in the mode of four bunches on f o u r , although to 
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date P E T R A has n o t run in the four on four m o d e . Certain 

components require 1 p.S settling time after clearing old 

data before new data can be a c c e p t e d . So we are left with 

2 . 9 (LLS to make a decision as to whether the event is accep-

ted or not in the 2 bunch m o d e . 

2.k.5 The main parts of TASSO trigger 

2.k.5a The CPC hardware processor 

The information from the 4 anode layers of the CPC is 

passed to a hardware p r o c e s s o r which looks for coincidences 

between hits in the 4 layers to define track s e g m e n t s . A 

track requires at least 3 out of 4 hits within a s e c t o r . The 

outputs from the 48 sectors are used by other triggers compo-

n e n t s . The minimum track P T accepted by this p r o c e s s o r is 

about 100 M e v / c . 

(21 101) 
2.k.5h The drift chamber preprocessor (The DC prepro) ' 

The information from the central drift chamber is passed 

to the drift chamber p r o c e s s o r . A logical level is provided 

for each wire with an amplitude above t h r e s h o l d . Each allowed 

combination of hits in the different central drift chamber 

(DC) layers is 'anded' t o g e t h e r . 6 of the 15 layers are con-

sidered in this t r a c k e r - f i n d e r , but allowing for drift cham-

ber i n e f f i c i e n c i e s , only 5 correlated h i t s , in the 6 layers 

are required to form a track (shown in F i g . 2.11) for the 

different m o m e n t a tracks accepted by different m a s k s . There 
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are in t o t a l , 1080 possible combinations (the set of 6 

possible combinations of 5 out of 6 wire hits that form 

some track) in the TASSO drift c h a m b e r . Each m a s k is com-

p u t e r - s e l e c t a b l e . 

2.k.5c The inner time of flight counters pretrigger 

A s explained above, the pulses from each end of the coun-

ter are split and part of the signal is supplied to A D C s . 

The discriminators feed mean timer TDCs and latches for read-

out by c o m p u t e r . The mean timer outputs are used by drift 

chamber and proportional chamber p r o c e s s o r s . Opposite pairs 

of counters are 'ORed' together for a cosmic trigger, whilst 

a signal, £ I ToF m e a n - t i m e r is used for the p r e t r i g g e r . 

F i g . 2.12 shows inner-time of flight l o g i c . 

2.4.6 Condition for track trigger 

The requirement of a valid track trigger requires at 

least one of the following conditions: 

A v a l i d mask from the drift chamber prepro plus a corres-

ponding 3/4 valid track from the CPC p r o c e s s o r , and a hit 

in the I ToF counter to which the track p o i n t s . Fig. 2.13 

shows the logic of this trigger and this is known as a track 

for triggering p u r p o s e s . 

The total energy trigger (sum of the shower counter 

pulse) the forward detector double tag trigger and the lumi-

nosity m o n i t o r trigger are called stand alone t r i g g e r s . 
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Drift chamber p r o c e s s o r track t ^800 MeV of neutral ener-

gy in the shower counters and the forward detector single 

tag trigger, are known as the p o s t t r i g g e r s . 

2.5 Online data handling 

(88) 

The TASSO online data-handling is done by a N o r d 

10/s c o m p u t e r . On receipt of a valid trigger, the sighbox 

gives an interrupt to the N o r d 10, to read the data v i a an 

i n t e r f a c e , which restructures the computer-bus to camac stan-

d a r d s . There are 5 camac branches with 24 camac c r a t e s . The 

online program provides event a n a l y s i s , histogramming d i s p l a y , 

p l u s control of the software system and transfer of the data 

direct to the main IBM computer at the DESY computer c e n t e r . 

The average experimental deadtime defined as the p e r c e n t a g e 

of beam-crossings m i s s e d , was 10 % . 

The input rate to the Nord is usually of the order 1-2 H z . 

The data included certain calibrations at the start of run 

and end run and non-PETRA r u n s . A t the end of each run cer-

tain information known as the run summary, was p r i n t e d . This 

included two dimensional histograms for each component of 

T A S S O . 

2.5.1 IBM transfer 

Initially the data was written to the Nord 10 buffer disc, 

as shown in F i g . 2.14. The data was then sent directly from 

N o r d 10 buffer disc to IBM by D M A . 
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The data could also be transfered back from IBM disc 

v i a Nord 100 disc from where a m i c r o p r o c e s s o r 168/E which 

uses IBM could check the format of the i n f o r m a t i o n , search 

for tracks, and control the data flow from this disc to the 

IBM on-line d i s c . The track search information is passed 

to a second IBM disc and m e r g e d with the original data on the 

dump t a p e . The IBM on-line disc was written on t a p e s , called 

dump t a p e s . These were considered to be the first permanent 

record of the data and were written in the same format as 

the subsequent data t a p e s . 

2.5.2 Experimental monitoring 

Every TASSO component provided NIM signals from H.v and 

gas flow or water f l o w . The temperature in three areas about 

the detector are recorded, giving the overall status of each 

c o m p o n e n t . The experiment was i n t e r r u p t e d , if any of the 

components gave an a l a r m . 

The on-line check of each component was carried out by 

histogramming wire h i t s , TDC and ADC distributions for the 

c o m p o n e n t s . These histograms were regularly checked by the 

shift crew and were viewed on a colour television d i s p l a y . 

E v e n t s were displayed on r e q u e s t . Some of the components 

had on-line checking programs which monitored the data con-

tinuously during the run-,. Faults were given by interrupt 

and/or a message to the personnel on s h i f t . 
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COLLIDER 
Name 

LOCATION 
(C i ty , Country) 

MAXIMUM 

CENTRE OF MASS 

ENERGY (GeV) 

START 

SPEAR Stanford , USA 8 1972 

DORIS Hamburg , W.GERMANY 11 1974 

PETRA Hamburg . W.GERMANY 38 1978 

CESR Cornell , USA 16 1979 

VEPP-4 Novosibirsk, USSR 11 1979 

PEP Stanford , USA 36 1980 

SLC Stanford, USA 100 1985 ? 

LEP Geneva , SWITZERLAND 260 1987 ? 

TRISTAN KEK , JAPAN 60 1986 ? 

Cornell 50x50 Cornell , USA 100 1986 ? 

VLEPP Novosibirsk, USSR 600 1986 ? 

Table : 2.3 
EXISTING AND PROPOSED HIGH ENERGY 

e+ e" COLLIDERS IN THE WORLD. 
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Max. design beam energy 19 GeV 

Max. design luminosity per interaction point 
31 -2 -1 

2.2x10 cm sec 

Beam current (max) 80 mA 

Number of bunches 2 

Number of interaction point 5 

Free length for experiment 20 m 

Circumference 2304 m 

Bending radius 192.05m 

Maximum number of RF cavities 64 

RF frequency 500 MHz 

RF power 4.8 MW 

Number of klystrons 8 

Length of accelerating structures 96 m 

Injection energy 7 GeV 

Table: 2.2 PETRA MACHINE PARAMETERS 
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RADIUS 
(cm) 

No. 

CHANNELS 
ORIENTATION STRIP WIDTH 

(mm) 
SEPARATION 

(mm) 

Inner Cathode 18.02 120 -36.5° 6.30 1.26 

Plane 1 Anode 18.72 480 
0 

0 2.5 

Outer Cathode 19.42 120 + 36.5° . 6.79 1.36 

Inner Cathode 21.07 120 
o 

-36.5 7.37 1.47 

Plane 2 Anode 21.77 480 
0 

0 2.8 

Outer Cathode 22.97 120 + 36.5° 7.86 1.57 

Inner Cathode 24.13 120 
o 

- 36 .5 8.44 1.70 

Plane 3 Anode 24.83 480 
o 

0 3.3 

Outer Cathode 25.53 120 + 36.5° 8.93 1.79 

Inner Cathode 27.18 120 
0 

- 36 .5 9.51 1.90 

Plane 4 Anode 27.88 480 
0 

0 3.7 

Outer Cathode 28.58 120 + 36.5° 10.00 2.0 

Table : 2.3 
PRINCIPLE DIMENSIONS OF THE TASSO 

CYLIND RICAL PROPORTIONAL CHAMBER. 



-52 -

LAYER NO. OF 
DRIFT CELLS 

RADIUS 
(mm ) 

STEREO ANGLE 

1 72 367 
o 

0 

2 84 428 + 3.36° 

3 96 489 
0 

0 

4 108 550 
o 

- 3.37 

5 120 611 
o • 

0 

6 132 672 
o 

0 

7 144 733 + 3. 94° 

8 156 795 
o 

0 

9 168 856 - 4. 50° 

10 180 917 
o 

0 

11 192 978 
o 

0 

12 204 1039 + 4.50° 

13 216 1.100 
o 

0 

14 288 1161 - 4. 50° 

15 240 1222 
0 

0 

PRINCPLE DIMENSIONS OF THE TASSO 
Table: 2.4 

CYLINDRICAL DRIFT CHAMBER. 
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Fig: 2.2 Co-ordinate system used in the analysis 
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Fig: 2.9 
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GEOMETRY OF PREPRO MASKS. THIS IS THE 

SET OF MASKS THAT CONTAIN THE SAME OF 

THE 1st DRIFT CHAMBER LAYER. 
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Fig: 2.12 Inner Time of Flight logic 
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C H A P T E R 3 

O F F L I N E A N A L Y S I S 
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3.1 General Introduction 

The dumptapes contain a very large n u m b e r of e v e n t s , 

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 m a d e . The data reduction and event 

reconstruction were done in several s t a g e s . 

3.2 Event reconstruction 

3.2.1 Introduction 
There are two main track finding programs used during 

(73) 

data r e d u c t i o n . Firstly a fast track finder called FOREST ' 

is applied to all data and then those events which are of po-

tential interest are fully reconstructed by a program called 

MILL ( 3 4 ) . 

3.2.2 Forest 

The requirements of the track-finding program were s p e e d , 

clarity and efficiency, especially when working with very 

complicated e v e n t s . 

The charged track search used pairs of drift chamber 

( 73) 

hits in adjacent layers, called 'links' . 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 F i g . 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 v a l u e s of 

track p a r a m e t e r . 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 n u m b e r of 

links within the full t r e e . A f t e r a search at a given level 

was f i n i s h e d , the best track candidates were c h o s e n , their 

hits are marked and no longer used in the search on subse-

quent l e v e l s . 

Forest uses drift chamber hits in projection to 

search for 2-dimension track circles and the results of this 

were used in a search in S-Z p r o j e c t i o n , where S is the space 

arc length of a track. 

The forest average analysis time is 60 msec of IBM 

370/168 cpu time per dumptape e v e n t , including 20 msec rea-

d i n g , writing and d e c o d i n g . The efficiency per track was 

measured to be 

40 % for P T <250 Mev/c 

80 % for P T 250 < P T <750 Mev/c 

-95-98 % for >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 o u t p u t , as an ite-

ration and was used after the data had been reduced by f o r e s t . 
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It applied n o n - l i n e a r drift time c o r r e c t i o n s , and used the 

proportional chamber anode hits in track f i t t i n g . Mill 

(75) 

used a combination of the tree and road method . The 

mill average analysis time is 8 sec IBM 370/168 cpu time 

for a high multiplicity event and 2 sec for a 2-prong e v e n t . 

The mill efficiency is about 97 % for all kinds of track with 

P T > 1 0 0 M e v . 

3.3 Track paramet eri sat i on 

A positive Z was defined by the e + d i r e c t i o n . Positive 

Y was vertically upwards and positive X was pointed towards 

the center of the ring. F i g . 2.2 shows the coordinate system 

used in the a n a l y s i s . 

