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Preface 

In the last ten years our understanding of the nature of the strong interaction 

force has changed considerably. To a large extent this has its origin in our 

belief that with quantum chromodynamics (QCD), the gauge field theory of quarks 

and gluons, we have now available a solid, well defined, theory. In the sixties 

the quark model played already a great role for classifying hadron states but it 

lacked this theoretical foundation which, we think, now exists with QCD. If we 

try to remember, which experimental discoveries smoothed the way for QCD, presum-

ably we would consider: (i) the discovery of the scaling behaviour of deep 

i~elastic lepton-nucleon scattering and its interpretation through the parton 

model, {ii) the discovery of additional quark flavours, the charm and the bottom 

q~ark, and the interpretation of corresponding hadron states in ·terms of simple 

pctential models based on the confinement hypothesis and (iii) the discovery of 

quark and gluon jets in electron-positron annihilation into hadrons. On the 

theoretical side it was important to recognize that non-abelian gauge theories 

are renormalizable and that quantum chromodynamics is asymptotically free. These 

two properties opened the road for the application of perturbative theory which 

was so sucessful in quantum electrodynamics. Furthermore the originally apparent 

contradiction, the quark-gluon interaction being very strong, i.e. so strong that 

quarks and gluons are always confined, on one side, and the appearance of almost 

free quarks an~ gluons inside hadrons, as revealed in deep ine~astic scattering 

experiments, on the other side, could be resolved. 

In the meantime we have learned how to apply perturbative QCD to various reactions 

at high energies: e+e--annihilation, two-photon processes, deep inelastic lepton­

nucleon scattering, ~·~--production in hadron-hadron collisions (Drell-Yan process) 

and production of particles with high transverse momenta and of jets in hadron-

hadron collisions. 
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We can distinguish two fields for applying QCD perturbation theory which are 

only indirectly connected. One is predicting the Q~ evolution of structure 

functions of hadrons (or decay functions of quarks and gluons) in deep-inelastic 

lepton-nucleon scattering and in hadron-hadron collisions. This_Q1 evolution 

essentially follows from summed perturbation theory in .the leading logarithm 

approximation. ~he other field consists of the theoretical analysis of jet 

phenomena in terms of QCO perturbation theory at fi~ed order. For the first sub-

ject1 the theory of structure and decay functions many reviews exist. We mention 

a few: Altarelli /1982/, Buras /1980/, Dokshitser, D'yakonov and Troyan /1980/, 

Ellis and Sachrajda /1979/, Field /1978/, Marciano and Pagels /1978/, Petermann/1979/ 

Pennington /1983/, Politzer /1974/, Reya /1981/, Ross /1981/, Sachrajda /1982/, 

SOding and Wolf /1981/. In some of these reviews also jet phenomena are considered. 

+ -It seems generally agreed upon that e e -annihilation into hadrons is the best 

laboratory to investigate the production of hadron jets. In e+e--annihilation we 

have a well defined, hadron free, initial state which allows us to study the 

final state undisturbed from effects of initial state hadrons. In deep inelastic 

lepton-nucleon scattering and even more so in hadron-hadron processes we always 

have hctdrons in the initial state (with more or less known structure functions) 

p~oducinq beam and target jets which overlap with the perturbative QCD jets we 

are interested in. So far most of the empirical information on jets comes from 

e+e--~ihilation experiments. But also on the theoretical side the analysis of 

jets in e+e--annihilation appears to be very much advanced. Here, many results 

on higher orders in QCD pertur~ation theory have been obtained in the last three 

years. Therefore, in this review we shall restrict ourselves tea representation of 

the theoretical considerations foK the ·analysis of hadron jets produced in e+e--

'anQihilation. We hope that the procedures outlined for this particular process 

may be useful also for the interpretation of jet phenomena in the other more com-

plicated reactions mentioned abOve. Some earlier reviews of QCD jets are Hoyer/1980/, 

Kramer /1980/, Schierholz /1979, 1981/ and Walsh /1980/. 
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Since Gell-Mann /1964/ and Zweig /1964/ introduced quarks as the elementary 

building blocks of all hadrons our understanding of the complex hadranic world 

of protc~s, neutrons, pions, kaons and all the other strongly interacting particles 

has increased remarkably. Quarks are spin 112 particles, so that a quarks q and 

an anti~~k q build mesons (qq) and three quarks make baryons (qqq). 

To explain ~~e whole hadron spectrum as it exists to-day we need five quarks of 

different flavour: u, d, s, c and b quarks. They differ in their masses and in 

their pr=perties concerning electromagnetic and weak interactions. Their quantum 

numbers :, r 3 , s~ c, b~ Q and Bare listed in Table 1.1. The u~ d quarks transform 

as a dc-.:.:::!e7. -.;,.-:der an almost exact SU(2) flavour group, the u, _d, s transform 

as a tr.:.;::.et. :.:..-:der an approximate SU(3) flavour group, u, d, s, c as a quartet 

under a ::::.-=:<en su (4) flavour group and so on. The quark flavours, charges and 

baryon :-.-.:::..ters determine the flavour of all hadrons, their isospin quantum numbers 

I, r 3 , ~eir strangeness s, their charm c, their bottomness b, their charge Q 

and the~r baryon number B. 

The masses cf u, d quarks are approximately 10 MeV, the mass of the s quark is 

near 150 ~ev, of the c quark 1200 MeV and of the b quark 5000 MeV. These ~asses 

are not very well known. They are just parameters which quarks would have as 

masses if they·could be produced as free particles. Since this·is not the case, 

the masses cannot be measured directly and their values depend somewhat on the 

mar~ indirect definition of the· mass parameters. 

In addition every quark u, d, s, c and b appears in three distinct states, a red, 

a green and a blue quark- a property we call colour {Greenberg /1964/, Han and 

Nambu /1965/, Gell-Mann /1972/) .That quarks must have another degree of freedom 
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in addition to spin and flavour was revealed by the symmetry problem of baryon 

ground states made out of quarks. For example, the lowest mass, spin 
3
;2, states 

of three apparently identical quarks, three u's, d's or s quarks depending 

whether one considers the L)++, l1- or~- baryon, can be totally symmetric 

in their spin, spatial and flavour properties, as one expects for the ground 

state and yet satisfy the Pauli principle, i.e. obey Fermi-Dirac statistics. The 

antiSi~etry of the wave function comes from the colour wave function which is 

the antisymmetric combination of a red, green and blue quark of the particular 

flavour u, d, or s. A meson is a linear superposition of red-antired, green-

antigreen and blue-antiblue states. So, hadrons, being observable states, are 

colour singlets although each is built of coloured quarks. This construction 

explai~s why mesons, being colc~r singlets, behave as if made from just one 

qq pair and baryons as if made =rem a qqq configuration. Further hints for the 

colour of quarks come from the cbserved decay rate for ~0~(rd(and the cross . -section for e e -annihilation into hadrons which will be discussed in detail in 

chapter 2. These physical observables count the number Nc of quarks of each 

flavour and the experimental data tell us that this number Nc is equal to three. 

That the idea of quarks is more than a tool for constructing hadrons was made 

apparent by the expetiments on deep inelastic lepton scattering which started 

at the Stanford Linear Accelerator. In these experiments, a high momentum probe, 

• a virtual photon or weak virtual quanta w- or Z, hits a nucleon (Fig. 1.1). If its 

momentum is high enough its wavelength is smaller than the size of the nucleon 

and we expect it to probe the constituents of the nucleon. This is what the 

scattering experiments really have shown. The scattering of high energy leptons 

occurs in such a way as if there are constituents - partons - inside the hadron 

which are freely D10Ving, pointlike objects. (Bjorken /1967/, Feynman /1969/, 

Bjorken and Paschos /1969/) These partons are found to have spin 
1

12 and all 

•. 
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the other properties of quarks. Therefore the lepton scattering can be described 

• such that the virtual photon, w- or Z with squared mass q 2 < 0 scatter on the 

quasi-free quarks bound in the nucleon. The final state consists then of two jets, 

the current jet which is the quark (q) jet and the target jet equal to the 

diquark (qq) jet. But, however, hard the quarks inside the nucleon are hit, the 

quarks never appear asy=ptotically as free particles. The quark and the diquark 

jet must fragment into hadrons which then are observed in the detector. 