The magnetic field was along the positive z - a x i s . Tracks 

were parametrized by the variables R , d , f6 , Z q , X, and Q . 

Thus R represented the radius of the track projected into 

r - 0 p l a n e , d Q = V ( X Q + Y q ) the distance of closest approach in 

r - 0 , <t> the azimuthal angle of the track at (X ,Y ), Z 
' o & o o o 

the Z coordinate and X the dip a n g l e . These parameters are 

shown in Fig. 3 . 2 . 

3.U Data reduction 

3.k.l Introduction 

The data reduction was n e c e s s a r y , because of the large 

number of triggers recorded. 

F i g . 3 . 3 shows the data reduction scheme and table 3.1 
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gives the size of the resulting datasets during the r e d u c t i o n . 

The stages of reduction are n o w described as shown in F i g . 3.2 

as follows: 

3.U.2 Pass 1 

Pass 1 processes all events on a dumptape after the 

results of the forest track finding algorithm were added to 

the e v e n t . In this stage unpacking of data was carried out 

along with correction of data by using calibration i n f o r m a t i o n . 

Standard 6250 bpi tapes were u s e d , onto which approximately 

20000 events could be written. 

3.k.3 Pass 2 

This was the first stage of data r e d u c t i o n . The selec-

tion criteria required: 

1) 2 tracks in r-<6 each with | d Q I < 2.5 c m , or 

2) the neutral energy trigger plus 2 track set and 

GeV in scintillation shower counters and 

track in r w i t h |d Q|<2.0 cm 

3.k.k Pass 3 

The following requirements were made before an event 

was written to pass 3: 

1) ^ 3 track in r-6 with Id QI < 2.5 cm or 

2) >. 2 track in r-6 with |d | < 2.5 cm and |Z | < 15.0 cm 
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3.U.5 Pass k 

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-8-Z 
2 

x ^10.0 per degree of freedom in fit 

2 

3) x ($20.0 p e r degree of freedom in S-Z fit 

4) |d | < 5.0 cm . 
o 

5) P T ^ 0 . 1 Gev/c 

6) |cos| ^ 0 . 8 7 

7) \Z -<Z > \ <20.0 cm 
o o ^ 

where < Z >is the average Z for all the tracks, which o & o ' 

already passes test (1) to (6) 

Test 1 is to make sure that there is enough information 

from the drift chamber for the tracking program to find the 

whole t r a c k . 

Test 2 and 3 remove f i c t i t i o u s tracks which are cau-

sed by other t r a c k s . 

Test 6 for high momentum track to make sure it reaches 

at least the 6th zero degree wire layer of the drift c h a m b e r . 

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

action region and goes into the central d e t e c t o r . 

The event selection uses only the good tracks, that 

pass tests 1 to 7 
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The cuts applied were: 

1) > 4 tracks if E B < 1 3 . 0 Gev 

2) >,5 tracks if E B < 1 3 . 0 Gev 

3) The event was d i v i d e d into two h e m i s p h e r e s by the 

p l a n e p e r p e n d i c u l a r to the s p h e r i c i t y - a x i s . If we let 

n „ be the m u l t i p l i c i t y in one h e m i s p h e r e and n D the 
i b 

m u l t i p l i c i t y in the other and if 

E „ < 8.0 Gev and = 1 and n„ = 3 or 
b l b 

E_ > 8.0 Gev and = 1 or 3 and n„ = 3 
b I b 

then the m a s s of the 3 - p r o n g system had to be 

S i . 7 8 2 Gev (Tmass) 

4) <Z >s 6.0 cm 
o 

5) if E„ S 8 . 0 G e v , |ZQ. |<4 
b l 

where Q^ was the charge of the ith p a r t i c l e 

6) The event was d i v i d e d into two h e m i s p h e r e s by the 

p l a n e p e r p e n d i c u l a r to the z - a x i s and if E B s 8 . 0 G e v 

then there has to be least one track in each h e m i s p h e r e . 

E_ £8 Gev 
b 

The m o m e n t u m in e a c h h e m i s p h e r e should be g r e a t e r than 

0 .05xP, 
beam 

7) P T q T >-0.53 E B Gev/c 

where P T q T = S|P±I 

These cuts were to remove b e a m - g a s e v e n t s , b e a m - p i p e 

e v e n t s , x p a i r events and 2 - p h o t o n e v e n t s as well as o t h e r 

b a c k g r o u n d events that had not been removed in p r e v i o n s 

reduction s t a g e s . 
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Cuts 1 and 2 remove m o s t of QED a n d y y e v e n t s . 

Cut 3 removes t candidates 

Cut 4 removes some of the beam gas and beam-pipe 

interaction e v e n t s . 

Cut 6 removes radiative e v e n t s . 

Cut 7 removes mostyy e v e n t s . 

77% at w = 14 GeV to 79% at w = 34 GeV of events 

survive these c u t s . 

The contamination from beam gas was found to be 

0.5±0.5% at w ^15 GeV and negligible at higher e n e r g i e s . 

The contribution of x p a i r production was 1.5±1.5% at 

w ^ 15 GeV and 1.2±1.2% at w 15 G e V . The background 

from yy processes was found to be 1.6±0.8% at all e n e r g i e s . 

(More detailed study see r e f . 1 1 8 ) . 
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DATA SET REDUCTION FACTOR FROM 
PREVIOUS DATA SET 

DUMPTAPE 

Pass 1 Tape 1 

Pass 2 Tape 10 

Pass 3 Tape 30 

Pass 4 Tape 10 

Table : 3.1 
SIZE OF DATA SETS AND REDUCTION 

FACTOR FOR DATA USED IN THE ANALYSIS 
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WIRE CYLINDERS 

Fig: 3.1 Construction of curved 2-hit links with the help 
of the interaction point. 



- 77 -

Fig: 3.2 X - Y - Z projection to show track parameterization 
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f ? 
Efficiency 

Measurements 

t 
Analysis 

t 
Analysis 

• 
Drift time 
Correction 

Fig: 3.3 General Flow-chart of data reduction. 
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Hadron everrt candidate 
used in the analysis 

Fig:3.4 TASSO event analysis procedure and reductions step. 
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C H A P T E R U 

METHOD OF A N A L Y S I S 
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k.l General introduction 

Quantum chromodynamics QCD deals with energetic par-

( 5) 

tons, quarks and gluons . The materialization of high 

momentum partons into colourless h a d r o n s , called the hadro-

nization p r o c e s s , is a non-perturbative effect and is present-
(15) 

ly not calculable in QCD . Assuming a given hadroni-
zation m o d e l , two parton and three parton final states can be 

(32) 

approximated using the topology of the observed hadrons 

Classical m e t h o d s of hadron topology analysis like thrust, 

sphericity, oblateness e t c . , give a general description of the 

global shape of hadronic e v e n t s . 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 hadroni-

(8) 

zation process . In other w o r d s , the shape variables used 

in hadron topology analysis are complex convolutions of the 

perturbative and non-perturbative e f f e c t s . The variation 

of the hadronization parameters can simulate a change in the 

amplitude of perturbative e f f e c t s . This ambiguity is one of 

the major difficulties of topological approaches to perturba-

tive e f f e c t s . The other more serious difficulty of hadron 

topology analysis is the fact that different matrix elements 
(75' 

lead to the production of hadronic events of similar shape 

There is no clear relation between the event shape and the 

exact properties of the matrix element defining the dynamics 

of the final state p a r t o n s . 

The analysis presented h e r e , 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 

p a r t o n s . Thanks to this c o r r e s p o n d e n c e , the dynamics of the 

fundamental final state partons can be reliably represented 

(72) 
by the dynamics of the observed jets 

U.2 The jet reconstruction algorithm 

For each event we apply the following procedure: 

-1) We classify particles according to their m o m e n t a . 

The first particle is the one of highest m o m e n t u m . 

-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 

m o m e n t a belonging to i t . The cluster energy or momentum is 

defined by the scalar sum over the m o m e n t a of the cluster par-

ticles. The angle 6 is an estimation of the angular width of 

a jet around its a x i s . A cluster is not necessarily a complete 

jet but only a jet f r a g m e n t . Such a jet fragment may sometime 

carry most of the jet energy if the angle 6 is a good approxi-

mation to the angular size of a high momentum j e t . Jets of 

higher momentum are better collimated around their axes and 

can easily be contained inside a cone of relatively small ope-

ning a n g l e . On the contrary, a jet of low momentum cannot be 

contained inside a cone of some axis if the cone opening angle 

is not big e n o u g h . If a given angle '5' 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 i n t r o d u c e d . 

-3) If the angle between two neighbouring clusters is 

less than '2x6', these clusters are combined together into 

one c l u s t e r . The axis and energy of the obtained cluster are 

defined respectively by v e c t o r and scalar sums over the momen-

ta of the concerned p a r t i c l e s . Two clusters whose axes are 

separated by an angle less than 2 x 6 are considered as the frag-

ments of the same jet and consequently they are c o m b i n e d . 

-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 e n e r g y . Low energy 

clusters are jet fragments that should be associated with the 

appropriate leading cluster in order to fully reconstruct the 

jet momentum and d i r e c t i o n . The distinction between low ener-

gy clusters and leading clusters can be made only by comparing 

their respective e n e r g i e s . This leads to choosing' an energy 

cut e that defines the minimum energy of a leading cluster be-

low which the cluster is considered as a low energy o n e . Jets 

of low energy having an angular size much larger than the an-

gular cut 6 will be split into many clusters each carrying a 

certain fraction of the jet m o m e n t u m . For a 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 jets, low energy clusters are combined with the closest 
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leading cluster regardless of how far they are a w a y . 

-5) Clusters obtained after applying the above cluster 

combination rules (e,6), are considered to be j e t s . The 

energies ( e. ) are measured in units of E . , where: & 1 unit 

E - I E 
unit 2 v i s 

E . = the total reconstructed energy of a hadronic 
vis , & 

e v e n t . 

The momentum v e c t o r ^ of energy e^ associated with the 

i - t h jet has the jet axis ('tn ) as direction and the jet ener-

gy e^ as m o d u l u s 

e . = e . u. 
i l i 

jets 
2 e. 

^ " jets in event 
E e^ = 2 by definition summed over all 

cosIu. ,u .) ^ 2x6 
i j 

e . > e for all i l 

k.3 Quantum rrultijets and hadron nultijets 

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 h a d r o n s . We call q u a n t a , final p a r t o n s , 

quarks and g l u o n s , and the photons due to the electromagnetic 

radiative correction to e + e a n n i h i l a t i o n . Applying the 
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clustering method to the initial p a r t o n , the same jet re-

construction procedure used for hadrons can be used on the 

quanta generated by Monte Carlo m e t h o d s . The obtained m u l t i -

jets are called quantum m u l t i j e t s . The study of quantum mul-

tijet properties using the same variables designed to define 

the p r o p e r t i e s of hadron multijets allows: 

-1) A clear presentation of the behaviour for given 

matrix e l e m e n t s . Instead of using complicated and lengthy 

theoretical f o r m u l a e , often very difficult to i n t e r p r e t , it is 

better to present the properties of our Monte Carlo m o d e l s using 

the distributions of a set of variables that we will use for 

describing the properties of the generated and observed hadron 

m u l t i j e t . 

-2) A comparison of hadron multijets properties and quan-

tum multijet p r o p e r t i e s . In f a c t , our analysis aims at rea-

lizing a one to one correspondence between a jet of hadrons, 

and a jet of q u a n t a . Two quanta produced at small angles with 

respect to each other will produce the same jet of h a d r o n s . In 

g e n e r a l , it is not possible to know from which parton or quan-

tum a hadronic jet originates but it is possible to know from 

which jet of quanta or partons it c o m e s . 

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

tons. In f a c t , 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 m o d e l . Soft 

gluon and cdllinear gluon emissions leave unchanged our re-

sults and this is due to the angular and energy cuts (e,6) 

used in the a n a l y s i s . In other w o r d s , this presentation of 

the QCD matrix elements is very suitable and very realistic 

since: 

a) it automatically takes into account the singularities 

of the model (infrared and cdlinear d i v e r g e n c e s ) , 

b) it limits the presentation to those partons able to 

produce separable jets and 

c) it takes account of the QED radiative c o r r e c t i o n . 

In comparison with the ad hoc theoretical cuts intro-

duced in order to the regularize the m o d e l , the cuts 

presented here clearly are the same as will be used to 

reconstruct experimental jets and consequently have 

a clear and direct i n t e r p r e t a t i o n . 

4.4 The rrultijet variable 

To describe the topology of the observed jets we use 

the standard set of variables commonly used in hadron topo-

logy a n a l y s i s . In addition to the fact of being simple, these 

variables allow a direct comparison of the multijet analysis 

properties and performances with those of the classical ha-

dron topology analysis. 
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k.k.l The nultijet thrust 

The hadronic thrust is defined by 

T = m a x S |t> . u j / S |P, I 
hadron

 1 T
 hadrons

 1 

with: 

u T = the thrust axis 

\ P . ^ = m o m e n t a of the p a r t i c l e s in a hadronic 
^ 1 ' event 

The thrust T describes the angular distribution of 

the p a r t i c l e s around the a x i s . Let: 

P. 
C O S 0 i =tP~t • U T 

P. 
l 

f ± - I P J / E I P J 
V I S 

So T = E | f i cosQ^. | 

This gives T = gf. cos©.". It follows that T is the average 
i 

cosine of the angle ©^ of the p a r t i c l e s with respect to the 

thrust a x i s , weighted by the fraction 1 f i ' of the event energy 

taken by each p a r t i c l e . 

The angular width of jet is a n o n - p e r t u r b a t i v e effect 
. , . . .. . . . (96, 107) . 
induced by the hadronization p r o c e s s It is a 

convolution of the inclusive transverse momentum ( P T ) spectrum 

of the hadrons with respect to the jet axis by the parton frag-

m e n t a t i o n function: 
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PT = P± - (P±.ut)ut 
i 

sine. = |?T |/|?il 
i 

let u s call: 

P = and z. = P L . / P J e t 

1 1 

w i t h P . . = . S. P . the jet m o m e n t u m .jet .let i 

This g i v e s 

t a n © . = 
L 

Ti 
z . .P . , 
i jet 

tan®. = 
. J z. 
jet i 

pi 

PL 

- j e t 

1 t-
and <tan ©. >= ( = ) . < > I P . , Z. 

jet i 

In the p r o c e s s e + e - q q — 2 j e t s , we have P . , ~Vs/2 at h i g h 
J e "C 

e n e r g i e s if we have d e t e c t e d all p a r t i c l e s charged and n e u -

1 
tral and <z>~ .. — where < N . .-

< N . , > jet 
jet 

< N > 
> ^ 2 is the average 

m u l t i p l i c i t y of a jet anA<N> is the average total m u l t i p l i -

c i t y . S u b s t i t u t i n g we get: 

2 < p v ' 
< t a n a > . — 

<tan ©. > ~ 

i 

p 
< T .> 

l . < N > 

vs 
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The d e p e n d e n c e of <N> on the c e n t e r of m a s s energy 

(19) 
Vs>10 G e v is well r e p r e s e n t e d by a l o g a r i t h m i c law: 

<N>-a In S and < P m > - c o n s t a n t 

From this we get: 

<tan 8. > = constant . i 
In S 0 
Vs s + 

This shows that at v e r y high e n e r g i e s , the p r o c e s s 

+ e e —* qq — 2 jets 

w i l l lead to the p r o d u c t i o n of highly c o l l i m a t e d jets of small 

a n g u l a r size i n d e p e n d e n t l y of the d e t a i l e d p r o p e r t i e s of the 

h a d r o n i z a t i o n p r o c e s s . This result is b a s e d only on the two 

- The h a d r o n s have a limited P T w i t h r e s p e c t to the 

jet a x i s , 

- the average m u l t i p l i c i t y i n c r e a s e s only logarith-

m i c a l l y with the centre of m a s s e n e r g y . 

The h a d r o n i c thrust T of two jet e v e n t s i n c r e a s e s as 

a f u n c t i o n of the centre of m a s s energy of the p r o c e s s , the 

thrust T also d e p e n d s on the p r o d u c e d q u a r k m a s s e s . 

In fact the thrust of a single jet is just: 

e x p e r i m e n t a l l y well e s t a b l i s h e d facts 
(67, 102). 

with E = thp ipt pnprgy = 

eE. = s | P i l , P 
jet 
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P u t t i n g : 

2 2 

m* = E . , - P . . where m , = 0 
T jet jet p a r t o n -

m „ = E . J 1 - ( P . J E . .) = E . .a/ 1 - T T j e t v jet jet j e t " 

In two-jet e v e n t s we have 

m = . 

or 

2rnm 2 2 / 2m-
( = 1 - T + T = V 1 - ( — 

Vs 7s 

2m t 2 
T = A/1 - ( —) 

Vs 

The above f o r m u l a , where m ^ is called the transverse m a s s 

of the j e t , shows that the h a d r o n i c thrust of a jet r e f l e c t s 

n o t only the p r o p e r t i e s of the h a d r o n i z a t i o n p r o c e s s (z&P,p) 

(110) 

b u t also the effect of the q u a r k m a s s e s A t V s ~ 30 G e V , 

the m a s s of the b - q u a r k is not n e g l i g i b l e w i t h respect to beam 

energy ( 2 m ^ / V s ~ l / 3 ) and this m a k e s the structure of the bb e v e n t s 

e + e > bb > 2 jets 
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strongly i n f l u e n c e d by the m a s s of these h e a v y q u a r k s . In-

d e p e n d e n t l y of the h a d r o n i z a t i o n p r o c e s s p r o p e r t i e s , the 

bb -two jet e v e n t s will be b r o a d at Vs - 30 G e V . 

The basic p h i l o s o p h y of h a d r o n topology a n a l y s i s is 

that a h i g h m o m e n t u m jet h a s a h i g h thrust or a t r a n s v e r s e 

m a s s small in c o m p a r i s o n w i t h the jet m o m e n t u m or more clear-

ly a limited a n g u l a r s i z e . This feature of jet p r o d u c t i o n 

through the h a d r o n i z a t i o n of a h i g h m o m e n t u m p a r t o n is al-

ready included in our a n a l y s i s v i a the cut p a r a m e t e r s ( e , 6 ) . 

A jet of high m o m e n t u m w i l l give a leading c l u s t e r carry-

ing an i m p o r t a n t f r a c t i o n of the jet energy if the angle 6 

is n o t too s m a l l . This s t a t e m e n t is e q u i v a l e n t to the one 

saying that the jet structure of h a d r o n s is o b s e r v a b l e if the 

jet transverse m a s s is small compared to the jet m o m e n t u m . 

The limitation of the jet a n g u l a r size is an i m m e d i a t e conse-

quence of the jet transverse m a s s l i m i t a t i o n . There is one 

to one c o r r e s p o n d e n c e b e t w e e n the jet a n g u l a r size and the ratio 

of the jet transverse m a s s to its m o m e n t u m . In our a n a l y s i s 

we do n o t require that a leading cluster c o n t a i n s the total 

energy of the j e t . The small f r a c t i o n of the jet energy taken 

by those low energy c l u s t e r s s u r r o u n d i n g a leading one r e f l e c t s 

the effect of s t a t i s t i c a l f l u c t u a t i o n s in the h a d r o n i z a t i o n 

p r o c e s s . In c o m b i n i n g a low energy cluster w i t h the n e i g h b o u -

ring leading one we take account of these statistical e f f e c t s 

and we correct at the same time our d e f i n i t i o n of the jet 

energy and a x i s . 
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Let u s c o n s i d e r a jet h a v i n g an energy of 10 GeV and 

c o n s i s t i n g of two p a r t i c l e s of 5 GeV each e m i t t e d at 60° 

wi t h r e s p e c t to each o t h e r . The m o m e n t u m of this jet w i l l 

be ~ 8 . 5 G e V and its transverse m a s s a r o u n d 5 G e V . E a c h of 

the p a r t i c l e s w i l l have with regpect to the jet axis a 

P T = 2.5 G e V . S u c h a jet can only come from the h a d r o n i z a -

tion of a m a s s i v e q u a r k . This j e t , a l t h o u g h p e c u l i a r , will 

p r o d u c e a single c l u s t e r if the angle 6 is taken to be 30°. 

A s s u m i n g a jet of energy 15 GeV and a t r a n s v e r s e m a s s 

m = 5 G e V , the jet m o m e n t u m will be P . 14 G e V with two p a r -
j e u 

t i d e s h a v i n g each 7.5 GeV m o m e n t u m . This jet h a s an a n g u l a r 

e n e r g e t i c p a r t i c l e s at large a n g l e s with r e s p e c t to the jet 

axes will result in an a b n o r m a l l y high transverse m a s s of the 

j e t . A s we e x p e c t a low m o m e n t u m for heavy q u a r k s , such an 

e v e n t u a l i t y is in c o n t r a d i c t i o n with the basic concept of a 

jet of h a d r o n s . 

A n y r e l a t i o n s h i p b e t w e e n this analysis and the non-

p e r t u r b a t i v e e f f e c t s , d o m i n a n t in hadron topology a n a l y s i s , 

d i s a p p e a r s once the jets are r e c o n s t r u c t e d and counted c o r r e c t -

2.5 GeV 

2.5 GeV 
Pjet 8.5 GeV 

size m u c h smaller than 30° and will give one single c l u s t e r 

0 
for 30 S u m m a r i z i n g we can say that the p r o d u c t i o n of 
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l y . One of the v a r i a b l e s sensitive to the k i n e m a t i c s of 

these jets is the M U L T I J E T thrust Tj d e f i n e d by: 

N . . = n u m b e r of jets 
jet J 

e ± = energy of jet 

The sum runs o v e r all jets 

Uj is the t h r u s t axis of jets 

Figure 4.1 shows the d i s t r i b u t i o n of the Tj and of T 

for qq Monte C a r l o e v e n t s g e n e r a t e d w i t h two d i f f e r e n t P T 

spectra: < P T >.= 320 MeV and < P T > = 380 M e V . The cut p a r a m e -

ters (e,6) u s e d for T^ c a l c u l a t i o n are: e = 0.2 and 6 = 30°. 

This d i s t r i b u t i o n of the h a d r o n i c thrust T g i v e s an idea about 

the topology of the p r o d u c e d h a d r o n s . No o t h e r q u a n t i t a t i v e 

i n f o r m a t i o n can be e x t r a c t e d from this T s p e c t r u m . On the 

contrary the Tj spectrum is insensitive to h a d r o n i c e f f e c t s 

and gives direct i n f o r m a t i o n on the u n d e r l y i n g p a r t o n struc-

ture of the e v e n t s c o n c e r n e d . 