The fact, that quarks never seem to come out as free particle~ whereas hadrons 

do,is in accord ~ith the colour assignments discussed abOve. Only colour neutrals, 

i.e. had:ons, are asymptotic states. All colour non-singlets, i.e. quarks, 

diquarks etc., cannot a~~ear asymptotically. They always must be bound into 

~adrons, ~.e. they are C~"-:ined. This means that quarks are strongly bound in-

side hadr~ns. What is re~ponsible for this very strong binding? Evidence that 

a nucleon contains not j·..lst three quarks came from the experimental fact that 

in deep inelastic lepton scattering the charged constituents of a nucleon carry 

only half of its ~omentum. An electrically neutral parton carr~es the rest. This 

is identified with the gluon. Quarks are assumed bound by exchanging gluons. 

For ~xample a red quark interacts with a green one by exchanging a red-antigreen 

gluon. These gluons are =lavour neutral and do not participate in the electro-

weak interactions. 

Since quarks have three colours, there are nine types of gluon. All except one 

- the singlet gluon - miX under colour transformations. The singlet gluon may 

have a coupling to quarks of strength independent of the other eight. This is set 

to zero. The remaining eight gluons transform as the adjoint representation of 

colour SU(3). Gluons are assumed to have spin one. This has the effect that the 

force between qq is attractive, as it is needed for binding in a meson, but re-

pulsive between qq. This leads us directly to quantum chromodynamics, the gauge 

~~eery of quarks and glucr.s . 

' 
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1.2 The Lagrangian of Quantum Chromodynamics 

Quantum chromodynamics (QCD) {Fritzsch and Gell-Mann /1972/J is the theory which 

~scribes the interaction of a triplet of coloured quarks with an octet of vector 

qluons by a Yang-Kills gauge theory (Yang and Mills /1954/l. The quark fields 

are spinors qc(x) which transforming as the fundamental representation of SU(3) 

~ve colour quant~ numbers c = 1, 2, 3. The gluon fields A~(xl transforming 

according to the adjoint representation have a= 1, 2, ••• , 8, The SU{3l colour 

transfo~tions are generated by 3x3 matrices Ta (a= 1, 2, ••• , 8) (Ta = ~ ila, 

-~ere the ?La'S are the well known Gell-Mann matrices (Gell-Mann /1962/}}. They 

=bey the commutator relations 

£ T"' Tb] 
I 

= t. fa-be Tc 
(1.2.1) 

~th fabc being ~~e structur~ constants of SU(J;. The Lagrangian density for 

QCD has the following form 

;e ... _4_ 
4 

;::" 
/<" 

T"'"' ... + 1 ( i/,..1/"'- n:.) 7 

~ere the field strength tensor 

... 
fj.v ... 4"' = q..A..., - ,?..., /"" 

aPd the covariant derivative 

+ ~ f<>.bc Ab Ac 
)"' ~ 

])/" = ~ ,_. 3 T"' A; cl(' J 

(1.2.2) 

(1.2 .3) 

(1.2.4) 

g is the bare coupling constant of the theory and m the bare mass of the quark 
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field q{xl. The gluons are massless. By splitting (1.2.2) into a non-interacting 

part and an interacting part one can read off the Feynman rules from which one can 

calculate quark-gluon processes perturbatively in g. 