Let u s m e n t i o n that QED radiative c o r r e c t i o n s are al-

ready applied to the p r o c e s s e + e ~ > qq and the TASSO d e t e c -

tor simulation is also included in the c a l c u l a t i o n . A l l two 

jet e v e n t s appear in the region T ^ ^ O . 9 5 . Some f r a c t i o n of 

q q - e v e n t s a p p e a r i n g in the region T^<0.95 are t h r e e - j e t events 

+ — — 

c o r r e s p o n d i n g to the p r o c e s s e e — > q q y . The t h r u s t , Tj , of 

two jet e v e n t s is not e x a c t l y one because these two-jets are 

N . 
Tj = m a x 2 j e r | ^ .u 1/2 

i = l 
U J 

N . . 
i e 11 

where 2 . is just 2° | e. 
i 

1 = 1 
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n o t p e r f e c t l y c o l l i n e a r . The jet a c o l l i n e a r i t y of t w o - j e t 

e v e n t s is easily e x p l a i n e d by the m i s s i n g n e u t r a l e n e r g y , the 

Q E D r a d i a t i v e c o r r e c t i o n w i t h the p h o t o n emitted along the 

b e a m and by the d e t e c t o r a c c e p t a n c e and r e s o l u t i o n . W e con-

clude from this figure that p h y s i c a l q u a n t i t i e s i m p o r t a n t 

f o r the study of QCD m a t r i x e l e m e n t s like the n u m b e r of the 

jets and their k i n e m a t i c s are r e f l e c t e d in the ft p l o t w i t h 

a m i n i m u m of d i s t o r t i o n from a c c e p t a n c e or h a d r o n i z a t i o n 

e f f e c t s . In the f o l l o w i n g s e c t i o n s we w i l l see that ft is 

an e x t r e m e l y p o w e r f u l v a r i a b l e f o r the study of m u l t i p a r t o n 

final states as well as b e i n g e x p e r i m e n t a l l y c o n v e n i e n t . 

4 . 5 The nultijet planarity 

In the p r e c e d i n g p a r a g r a p h we have seen the i m p o r t a n c e 

of the t h r u s t axis (u^, or U j ) in s t u d y i n g the topology of the 

h a d r o n s or of the h a d r o n i c j e t s . In h a d r o n topology a n a l y s i s 

the f o l l o w i n g axes (u^, u ^ ) are often used: 

+ def / + -»- v + 
T = i"^ i , L V U T 
i 

P = m a x s | P T . u M l / | E|P 
+ i i 

U M 

u n = u t a u m 

u T , u ^ , u ^ = o r t h o n o r m a l v e c t o r s 
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'out = ^ T . + ' / f 

1 1 

The q u a n t i t i e s P . and P , are c a l l e d the h a d r o n i c 

in out 

p l a n a r i t y and the h a d r o n i c a p l a n a r i t y , r e s p e c t i v e l y , and are 

1 
m e a s u r e d in u n i t s of E ., = ^ E . . These q u a n t i t i e s have 

u n i t 2 v i s 

the v i r t u e of b e i n g l i n e a r in the. m o m e n t u m of i n v i d u a l ha-

d r o n s . S i m i l a r q u a n t i t i e s can be d e f i n e d u s i n g the m o m e n t a 

of the jets instead of those of i n d i v i d u a l h a d r o n s . W e call 

_ -to . -to -to . -to e T . = p. -( • u T ) u T 
l b i n J J 

-to -to 

P . = m a x e £t, • ©2 m . x. e2 l i 

P o u t = s l E T . - e 3 

1 1 

e3 = u j a e2 

w i t h 

U j , e2 , e3 o r t h o n o r m a l v e c t o r s 

In this case P . and P , define r e s p e c t i v e l y the MULTI-
in out ^ J 

J E T p l a n a r i t y and the M U L T I J E T a p l a n a r i t y . 

In h a d r o n topology a n a l y s i s the q u a n t i t i e s P ^ n and 
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can be e x p r e s s e d as f o l l o w s 

P . = <N> . < P m > in T. 
in 

p = <N> . < P m > , n o r m a l i z e d to 2 P . 
out T ' 1 

out 

w i t h N = the h a d r o n i c m u l t i p l i c i t y 

<P,p> ; <P(j<> = "the average P T c o m p o n e n t in and 

in out event p l a n e (u^,, "u^) 

In the m u l t i j e t a n a l y s i s , the p l a n a r i t y P i n will mea-

sure : 

- 1 ) the jet a c o l l i n e a r i t y in the case of t w o - j e t 

e v e n t s , 

- 2 ) the transverse m o m e n t u m of the third jet with res-

p e c t to the Tj axis in the case of t h r e e - j e t e v e n t s . 

U s e d in c o n j u n c t i o n with the n u m b e r of jets p e r eveflt 

N j , the v a r i a b l e P i n c o n t a i n s important i n f o r m a t i o n about the 

p h y s i c a l p r o c e s s g o v e r n i n g jet p r o d u c t i o n as we will soon s e e . 

The m u l t i j e t a p l a n a r i t y has a n o t h e r m e a n i n g in com-

p a r i s o n with P . . Two and three jet e v e n t s are p l a n a r and 

^ m 

c o n s e q u e n t l y they have zero a p l a n a r i t y . Four jet e v e n t s are 

often a p l a n a r and the v a r i a b l e P , can tell h o w e n e r g e t i c 
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the f o u r t h jet i s . B e s i d e s t h a t , the m u l t i j e t a p l a n a r i t y 

^ o u t * i a s 3 1 1 e x p e r i m e n t a l r o l e . T h e o r e t i c a l three 

jet e v e n t s are p e r f e c t l y p l a n a r . The e x p e r i m e n t a l o n e s are 

n o t c o p l a n a r due to m i s s i n g energy and l i m i t e d r e s o l u t i o n . 

Let u s recall here that o u r a n a l y s i s does require that ex-

p e r i m e n t a l three jets have c o p l a n a r axes in t h r e e - j e t e v e n t s , 

showing m o r e tolerance t o w a r d s the a p p a r a t u s and less sen-

sitivity to the s y s t e m a t i c a l e r r o r . In h a d r o n topology ana-

lysis such a tolerance t o w a r d s the e x p e r i m e n t d o e s n o t e x i s t . 

To take an example let u s c o n s i d e r the t o p o l o g i c a l v a r i a b l e 

o b l a t e n e s s 0 d e f i n e d by: 

0 = P l n " P ° u t = N (< P_ > - < P > ) 
in out 

From this f o r m u l a we see that a t h r e e - j e t event w i l l have 

an a l m o s t v a n i s h i n g o b l a t e n e s s if the three axes are n o t co-

p l a n a r . A c o l l i n e a r t w o - j e t e v e n t s will simulate t h r e e - j e t s 

in any t o p o l o g i c a l a p p r o a c h . These e v e n t s will have low T 

compared to c o l l i n e a r t w o - j e t s , high average P T and low 

in 
average P T . They will c o n s e q u e n t l y have low h a d r o n i c 

out 

a p l a n a r i t y , high s p h e r i c i t y , low thrust T and h i g h o b l a t e n e s s 0 . 

This shows that our a p p r o a c h to t h r e e - j e t p h y s i c s is n o t on-

ly more s e r i o u s t h e o r e t i c a l l y because we have a handle on ha-

d r o n i z a t i o n effects but also more r e a l i s t i c e x p e r i m e n t a l l y 

because we do not require our d e t e c t o r to be an ideal o n e . 
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In the f o l l o w i n g sections we will show that o u r a p p r o a c h 

to m u l t i j e t e v e n t s a l l o w s a d i r e c t o b s e r v a t i o n of the final 

. , . (72, 78) 
state p a r t o n d y n a m i c s 

Figure 4.2 shows the m u l t i j e t a p l a n a r i t y and the ha-

dronic a p l a n a r i t y of qqy e v e n t s after the d e t e c t o r simula-

t i o n . On the same figure we see the d i s t i n c t i o n of the ha-

dronic a p l a n a r i t y c o m p u t e d for qq e v e n t s . N o t i c e that the ha-

dronic a p l a n a r i t y of q q y events is h i g h e r than that of qq e v e n t s 

f o r the above r e a s o n s . W e see here how good the d e f i n i t i o n of 

t h r e e - j e t e v e n t s as flat e v e n t s is by u s i n g this m e t h o d . 

4.6 Study of QCD matrix element 

In this s e c t i o n , we c o n c e n t r a t e on the p r o p e r t i e s of 

the q u a n t u m m u l t i j e t s . The p r o p e r t i e s of the three p r o c e s s e s : 

e + e ~ > q u a r k - a n t i q u a r k - v e c t o r g l u o n (qqgv) 

e + e ~ »- q u a r k - a n t i q u a r k - s c a l a r g l u o n (qqgs) 

e + e ~ > q u a r k - a n t i q u a r k - p h o t o n (qqy) 

will be p r e s e n t e d u s i n g the k i n e m a t i c s of f u n d a m e n t a l q u a n t a . 

In c o m p a r i s o n w i t h lengthy f o r m u l a e , the d i s t r i b u t i o n s here 

p r e s e n t e d are simple and d i r e c t l y m e a s u r a b l e e x p e r i m e n t a l l y 

since they can be c a l c u l a t e d u s i n g h a d r o n i c j e t s . The QED 

radiative c o r r e c t i o n is applied to the p r o c e s s : e + e —^ q q g , 

q q y e v e n t s are simple qq e v e n t s with a r a d i a t i v e p h o t o n of 
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any m o m e n t u m . 

Figure 4.3 shows the d i s t r i b u t i o n of the average t h r u s t 

Tj as a f u n c t i o n of the cut p a r a m e t e r s (e,6)- Q Q Y e v e n t s 

are of h i g h thrust Tj a l m o s t i n d e p e n d e n t l y of the cuts ( e , s ) . 

This is due to the fact that m o s t of the c o n s i d e r e d p h o t o n s 

are v e r y s o f t . Hard p h o t o n s b e i n g a m i n o r i t y , their e f f e c t is 

not seen h e r e . The e f f e c t of the gluon spin on the average 

t h r u s t Tj of qqg e v e n t s is seen to be s i g n i f i c a n t for all the 

c o n s i d e r e d cuts ( e , 6 ) . 

Figure 4 . 4 . shows the d i s t r i b u t i o n of the average p l a n a -

rity called < X T > as a f u n c t i o n of (e ,6 ) . The c o l l i n e a r i t y of 

qq two jet e v e n t s is well r e p r e s e n t e d by the d o m i n a n c e of 

low Xj, e v e n t s . This figure shows a c l e a r s e p a r a t i o n b e t w e e n 

q q g - s c a l a r and q q g - v e c t o r e v e n t s in Xj, d i s t r i b u t i o n for all 

v a l u e s ( . Tor a p e r f e c t three jet e v e n t , the m u l t i j e t 

p l a n a r i t y X ^ can be w r i t t e n as: 

x2 

XT 
X1 
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x x xg ^ xg 

T . = X , 

X T = X 2 s i n e 1 2
+ X 3 s i n © 1 3 

Taking into a c c o u n t the n o r m a l i z a t i o n equation: 

x x + x 2 + x 3 = 2 

the k i n e m a t i c s of three q u a n t a final states is w e l l d e f i n e d 

u s i n g any p a i r of linearly i n d e p e n d e n t v a r i a b l e s . In fact 

the three v e c t o r s X ^ , X 2 , X 3 are coupled by the energy momen-

tum c o n s e r v a t i o n condition: 

x ± + x 2 + x 3 = 0 

x + x 2 + x 3 = 2 

G i v e n the thrust X . , the c o r n e r C of the triagle ABC shown 

h e r e a b o v e d e s c r i b e s an ellipse h a v i n g A and B as foci and 

2-X^ as m a j o r a x i s . 



- 101 -

The c o n d i t i o n s : X ^ >. X 2 :>. X ^ r e s t r i c t the p o s s i b l e p o s i t i o n 

of the p o i n t C to the arcs DE and D ' E ' o f the e l l i p s e . The 

p o i n t C is w e l l d e f i n e d by the v a l u e of X T taken t o g e t h e r 

w i t h the g i v e n X ^ s e l e c t e d . In o t h e r w o r d s , the above p i c -

ture s h o w s that the p a i r (X^, Xft d e f i n e s in a u n i q u e way 

the topology of a three j e t e v e n t . It also shows t h a t , g i v e n 

in advance the v a l u e of X ^ , the X ^ d i s t r i b u t i o n will be sen-

sitive to the p r o p e r t i e s of the p r o d u c e d p a r t o n s such as the 

spin of the g l u o n . O t h e r p o s s i b l e p a r a m e t r i z a t i o n s of the 

t r a n s v e r s e m o t i o n of the p a r t o n s w i t h r e s p e c t to the m o s t 

e n e r g e t i c one can be o b t a i n e d u s i n g : 

o r 

- the d i f f e r e n c e A X 2 3 = X 2 - X ^ 

- the ratio: cos 6 = (X^-X^)/X-^ 

where © i s called the E l l i s K a r l i n e r angle 

The above c a l c u l a t i o n shows that X T , c o s 0 and a x ^ 

are e q u i v a l e n t r e p r e s e n t a t i o n s of the p a r t o n t r a n s v e r s e m o m e n -

t u m . The three body k i n e m a t i c s is e q u a l l y well d e f i n e d by 

any one of the p a i r s of p a r a m e t e r s : (X^, X f t , (X^, c o s © ) , 

(X^, A X 2 3 ) . S c a l a r gluon e m i s s i o n will p r o d u c e , in c o m p a r i s o n 

to v e c t o r gluon r a d i a t i o n , three jets of lower thrust and 

(91) 

h i g h e r p l a n a r i t y . In o t h e r w o r d s the gluon spectrum is 

h a r d e r in the s c a l a r case than in the v e c t o r c a s e , the f o r m u l a e 

b e i n g : -
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2 2 

1 d o 2as 
v e c t o r — (~ty—^v-) = — o z H . / -i v w 1—y—r + c y c l i c p e r m u t a t i o n ] 

a d X 1 d X 2 3 k U - X p r i - X ^ o f 1 , 2 , 3 

2 
1 d ** s 

s o a l a r X ( d X , d X ' = ( 1 - X . ) ( 1 - X ) + ° y o l i = p e r m u t a t i o n ] 
1 2 1 2 of 1 , 2 , 3 

W h e n c o m p a r i n g e x p e r i m e n t w i t h M o n t e C a r l o c a l c u l a t i o n 

in o r d e r to d e t e r m i n e the g l u o n s p i n in t h r e e - j e t e v e n t s , it 

is u s e f u l to c o m p a r e the r e s u l t s o b t a i n e d u s i n g the d i f f e r e n t 

p a r a m e t r i z a t i o n s . The o b s e r v a t i o n of the same s i g n a l i n d e p e n -

d e n t l y of the c h o s e n p a r a m e t e r ( X ^ , A X ^ ^ , c o s © ) s h o w s t h a t 

the s y s t e m a t i c e r r o r a t t a c h e d to the m e a s u r e d n u m b e r s i s s m a l l . 

F i g u r e 4.5 s h o w s the d e p e n d e n c e of the f r a c t i o n of t h r e e 

j e t e v e n t s ( F q .) on (£ ,6 ) and on the g l u o n spin f o r q q g ( y ) . 
^ J 

0 _ 

The s m a l l i n c r e a s e up to 25 in the qqg(y ) e v e n t s a r i s e s b e -

c a u s e of a f a l l i n g p r o p o r t i o n of t h e s e e v e n t s t h a t c o n t r i b u t e 

to 4 - j e t s . The e n e r g y a n d the a n g u l a r c u t s ( e , 6 ) s e l e c t m o r e 

t h r e e - j e t s in the s c a l a r c a s e than in the v e c t o r c a s e . H e r e , 

we r e c a l l t h a t b o t h s c a l a r qqg M o n t e C a r l o e v e n t s w e r e g e n e -

r a t e d w i t h the same cut on the t h r u s t of the p a r t o n s : 

T < 0 . 9 5 

c a l c u l a t e d b e f o r e the a p p l i c a t i o n of the Q E D c o r r e c t i o n . 

k . 7 Conclusion 

In t h i s c h a p t e r , we h a v e p r e s e n t e d o u r m e t h o d of j e t 

r e c o n s t r u c t i o n c a l l e d M U L T I J E T and the v a r i a b l e s a p p r o p r i a t e 
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to study the k i n e m a t i c s of the p r o d u c e d jets of q u a n t a . 

The a p p l i c a b i l i t y of this m e t h o d in t h e o r e t i c a l calcu-

lation as well as in the a n a l y s i s of real d a t a is s t r a i g h t 

f o r w a r d . 

In the second s e c t i o n , we have shown t h e cap-

city of o u r v a r i a b l e s to define the d y n a m i c a l p r o p e r t i e s 

of final state p a r t o n s . In the f o l l o w i n g c h a p t e r , we will 

use this a p p r o a c h to define the p r o p e r t i e s of the o b s e r v e d 

m u l t i j e t e v e n t s and specify the m a t r i x e l e m e n t r e s p o n s i b l e 

for h a d r o n m u l t i j e t p r o d u c t i o n in e + e a n n i h i l a t i o n . 
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DISTRIBUTION OF THE AVERAGE THRUST 

TJ FOR Q U A N T A MULTIJETS 
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Fig: 4.5 
DISTRIBUTION OF THE RATE OF THREE JET 
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5.1 The relation of jets to parton 

The p r o d u c t i o n of h i g h m o m e n t u m p a r t o n s shows i t s e l f , 

as e x p l a i n e d in the p r e v i o u s c h a p t e r s , through the p r o d u c t i o n 

of h i g h energy j e t s . In c o m p a r i s o n with h a d r o n - h a d r o n colli-

sions and lepton deep inelastic s c a t t e r i n g , e + e ~ a n n i h i l a t i o n 

into h a d r o n s has the f o l l o w i n g h i g h l y i m p o r t a n t features: 

- 1 ) The o b s e r v e d h a d r o n s emerge d i r e c t l y from hard q u a r k -

a n t i q u a r k p r o d u c t i o n . There is no e x t r a b a c k g r o u n d p r o -

d u c e d by the f r a g m e n t a t i o n of a composite t a r g e t or a 

c o m p o s i t e p r o j e c t i l e , 

- 2 ) The centre of m a s s energy for q u a r k - a n t i q u a r k p r o d u c -

tion is well d e f i n e d . L e p t o n - h a d r o n and h a d r o n - h a d r o n 

c o l l i s i o n s p r o d u c e h i g h energy jets through m a n y p o s s i b l e 

c h a n n e l s such as: 

g l u o n - q u a r k s c a t t e r i n g 

q u a r k - q u a r k s c a t t e r i n g 

p h o t o n - q u a r k s c a t t e r i n g 

p h o t o n - g l u o n s c a t t e r i n g 

g l u o n - g l u o n s c a t t e r i n g 

etc 

These c o l l i s i o n s have no p r e d e f i n e d c e n t e r of m a s s e n e r g y . 

The p a r t o n m o m e n t a have a s t a t i s t i c a l d i s t r i b u t i o n defined by 

the structure f u n c t i o n of the c o n c e r n e d h a d r o n . The m o m e n t u m 

of the final state target hadron in l e p t o n - h a d r o n deep ine-

lastic s c a t t e r i n g is very d i f f i c u l t to m e a s u r e e x p e r i m e n t a l l y 
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w i t h a s u f f i c i e n t p r e c i s i o n . In c o n t r a s t , p a r t o n s c a t t e r i n g 

in e + e a n n i h i l a t i o n : 

+ -
e e qq 

h a s the c e n t r e of m a s s energy of the e l e c t r o n - p o s i t r o n b e a m s . 

Then there is a d i r e c t and simple relation b e t w e e n the b e a m 

energy and the m o m e n t a of the p r o d u c e d p a r t o n s . The d i a g r a m s 

b e l o w illustrate these p o i n t s . 

1 

lepton-hadron 
scattering 

hadron-hadron 
scattering 

h 

h 1 

e"- e + scattering 

+ 

hadrons 

hadrons 
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A gluon b r e m s s t r a h l u n g can be d i r e c t l y d e t e c t e d if the 

p r o d u c e d gluon is able to g e n e r a t e an e x p e r i m e n t a l l y sepa-

rable j e t . In e + e a n n i h i l a t i o n into h a d r o n s , this r e q u i r e -

m e n t can be easily d e f i n e d . Let F ^ be the f r a c t i o n of e v e n t s 

w i t h three j e t s . In a m o d e l b a s e d on Q C D , F q . w i l l be a func-
4 3 

tion of a g w h i c h we can write as 

F 3 j = f ( < + 

In the m e t h o d u s e d h e r e , the jets are defined w i t h the aid 

of cuts (e,6) applied to the v a r i a b l e of the m u l t i j e t . There-

fore the above f o r m u l a b e c o m e s 

F 3 j = f( e , 6 , a s ) 

Then our d e f i n i t i o n F q . is the fraction of three jets w h i c h 
4 J 

p a s s the cuts (e,6 ) of our m u l t i j e t a l g o r i t h m . In the case of 

p a r t o n when e-+0 and 6-»-o qq and qqg e v e n t s will take the form 

of three and four j e t s , when a p h o t o n is r a d i a t e d . A s e and 6 

increase the f r a c t i o n of three jets and four jets d e c r e a s e . 

In f a c t , the p h o t o n s and g l u o n s of low energy are absorbed as 

shown by F i g . 4.5 (quanta F q . ) . A s a d e m o n s t r a t i o n of this 
4j 

e f f e c t , one o b t a i n s a m a x i m u m in the difference 

F 3 j.(qqg) - F 3 j.(qq) 
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0 
n e a r 6 = 25 . (see F i g . 5.1) 

For a given v a l u e of 6, the cut e d e f i n e s the m i n i m u m 

energy of a g l u o n , or p h o t o n , capable of p r o d u c i n g a sepa-

rable j e t . 

Final state p a r t o n s with h i g h m o m e n t a p r o d u c e jets of 

h a d r o n s . The h a d r o n i z a t i o n (or f r a g m e n t a t i o n ) p r o c e s s im-

p a r t s to the jet a certain a n g u l a r w i d t h r e f l e c t i n g the dis-

t r i b u t i o n of single q u a r k transverse m o m e n t u m with r e s p e c t to 

the jet a x i s . A d d i n g together the effect of h a d r o n i z a t i o n to 

the e f f e c t of the initial q u a r k m a s s , we end w i t h a p h e n o m e n o -

l o g i c a l l y e s t a b l i s h e d result: the limitation of the jet trans-

v e r s e m a s s m , p(jet). In the p r o c e s s 

e + e ~ • qq 

the ratio (2m(p( jet )/y£f) is a d e c r e a s i n g f u n c t i o n of the beam 

e n e r g y . This is the same as saying that the jet a n g u l a r size 

d e c r e a s e s with i n c r e a s i n g jet m o m e n t u m . Thus the i n t r o d u c e d 

cuts (e,<5) are related to the general f e a t u r e s of the h a d r o n i -

zation p r o c e s s . The relation is restricted by the assumption 

that high energy jets have a limited transverse m a s s . From 

this p o i n t of v i e w , the double cut (e,6) is e q u i v a l e n t to a 

single cut on the jet transverse mass: 

m T ( j e t ) ^ m T ( e , 6 ) 
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From this p o i n t of v i e w , the k i n e m a t i c s of the o b s e r v e d 

jets should define the m a t r i x e l e m e n t of the o b s e r v e d r e a c t i o n 

in the same way as QED is e x p e r i m e n t a l l y studied u s i n g the 

o b s e r v e d m u o n s , e l e c t r o n s and p h o t o n s . More p r e c i s e l y , there 

are m i n i m u m v a l u e s of e and 6 b e y o n d w h i c h there is a one to 

one c o r r e s p o n d e n c e between: 

q u a n t u m jet of h i g h m o m e n t u m 4 • h a d r o n jet of high energy 

In o t h e r w o r d s , these cuts e s t a b l i s h a u s e f u l and d i r e c t b r i d g e 

b e t w e e n theory and e x p e r i m e n t w h i c h helps to avoid d o u b t f u l 

a s s u m p t i o n s . 