The Lagrangian (1.2.2) is invariant under the infinitesimal local gauge trans­

formation defined by 6 a (x) 

'f{!e) -+ 1Cd + .,_· To. $""C>e > ? (>t; > 

'fb<~ ~ fc~> - i <jt)r-J T 4
$''t>('J (1.2.5) 

~(>r) ~ ~:()(') - r'";eb(d~(!C") +; ~&~.-) 
7he requirement of local gauge invariance leads to the unique Lagrangian (1.2.2) 

Nhich severely restricts the otherwise possible interaction terms between quarks 

and gluons. This gauge ~~variance is also crucial to make the theory renormali-

zable (t' Hoeft /1971/l and so yields sensible predictions for physical processes 

at high energies. 

Locally gauge invariant theories like QCD are difficult to quantize because the 

fields Aa(x) are gauge quantities and therefore exhibit extra non-physical degrees 
" 

of freedom with must be dealt with. The most convenient procedure for quanti-

sation is Fey~' s path integral formalism. For review of this lj:opic see Abers 

and Lee /1973/, Zinn-Justin /1975/, Bech~r, BOhm and Joos /1981/ and Itzykson 

and Zuber /1980/. 

'!be structure of QCD is similar to that of Quantum Electrodyna~~~ics (QED), the 

only successful field theory we have. In QED, which is an abelian gauge theory, 

the right hand side of (1.2.1) vanishes and the charged matter fields transform 

under gauge transformations by simple phase trasformations, i.e. U(1} transforma-
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tions. In QCD, being a non-abelian generalization, the quarks transform under 

the more complicated SU(3) colour group and the vector bosons, the gluons, now 

carry colour charge too. 

The Lagrangian (1.2.2) is written in terms of the so-called unrenormalized 

fields q(x) and A~(x). The calculation of scattering matrix elements or other 

physical quantities yield finite results only if the theory is renormalized. 

Th!s means, the infinities of the theory are absorbed into the basic constants 

of the theory such as coupling constants and masses which are renormalized to 

their finite physical values. Therefore these coupling constants and masses must 

be given and cannot be calculated in this theory. The technique for renormalizing 

perturbative QCD is well known from QED. The fields are multiplicatively re­

normalized, i.e. one defines renormalized fields q and A a 
r ~.r 

't 
A"­r 

== 

= 

z-t~ '1r 
~ "" Z3 :o. ~1r 

(1.2.6) 

z 2 and z3 are renormalization constants of the quark and the gluon field re­

spectively. In terms of the renormalized fields the QCD Lagrangian has the 

following form 

~ = -~Z~(~4:-~~",f- ~Z:sfa~A,:t 
+- Z ( ,.t:i .. "') - Z ~ r"c.(A<>. A b;i"A"''c.) 3~ (,.. ~8 y<'P Y' 

-.; z/· rhc rh'c'(A/~('. ..r'"A'l"!r +-Z z:sr"Yfd'fA)ti;. 
I 

+z.,. ('i {ir~- wr) J)r- + ~ .s_ z;/z(fT"("A;?)r 
(1.2. 7) 

,. 
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This Lagrangian is complete. It contains also the gauge fixing term proportional 

to ~ , familiar from QED, which is required to insure a proper quantisation 

procedure. ~ = 0 being the Landau gauge and ~ = 1 is the Feynman gauge. The 

first two terms in (1.2.7) determine the gluon propagator, The gluon propagator, 

however, contains too many degrees of freedom for a physical massless vector 

~article. So it includes an unphysical scalar component which must be removed. 

70 remove these unphysical states is achieved by adding a Fadeev-Popov ghost 

~erm involving ~a(x). These occur_at all places where there are gluon loops. 

:he propagator of the ghost field is also read off from (1.2.7) as well as the 

ccupling of the ghost field with the gluon field. The ghost field has the re--~crmalization constant z3 . 