The q u e s t i o n remaining u n a n s w e r e d , is: 

H o w can we k n o w , from e x p e r i m e n t , the v a l u e s of the m i n i -

m a l cut (e . , 6 . )? 
min m m 

In the f o l l o w i n g c h a p t e r s , we will deal w i t h this p r o b l e m . 

5.2 Efficiency of the method 

Soft g l u o n s , hard p h o t o n s and h a d r o n i z a t i o n lead to a 

c o n s i d e r a b l e c o n f u s i o n b e t w e e n qq and qqg p r o c e s s in the dis-

t r i b u t i o n of the n u m b e r of jets p e r e v e n t . In Table 5.1 we 

compare the m u l t i p l i c i t y ( N . ,) of the h a d r o n m u l t i j e t and of 
j e u 

the quantum m u l t i j e t . From this table we conclude: 

- 1 ) for the qq p r o c e s s e s the f r a c t i o n of e v e n t s with 

N . , = 3 is lower in case of the h a d r o n m u l t i j e t than in 
jet 

the case of the quantum m u l t i j e t , showing evidence that 



- Ilk -

the value of 5 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 

j e t s . 

-2) For the qqg p r o c e s s , we notice that 'N. .=2' occurs 
j e u 

more frequently in the case of the hadron m u l t i j e t than 

in the case of the quantum m u l t i j e t . We notice at the 

same time that the fraction of events with 'N. ,=3' is 
jet 

similar in the both cases (51%-78). We conclude from this 

that qqgv events are well defined in this a n a l y s i s . We 

conclude also that the precise definition of the hadronic 

3-jet cannot be simply condition 1 N . ^=3'. We u n d e r s t a n d 
J e l 

by hadronic 3-jet the hadronization of the three p a r t o n 
final state q q g . Then additional conditions to N . =3 

J e r 
have to be defined n o t only because of the discrepancy in 

the fraction of events with N . =3 between the quantum 
j e u 

and the hadron m u l t i j e t but because of the b a c k g r o u n d from 

qqy. 

-3) For qqgg p r o c e s s e s , events with N . =3 and events with 
j e <3 

N . =4 occur with comparable p r o b a b i l i t y , showing evidence 
j e u 

that the separation of perturbative effects into 3 - j e t 

and 4-jet is quite artificial and model dependent at this 
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energy and that the quantitatively safe statement about 

higher order QCD contributions should p r o c e e d v i a an inte-

grated cross section over the (3 and 4)-jet kinematic 

region if one does want to get a significant and experi-

mentally meaningfull f r a c t i o n . 

5.3 Sensitivity of the nultijet variables to systematic effects 

The cut p a r a m e t e r s (e,6) will be treated in our analysis 

as free v a r i a b l e s . This implies a comparison of our data 

w i t h Monte Carlo events of different t y p e s . This comparison 

will be done using the m u l t i j e t variables: 

X j , X T , F g . computed over a wide range of the plane (e,6). 

These v a r i a b l e s have different sensitivities to hadronic effect 

They also have different sensitivity to systematic e r r o r . To b 

s p e c i f i c , let us take a few examples: 

5 . 3 . 1 Sens i t ive t y t o a n g u l a r resolut i on 

The multijet planarity is equal to the scalar sum of the 

jet m o m e n t a components n o r m a l i z e d to
 E

^ e a m » along the axis 

orthogonal to the m u l t i j e t thrust axis that m a x i m i z e s X ^ . 

A c o l l i n e a r two-jet events will have an X^, spectrum that reflect 

their acollinearity spectrum convoluted by the resolution of 

the energy of each jet: 
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For small a c o l l i n e a r i t y ( ̂  + 4j2) = small (in the above figure)' 

the thrust T will still be very close t:o u n i t y (T >0.95): 
«J vJ 

ei + e2 = 2 

e. cosilb+Ep cos'lu x 

_ — - - i.e if iK and ilu are v e r y small 
e. + en 1 2 

For: e 1 = e
2 = 1 

^ = = 10° 

Tj = 0 . 9 8 4 8 ; X T = 2 * 0.1736 = 0.35 

For: e 1 = e
2
 = 1 

\ = <u, = 
0 

= 20 
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tj = 0.94; x t = 0.684 

These two n u m e r i c a l e x a m p l e s show that: 

- 1 ) X T has a v e r y high s e n s i t i v i t y to the two-jet 

a c o l l i n e a r i t y 

- 2 ) Tj is less sensitive than X^, to the a c o l l i n e a r i ty 

+ 4i2 

- 3 ) C l e a r l y these e f f e c t s are absent if we w o r k w i t h 

f3j-

In f i r s t o r d e r Q C D , f o r any m u l t i j e t p a r a m e t e r Y we have 

<Y >| = <Y >| (1-Br - ) + <Y >| B r -
Q C D ( o o J q5 q q g q5g Q Q g 

W e compare this m o d e l to the d a t a in o r d e r to m e a s u r e B r -
K qqg 

w h e r e B r - be the f r a c t i o n of h a d r o n i c e v e n t s c o r r e s p o n d i n g 
qqg 

to the e m i s s i o n of a gluon with thrust cut ^ 0 . 9 5 and hence 

fix c^. Let u s suppose that the e x p e r i m e n t a l t w o - j e t e v e n t s 

have a w i d e r a c o l l i n e a r i t y spectrum than the simulated one we 

solve separately each of the f o l l o w i n g three equations: 

1 - B r - )<X > +Br - <X > = < X > w h i c h gives V 
qqg T - qqg T - T ' . & s 

qq qqg data 

w h i c h can written as 

<X >1 = <X >| — » W 
QCD d a t a 5 
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and s i m i l a r l y for Tj and F^j 

tjl = tj i — a ^ 
QCD J d a t a s 

f 3 | = f | — 
J J QCD d J d a t a s 

S u p p o s i n g that the only v i c e of our Q C D m o d e l is the 

b a d s i m u l a t i o n of two-jet a c o l l i n e a r i t y , we e x p e c t to obtain: 

•1) = a e a d : a c o r r e c t m e a s u r e m e n t of the 
s s 

c o u p l i n g c o n s t a n t 

(2) 2t*6cll 
- 2 ) a ' > a s : since in the t w o - j e t p a r t of 

our s a m p l e s we have (see F i g . 6 . 3 ) 

<T (2jet)>| < <T (2jet)>| 
M . C . J d a t a 

This d i f f e r e n c e leads to a h i g h e r rate of 3 - j e t e v e n t s in 

o u r QCD m o d e l than in the d a t a . 

0 % (0 . (2) . real . v . , ... , 
- 3 ; a >q s

/ > a : since X j is the m o s t sensitive to 
the c o m i t t e d e r r o r 

For small (e ,6 ) the m u l t i j e t v a r i a b l e s have the f o l l o w i n g 

limits: 
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e • 0 , 6 *• 0 

T
J " T 

N J . N 

X T ' P l n 

w h e r e P . the h a d r o n i c p « l a r i t y , N T is the n u m b e r of jets m j 

p e r event and N the n u m b e r of p a r t i c l e s p e r e v e n t . 

In these l i m i t s , the c o m p a r i s o n of the d a t a w i t h QCD 

w i l l be strongly d e p e n d e n t on the chosen h a d r o n i z a t i o n m o d e l . 

B e s i d e s t h a t , o u r v a r i a b l e s (Tj, X T , F^ ) lose any quantum 

m e c h a n i c a l m e a n i n g in terms of p a r t o n s or q u a n t a . 

Since there is no m a g i c recipe allowing a rigo rous se-

p a r a t i o n b e t w e e n p e r t u r b a t i v e and n o n - p e r t u r b a t i v e e f f e c t s 

u s i n g a h a d r o n topology a n a l y s i s (T, Pj_n)>
 w e like to o p t i m i z e 

o u r a n a l y s i s to reach the region of e q u i v a l e n c e b e t w e e n h a d r o n 

and q u a n t u m m u l t i j e t s . A s s u m i n g a given h a d r o n i z a t i o n m o d e l , 

this can be achieved u n d e r the a s s u m p t i o n that the only source 

of high energy jets are h i g h m o m e n t u m p a r t o n s . If this assump-

tion is c o r r e c t , then f o r any p a i r of n u m b e r s : 

. , 6>6 . , the c o m p a r i s o n of the d a t a w i t h QCD should 
m m m m 

give a c o n s t a n t v a l u e of B r - , where B r - be the f r a c t i o n 
6 qqg qqg 

of h a d r o n i c e v e n t s c o r r e s p o n d i n g to the e m i s s i o n of a g l u o n 

w i t h thrust cut ^ 0 . 9 5 , ( c^ = const.; for any any 

e £ e m i n ) and this i n d e p e n d e n t l y of the v a r i a b l e chosen for the 

d e t e r m i n a t i o n of the c o u p l i n g c o n s t a n t a . In the opposite 
s 

c a s e , this region of e q u i v a l e n c e b e t w e e n quantum and h a d r o n 
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m u l t i j e t s will be reached for M o n t e C a r l o e v e n t s , but n o t 

for real e v e n t s . The n u m b e r of jets and their k i n e m a t i c s are 

only d e f i n e d by phase space e f f e c t s in the case of m u l t i j e t 

u n i q u e l y p r o d u c e d by simple h a d r o n i z a t i o n of two p a r -

ton final states: pure q q . If the e x p e r i m e n t a l l y o b s e r v e d 

n o t - t w o - j e t (Nj^3) e v e n t s are of a pure h a d r o n i c o r i g i n ( m i s 

r e c o n s t r u c t e d qq e v e n t s ) then the c o m p a r i s o n of Q C D m o d e l 

w i t h e x p e r i m e n t should lead to a cut d e p e n d e n t c o u p l i n g con-

stant: a = f ( e > 6 ) . This e v e n t u a l i t y w i l l be c o n s i d e r e d in our 

s 

a n a l y s i s . A n o t h e r i m p o r t a n t test of the idea that jets are 

the o b s e r v a b l e p i c t u r e of the final state p a r t o n s is the study 

of k i n e m a t i c a l p r o p e r t i e s of the o b s e r v e d j e t s . It is a too 

n a i v e a r g u m e n t to say that e v e n t s where h a d r o n s are s t r u c t u r e d 

in three lobes are the m o s t clear evidence for hard g l u o n 

b r e m s s t r a h l u n g and the d e e p e s t test of Q C D . We w i l l see that 

the p r o c e s s : 

e + e ~ > bb 

is able to p r o d u c e a s i g n i f i c a n t rate of h a d r o n i c e v e n t s ha-

v i n g the 3 - l o b e s a p p e a r a n c e . In this t h e s i s , the golden rule 

we want to follow is: 