In momentum space the free propagators have the following form 

quarks propagator 

gluon propagator 

ghost propagator 

... h 
~ r 

f'J"- P 1 b 
~ 

~ ... b 

~ 

~ (' 4 
- "<J, 

(27Tit irf -'>'I 

(~~>4 s .. b -t-t.. ( -9,.., +~p-~~ ~ .It ' 

(.t;)Jt t, 
4 

.-/t.L 
(1.2.8) 

The gluon and the ghost are massless. Of course the ghost field does not appear 

as an external particle. The vertices, i.e. the quark-quark-gluon vertex, the 

three-gluon vertex, the four-gluon vertex and the ghost-ghost-gl~on vertex are 

also obtained from (1.2.7). They are represented in momentum space in Fig. 1.2 

together with the fundamental vertex in QED for comparison. This figure shows 

that the structure of interactions in QCD is much richer than in QED. Because 

of the non-abelian nature of the gauge interaction even the theory without 

fermions has interaction, the three-gluon (ggg) and the four-gluon coupling (gggg). 

'· .. 
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The quark-gluon coupling (qqg) is similar to that of QED, It contains in 

addition only the colour matrix Ta = ~a. Given this coupling by gTa, gauge 

invariance requires the ggg coupling to be proportional to the commutator 

g(Ta,~] and it is related tog fabc. It is essential to recognize that all 

vertices contain the same coupling oonstant g. With the propagators (1.2.8) 

and the vertices in Fig. 1.2 all Feynman diagrams of interest can be calculated. 

- a ~ a 
The vertex qT 4r A~q is renormalized with the renormalization constant z

1 
such 

that the renormalized coupling gr is 

gr 
1/2 -1 

z2z3 zl g ( 1.2.9) 

This relation will be used later in order to obtain the renormalized coupling 

in a _specific renormalization scheme, the so-called minimal subtraction scheme. 

Since we have also other couplings the renormalized coupling gr can be defined 

also either with the three-gluon vertex or with the ghost-ghost-gluon vertex. 

By writing the renormalization constants zi in the form Zi = 1 + (Zi-1) the 

terms in (1.2.7) without interaction are isolated, The terms proportional to 

(Zi-1) determine the subtraction terms which cancel the ultraviolet divergent 

parts of the Feynman diagrams. For reviews on the renormalization of gauge 

theories we recommend Taylor /1976/, Zinn-Justin /1975/ and Lee /1976/. 

It is generally assumed that QCD is responsible for the strong force which binds 

quarks and gluons in the hadrons. This must be a very strong interaction, so 

strong that quarks and gluons are confined in the hadronic bag. However, in deep 

inelastic scattering, these quarks appear as .freely moving, almost non-interacting 

particles with a coupling which is effectively small. How this feature of QCD. 

arises will be discussed in the next section. It is clear that only for this 

small coupling regime we can expect that perturbation theory is applicable. 

.• ,, 
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1.3 The Coupling at High Energies 

If the QCD Lagrangian (1.2.2) is evaluated in perturbation theory, i.e. by a 

power series expansion in g, it describes a world of coloured quarks and gluons 

with free quarks and gluons at t~:!: 00 • Since free quarks and gluons are 
1

not 

observed in nature, i.e. they are always confined in colour singlet hadron states, 

this perturbative evaluation cannot be totally realistic. on the other hand the 

experiments with high energy lepton beams show, that the virtual quanta with large 

negative q2 are scattered on quasi-free quarks and gluons which exist inside 

the nucleon. In the framework of QCD the scattering of the virtual photon etc, 

~n an almost free quark is interpreted as the zeroth order approximation (g0
) in 

~.e quark-gluon coupling constant. The next higher order in g leads to the 

~ission of an additional gluon or to the scattering of an almost free gluon with 

the production of a qq pair (see Fig. 1.3). How should we interpret this per-

tarbation theory in g knowing that the coupling of quarks and gluons is so large 

~~t it produces confinement? At this point we remember that g is not uniquely 

defined. As we explained in the last section the coupling g must be renormalized. 