If the r e c o n s t r u c t e d jets are a good r e p r o d u c t i o n of the 

initial p a r t o n m o m e n t a , then the m a t r i x e l e m e n t d e f i n e d u s i n g 

these jets should c o r r e s p o n d to the one p r e d i c t e d by the 
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t h e o r y . There is no p o i n t in d i s c u s s i n g Q C D m u l t i s e t s 

if the m a t r i x e l e m e n t is n o t r e p r o d u c i b l e by the d a t a and if 

the p r o p e r t i e s of the r e c o n s t r u c t e d m a t r i x e l e m e n t are se-

riously h a d r o n i z a t i o n d e p e n d e n t or cut d e p e n d e n t . It c o u l d 

be that the n e c e s s a r y c u t s to n e u t r a l i z e h a d r o n i z a t i o n e f f e c t s 

are so tight that v e r y f e w e v e n t s s u r v i v e . In such a d i f f i -

cult s i t u a t i o n , the o n l y l e g i t i m a t e c o n c l u s i o n is that the 

d a t a d o e s not allow a good s e p a r a t i o n b e t w e e n the d i f f e r e n t 

m e c h a n i s m s leading to the p r o d u c t i o n of m u l t i j e t e v e n t s . 
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Njet 
Q Q QQG QQGG 

Njet 
Hadrons quanta Hadrons quanta Hadrons quanta 

2 9 0 . 4 % 89.5 % 30.0 % 17.0 % 14.9 % 1 6 . 8 % 

3 8 . 5 % 10.5 % 51.4 % 78. 4 % 43. 8 % 51. 3 % 

4 1 . 0 % 0 . 0 % 15.4 % 4. 5 % 40.6 % 31. 3 % 

5 0 . 1 % 0 . 0 % 3 . 0 % 0 . 0 % 0.7 % 0. 6 % 

6 0 . 0 % 0 . 0 % 0.2 % 0. 0 % 0.0 % 0. 0 % 

7 0.0 % 0.0 % 0.0 % 0 . 0 % 0.,0 % 0. 0 % 

COMPARISON BETWEEN EFFICIENCY OF QUR METHOD 

Table: 5.1 FOR RNDING JET USING HADRONS MONTE CARLO 

AND ORIGINAL PARTON (QUANTA) 
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c h a p t e r 6 

STUDY OF M U L T I J E T V A R I A B L E S 

AND B R A N C H I N G R A T I O S 
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6.1 Introduction 

In this c h a p t e r we apply the cuts ( e,6) of the m u l t i -

jet a n a l y s i s to the d a t a and the h a d r o n i z e d Monte Carlo m o d e l 

for the p r o c e s s e s qq and q q g . W e e x t r a c t the f r a c t i o n of 

qqg e v e n t s required to e x p l a i n the d a t a , B r - , w i t h the 
h. h.O 

a s s i s t a n c e of m u l t i j e t v a r i a b l e s < T . > , F „ . , < X ^ > by solving 

J ^ J J-

the f o l l o w i n g equation: 

Y - ( 1 - B r - )+Y - B r - = Y 
qq qqg qqg qqg d a t a 

where Y - , Y - , Y , , stand for any of the p r e v i o u s m u l t i -
qq qqg d a t a J ^ 

jet v a r i a b l e s and are o b t a i n e d by applying the m u l t i j e t al-

gorithm on the qq Monte C a r l o , the qqg Monte Carlo and the 

d a t a i n d i v i d u a l l y . 

W e will see the i n d e p e n d e n c e of the result B r -

w i t h r e s p e c t to the cuts (e,6) in the region where the rela-

tion 

jet < > p a r ton 

starts to b e c o m e v a l i d . 

The mult.ijet v a r i a b l e s < T . > , F q . , < X r p > should give 

similar r e s u l t s for B r - , if the systematic e r r o r is s m a l l . 
qqg 

We n o w p r e s e n t the results of the d e t e r m i n a t i o n of 

B r - u s i n g each of the m u l t i j e t v a r i a b l e s in t u r n . 
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6.2a Fraction of three jets (Fn .) 
J 3j 

F g . is the f r a c t i o n of e v e n t s w i t h 3 j e t s s a t i s f y i n g the 

c u t s e ,6 of the m u l t i j e t a l g o r i t h m . F i g . 6 . 1 s h o w s the d i s -

t r i b u t i o n of F g . as a f u n c t i o n of e,6 f o r the qq a n d qqg 

M o n t e C a r l o s and f o r the d a t a . The m a x i m u m f r a c t i o n o f t h r e e 

j e t e v e n t s is o b t a i n e d f r o m the q q g s a m p l e and i s o f the o r d e r 

o f 5 1 % . U s i n g the r e s u l t s of F i g . 6.1 a n d the r e l a t i o n s h i p , 

F 0 . ( e , 6 ) - ( 1 - B r - ) + F 0 . ( e ,6 )Br - = F 0 . ( e , s K . 
3j qq q q g 3 j v ' cfag qqg 3j ' 'data 

W e o b t a i n B r - as s h o w in F i g . 6.2 as a f u n c t i o n o f e and 6 . 
qqg & 

B r - is i n s e n s i t i v e to ( g) f o r a Q C D m o d e l o f f i r s t o r d e r 

if one c h o o s e s , e = 0 . 1 - 0 . 2 , 5 ^ 30°. 

The c o n s t a n c y of B r - f o r t h e s e v a l u e s of £ a n d <3, is 
q q g 

a g o o d sign in f a v o u r of d e s c r i p t i o n of the d a t a in t e r m s o f 

o u r jet a n a l y s i s . 

0 
F o r 6 = 30 and e = 0 . 1 5 we f i n d 

B r - = ( 25± 1) % 
qqg

 c 

6.2b The average value of milt i jet thrust <T. > 

The v a r i a b l e T . is the v a r i a b l e a t t a c h e d to the j e t s , w h i c h 
J

 J 

c o r r e s p o n d s to the h a d r o n i c v a r i a b l e T . The v a r i a b l e T . 

t a k e s into a c c o u n t , n o t o n l y the n u m b e r of j e t s in e a c h e v e n t , 

b u t also the e n e r g i e s of the j e t s and the a n g l e s b e t w e e n the 

a x e s , the d e f i n i t i o n b e i n g . 
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£ 
1 

T . = m a x 2 3 e. I cos" 
i = l 

F i g . 6.3 shows the v a l u e s of <T > o b t a i n e d from the qq and 
j 

qqg Monte C a r l o s after f r a g m e n t a t i o n and also f o r the 

d a t a u s i n g : 

<T.>| (1-Br - )+<T.>| B r - = . T . U 
J> q q qqg < J> q q g qqg < J L ^ 

W e can c a l c u l a t e B r - in the same way as the p r e v i o u s re-
qqg 

a c t i o n . The r e s u l t s are show in F i g . 6.4 as a f u n c t i o n of 

e and 6 . 

From F i g . 6.4 we get: 

B r - = 2 9 . 3 3 ± 0 . 9 4 ? a t e = 0.15 6 = 30° 

qqg * 

The v a l u e for B r - o b t a i n e d u s i n g the v a r i a b l e < T.> 
qqg 3 

is h i g h e r than that o b t a i n e d from the v a r i a b l e F^ .. The 

reason is that the case of the e v e n t s i n v o l v i n g a c o l l i n e a r 

two jets,this a c o l l i n e a r t y is taken into a c c o u n t by the ex-

p r e s s i o n of T . . The a n g u l a r r e s o l u t i o n in the e x p e r i m e n t 

a f f e c t i n g the axes of the j e t s , is then r e f l e c t e d in the v a -

lue of T . w h i c h results in a h i g h e r value for B r - u s i n g 
j qqg 

T . . 
J 

6.3 Average value of nultijet planarity Xj, 

The quantity X ^ is the v a r i a b l e a t t a c h e d to the j e t s , 
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w h i c h c o r r e s p o n d s to the h a d r o n i c v a r i a b l e s F i g . 6.5 

shows the d i s t r i b u t i o n of the average p l a n a r i t y as a func-

tion of ( e , 6 ) . By a p p l y i n g the f o l l o w i n g e q u a t i o n 

< V _ ( 1 - B r - )+<X^> I _ B r - = < V ' 

qq qqg d a t a 

we get B r - as shown in F i g . 6.6 w h i c h we can see is insen-
* qqg s 

sitive t o 6 for 6*30° ande ^ O . l w h i c h gives 1 3 % - £ 31.6 and 

at e = 0 . 1 5 , 6 = 30° giv e s B r = 32.57±0.76. This v a l u e is 

h i g h e r than the v a l u e d e d u c e d by F q . b e c a u s e the c o l l i n e a r i t y 
d J 

of the jets in qq two-jet e v e n t s is r e p r e s e n t e d by the do-

m i n a n c e of low X T e v e n t s , and the a c o l l i n e a r i t y of the axes 

of the jets is d i r e c t l y o b s e r v a b l e with this v a r i a b l e . W e 

can e l i m i n a t e the effect of the a c o l l i n e a r i t y of the two 

jets if we p u t X ^ = 0 , i.e = 0 anywhere where N . = 2 and 

this will be done when we estimate a v a l u e s in the n e x t chap-
s 

t e r . 

In summary we have u s e d the v a l u e s of F^ . ,<T..>and < 

o b t a i n e d from the qq and qqg Monte C a r l o s after f r a g m e n t a t i o n 

and from the data to c a l c u l a t e the b r a n c h i n g ratio B r - . 

The v a l u e s o b t a i n e d are 

B r - = 25.±1.01 % u s i n g F« . 
qqg 3j 

B r - = 29 .33± 0 . 94% u s i n g < T . > 

qqg s J 

B r - = 32 . 57± 0 . 76% u s i n g < X _ > 
qqg T 

at e = 0.15 6 = 30° 
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7.1 Extracting the signal of 3-jet events 

W e n o w compare the d a t a to our First o r d e r QCD m o d e l in-

cluding the m e c h a n i s m s qq and q q g . 

This is done with the choice of the f o l l o w i n g cuts: 

1 . e = 0 . 2 and 6= 30° 

This cuts of our m u l t i j e t m e t h o d have b e e n studied in the p r e -

v i o u s c h a p t e r , w h i c h at this value of e a n d 6 gave good r e s u l t s 

in absorbing h a d r o n i c e f f e c t s and m a x i m i z i n g the n u m b e r of 

three jet e v e n t s and also gave good a g r e e m e n t b e t w e e n all 

the m u l t i j e t v a r i a b l e s . 

2 . n u m b e r of jets r e c o n s t r u c t e d (N.) = 3 

This r e m o v e s the b u l k of qq events as well as some of 

the qqg e v e n t s . 

3 . | © N I > 8 0° 

© ^ is the angle b e t w e e n the n o r m a l to the event p l a n e and 

the e + e ~ a x i s . This cut removes qqy w h i c h are coplan<ar with 

the beam a x i s . 

4 . © 0 < U - T . ) * 5 ° 
23 j 
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H a d r o n i z a t i o n can m a k e QQ p r o d u c e events w i t h N . = 3 , 
0 

b u t these e v e n t s are s y s t e m a t i c a l l y shifted towards h i g h 

thrust and low © 2 3 ^ ^ s o will t>e removed by these c u t s . 

A l s o soft p h o t o n s will be removed by this c u t . 

This c o n d i t i o n r e m o v e s this kind of event a l l o w i n g a 

f u r t h e r r e d u c t i o n of the b a c k g r o u n d to the QCD three j e t . 

In a d d i t i o n to these cuts we set the f o l l o w i n g : 

X± £ X2 ^X3 £0.1 

where X ^ £ 0 . 1 will remove v e r y low energy jets w h i c h are 

likely to be b a d l y r e c o n s t r u c t e d . 

F o l l o w i n g the same p r o c e d u r e as o u t l i n e d in p r e v i o u s 

c h a p t e r s we o b t a i n the b r a n c h i n g ratio B r - u s i n g the quan-

tity F ^ . and o b t a i n a v e r y s i m i l a r result i.e 

B r - = (24.26±0.92)% 
qqg 

H e n c e the action of the a d d i t i o n a l cuts h a s a n e g l i g i b l e effect 

on the r e s u l t . 

U s i n g the result B r - we will compare the d a t a w i t h 
M. T. O 

the p r e d i c t i o n of the m o d e l , where the m o d e l is a m i x t u r e 

of 24.26 qqg e v e n t s and 75.74 qq events for the v e c t o r gluons. 

The same technique y i e l d e d B r - = 2 1 . 1 6 + 0 . 7 5 % for scalar g l u o n s . 
qqg — 

7.2 Comparison between the QCD models and the data 

F i g u r e s 7 . 1 , 7 . 2 , 7.3 and 7.4 show the d i s t r i b u t i o n of 
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X ^ , X T > X T / X 1 } c o s © for the d a t a , for v e c t o r g l u o n and sca-

lar gluon Q C D m o d e l s s t u d i e d . 

O u r way of s e l e c t i n g the jets does n o t imply any p r i o r 

c o n s t r a i n t on the m e c h a n i s m of jet p r o d u c t i o n . This is one 

of the q u a l i t i e s of this jet a n a l y s i s in c o m p a r i s o n with ha-

dronic t o p o l o g y . A n o t h e r q u a l i t y , no less i m p o r t a n t , is the 

fact that this a p p r o a c h a l l o w s us to d e f i n e s y s t e m a t i c e r r o r 

w i t h i n the r e s u l t . Finally we conclude the 3jets p r o d u c e d 

by d i f f e r e n t m e c h a n i s m s show d i f f e r e n t k i n e m a t i c p r o p e r t i e s be-

cause a c c o r d i n g to table 7 . 2 , the d a t a e x c l u d e the p u r e l y ha-

dronic m o d e l s bb or QQ (where b stands for bottom q u a r k ) . 

In table 7.1 we show the c o m p a r i s o n of the v a l u e s < , < X ^ > , 

< X ^ / X ^ > a n d < c o s © > w i t h Q C D m o d e l s for d i f f e r e n t g l u o n s p i n . 

The table shows that QCD m o d e l with s c a l a r gluon is e x c l u d e d 

at a level of 7 standard d e v i a t i o n s . A t the same t i m e , we show 

the e x i s t e n c e of a d i f f e r e n c e of less than 0.22 standard d e v i a -

tion b e t w e e n the d a t a and QCD m o d e l to f i r s t o r d e r w i t h v e c t o r 

g l u o n s . 

The r e s u l t s of table 7.1 show that the k i n e m a t i c r e g i o n , 

where the 3jets are d e f i n e d , is large enough to a l l o w selec-

ted e v e n t s to retain their c h a r a c t e r i s t i c p r o p e r t i e s . 

The c o n c l u s i o n of this section from the d i s t r i b u t i o n s 

shown and the tables is that the d a t a is in f a v o u r of the Q C D 

m o d e l to first o r d e r w i t h gluon spin equal to o n e . 

7.3 Det erminat i on of a 

s 
So far we have found the v a l u e s of B r - i.e the frac-

qqg 
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tion of qqg e v e n t s , w h i c h are r e q u i r e d to give the expe-

r i m e n t a l l y m e a s u r e d v a l u e s of the m u l t i j e t v a r i a b l e s F q ., 
4 J 

X T and T . . W e n o w w i s h to find the c o r r e s p o n d i n g v a l u e s 
i j 

of , the q u a r k gluon c o u p l i n g c o n s t a n t . a
s is r e l a t e d to 

B r - v i a the f o r m u l a : 
qqg 

2 2 

1 d a q q g _ 2 as(Q 2 ) X q + X q ,, 
aT dX dX- = 3 ~ T l ^ X ) (1-X-) f o r v e c t o r g l u o n s 

q q q q 

w i t h 

B r - = ^ , w h e r e o is the total z e r o t h - o r d e r 

qqg a
0 0 

c r o s s - s e c t i o n . Thus we can w r i t e 

where I is the integral of the above e x p r e s s i o n with l i m i t s 

w h i c h are related to the cuts w h i c h are u s e d to d i s t i n g u i s h 

the qqg p r o c e s s from the qq p r o c e s s . 

The v a l u e of I thus found was I = 1 . 7 1 . This v a l u e is 

o b t a i n e d by a n a l y s i n g the Monte Carlo e v e n t s ensuing due to 

v a r i o u s a d m i s s i o n s for the v a l u e of a . U s i n g the v a l u e of I 
s 

we can n o w list the v a l u e s of c^ c o r r e s p o n d i n g to the v a l u e s 

of B r - found e a r l i e r 
qqg 

v a r i a b l e u s e d B r - a. 
qqg s 

F Q . 25.2±0.8% 0.1473±0.0046 
4 J 
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T . 
J 

30.99±0.99% 

33.53±0.79% 

0.1811±0.0057 

0 . 1 9 6 0 + 0 . 0 0 4 6 

A s m e n t i o n e d b e f o r e (chapter 6) the v a l u e s d e d u c e d from T . 
j 

and X ^ are s y s t e m a t i c a l l y shifted h i g h e r b e c a u s e of the 

a p p a r e n t a c o l l i n e a r i t y of 2 jet e v e n t s due to i n s t r u m e n t a l 

e f f e c t s . W e can a t t e m p t to c o r r e c t for this by setting 

X m = 0 and T . = X , when N . = 3 . The result of d o i n g this 
T j 1 j s 

are shown in F i g s . 7 . 5 , 7 . 6 . In. section 6.1 we have appl-ied some 

c u t s to e l i m i n a t e certain e f f e c t s e x p l a i n e d thefe and 

we get B r - = 24.26±0.94 . % qqg 

The c o r r e c t e d v a l u e of <T.> 
3 

and < X T > 
c o r r e c t e d c o r r e c t e d 

and F 0 . y i e l d 
3j J 

v a r i a b l e u s e d 

3j c o r r e c t e d 

T . 

X, 

c o r r e c t e d 

c o r r e c t e d 

B r -
qqg 

24.26±0.94% 

27.78±0.92% 

27.56±0.86% 

a 

0.1418±0.0055 

0.1623±0 .0053 

0.1611±0.005 

we note that these v a l u e s of a from X m and T . are not in-
s T j 

c o n s i s t e n t with that d e d u c e d from F q . . 

C o m b i n i n g the three v a l u e s of from F ^ , T . 
c o r r e c t e d 

and Xr gives an average value 
c o r r e c t e d 

a = 0 .155±0.0053 
s 
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we can g e t an estimate of the systematic e r r o r by c o m p a r i n g 

this v a l u e w i t h that o b t a i n e d by taking the average of the 

a v a l u e s o b t a i n e d from F 0 . , T . and X m before c o r r e c t i o n f o r 
s 3j ' j T 

a c o l l i n e a r i t y " e f f e c t s . This indicates a s y s t e m a t i c e r r o r 

of ±0. 0 1 9 7 , o u r result for a is thus 

ft = 0.155±0.005±0.020 
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D a t a Q C D v (ffv) QCDs (as) 

<XT/2> 0.3180+ 0.0027 0.3178 (0.0740 d) 0.3389 ( 7.7407 d) 

< X I> 0.8680 +0.0014 0.8679 (0.0714 d) 0.8557 ( 8.7857 d). 

< C O S 9 > 0.3980 + 0.0067 0.3984 (0.0597 a ) 0.3568 (6.1492 d ) 

<XT/2XI> 0.3740+0.0C89 0.3748 (0.2051 ff ) 0.4057 (8.1282 d ) 

Table : 7.1 
MEAN VALUES OF THREE JET MATRIX 

ELEMENTS USING VECTOR GLUON AND 

SCALAR GLUON . 
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DATA BB Q Q 

F3J- 0.147 + 0.003 0.122 0.085 

< ^ X T > 0.318+0.008 0.284 0.280 

< X I > 0.868 + 0.001 0.890 0.887 

< 1 X T / X I > 0.389 ±0.006 0.323 0.321 

< C O S 9 > 0.374 + 0.003 0.443 0.484 

Table : 7 . 2 
MEAN V A L U E S OF THREE JET MATR IX 

ELEMENTS FOR THE DATA A N D PURE 

HADRONIC M O D E L S . 
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8.1 Introduction 

In this chapter we will present the four jet contribu-

tion at the present PETRA energy, discuss the convergence 

of perturbative QCD as a result of the contribution 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 F^ . 

We shall question the constancy of the fraction F^. , with 

respect to the choice of £ and <5 . We have seen that F^j is 

practically constant for ecr0.15 and 6*30°. Therefore, we shall 

look for a similar requirement for F^ . . 

We have to take MQ = 3 Gev as a cut on the minimum in-

variant mass of each pair of partons in qqgg and AQ = 0.05 

as the minimum acoplanarity of these event. The cuts ( M Q , AQ) 

are analogous to the cut T£0.95 for defining the qqg processes. 

The comparison of the data with the QCD model by using 

F 0 . and F . . allows the calculation of branching ratio Br -
3j 4j e qqg 

using the following equations: 

qqg 
+Br 

qqg 
+Br 
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Fig 8.3 shows how the qqgg process can appear as three 

jets of reconstructed partons if e and 6 are large. 

2 
The comparison of the data with the QCD model of 0(a ) 

by using F' . and F . . allows calculation of Br - . Figs. 4J 4j qqgg 

8.1 and 8.2 show Br - decreasing as a function of 
qqgg 6 

0' 

e and 6 and becoming close to zero for <5 = 3 0 and e =0 .2 . 

From these figs, we get 

Br( qqgg)= 6.09±0.3 % for quanta multijet 

Br(qqgg)= 6.1±0.7 % for hadron multijet 

The statistical error indicates the weakness of the signal 

F^j observed. 

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

small and compatible with QCD model predictions 

8.3 Test of the convergence of perturbative QCD 

So far, we have been only considering the term of order 

a in the perturbative QCD series. Here we pay some attention 
o 

to the perturbative effects of 2nd order in a 2 . Fig. 8.3 
s 

shows the dependence on e and 6 of the quantum multijet variab-

le Fg . for qqgg events. From this figure we see that 

F3j. (qqgg) = 52% for e = 0.2 and 6 = 30°. 

We don't include the process qqgg 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 e,6 has the same properties as Br(qqg) 

using only processes qq and qqg. We see Br(qqgg) 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 observed. 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 bE 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 fraction F^j 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 e , 6 for 4j 1 j j 4j 

hadronized Monte Carlo. These figures show the strong va-

riation of purely hadronic effects with the choice of the cuts 

in e ,6 . More severe cuts than£ = 0.2 and 6 = 30, have been 

more 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-

+ -

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 region 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 

(ill. ^y \ 
PETRA ' we get a very stable value of a with or with-

s 

out cuts in this kinematic region. In our analysis the syste-

matic error is almost independent of the properties of the 

(57) 

hadronization of the partons and only reflects the reso-

lution of the apparatus but our final result is similar to 

other work 

The effects of the gluon spin have been made evident, using 

(67) 
thrust ft or Ellis-Karliner angle cos© . 

The calculation of Fft is in good agreement with other 
q . . (55, 120, 119) 

calculations ' ' 

Our choice of jet angular size and eenergy cut is in good 

agreement with the generalisation of the Sterman-Weinberg model 

( 95) 

to the case of 3-jets 

Our method allows us to make a separation between 2-jets, 

3-jets and 4-jets with the same cut (e,6), thus allowing a co-

herent definition of terms of the perturbative series. The 

experimental cuts ine and 6 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-

2 
namics. The contribution of terms of the order of a to the s 

effective cross-section for production of three jets is small. 

2 

The term of order a g 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 of the perturba-

tive series. An effective cross-section for production of 

events with four jets, by the process qqgg and qqqq is 

measured. The rate of four-jet events is compatible with con-

tributions due to various processes with three-jets: 
e.g. qqgy and bbg. 
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