In a theory of massless quarks - this is the appropriate approximation for high 

energy processes - an arbitrary mass parameter ~ appears in the definition of 

the renormalized coupling gr (this point will be considered in more detail in 

chapter 3). This parameter ~ can be chosen such that the perturbation series, 

for example for the process in Fig. 1.3, converges best. In de~p inelastic 

scattering this parameter is chosen ~2 = q 2 , where q 2 is the squared momentum 

transfer. Of course this makes sense only if 9
2 

/4~ O(s(q2
) is sufficiently 

small. In IQCD this is the case for large enough q1 which we shall discuss next. 

In quantum electrodynamics we are used to consider the fine structure constant 

e' . 
~ ; /4~ as a given fixed constant. Of course this has its origin in the 

fact that in all calculations the same definition, i.e. the same renormalization, 
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of the coupling e is employed. e is defined by the electron-electron-photon 

vertex with all three particles on the mass shall p~ = p ~ = m ~ and a"'= (p-P ) 2 = 0 
4 .&. e I 4 "" 

(see Fig. 1.2a). This is only one of many possibilities to define the renormalized 

charge. Any other values for the momenta p
1

, p 2 or q cOuld be chosen. Suppose 

we are interested to work with the coupling 0( which is defined for p
1

2
. =.p2

2 =me1 

but for arbitrary q 2 i 0. This coupling o( (q') is related to the usual coupling 0( 

which we denote 0(0 :: 0( (. 0) , by the following expression - considering only the 

lowest order term in an expansion in 0(
0 

and assuming q 2 >> me1 : 

0( ("[~) = 0{0 ( /( + 
Oio 

3'1: 
k {'~fme" )) 

{ 1. 3 .1) 

This relation is obtained from the vacuum polarization contribution to the photon 

propagator in Fig. 1.4a. Calculating also the higher order terms in 0(0 , shown 

in 

to 

fg. 1.4b, ;n .~':: leading logarithm approximation, we 

l o(o ~{q7mt~hich can be summed with the result 

0( ('f') 
o(o 

= 
1- ~-!..('1"1 .. ) 

3 '1: .f "'e 

obtain terms proportional 

( 1.3 .2) 

In QED the summation of the series in the form (1.3.2) is not essential since 

C(0 = 1;137 is very small so that even for very large ql the first few terms 

of the series in 

the higher order 

()(
0 

are s~fficient which, ofd.course, :re taken 

radiative corrections. For 3; k{f?;;,;)=fthe 
into account in 

approximations 

used to derive (1.3.2) break down. Therefore no statement about the behaviour 

of <X. {q~} for q~ +co can be made. 

In QCD the behaviour of the renormalized coupling constant 0( = g~ /4~ as a 
s 

function of q 2 = (p-p ) 2 is completely different. The reason are the additional . ~ 
interactions of the gluon which are absent in QED. Suppose the QCD coupling-has 
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=een defined at the scale ~. where the renormalization has been performed. Then 

the relation between O{s(q2 ), the coupling at scale ~, is calculated from 

the diagrams in Fig. 1.4c. In this calculation a physical gauge, the Coulomb 

gauge, is used, otherwise the structure of the diagrams would be more complicated. 

Up to order g 1 the relation between O(s(q1
) and O{s(!J.2

) is 

o<s('I 2-J = O(s{f-LJ [ 1 + ots{l<-') {f) -1(, + 2~ )4-(1j.•)} 
4w 3 

(1.3. 3) 

:":'le terms in the bracket in front of lnq
2 

/u 2 correspond to the three diagrams in 

Fig. 1.4c. For Nf < 16, where Nf is the nwnber of quark flavours, the sign of 

' ~~e factor of lnq /11 2 is negative, opposite to the QED case. This sign change 

=c~es from the second diagram in Fig. 1.4c, the 2-gluon contribution with two 

~ransversal gluons. Then summing all higher order contributions in the leading 

~cgarithm approximation yields the result (N
0 

= number of colours) 

-1 

ol.sC<t'-) = oc's<rLJ { -1 + ~t')(f.!v'c- ;~~;)4(~'-)} { 1.3 .4) 

' Since the coefficient of lnq /11 2 is positive, the limit for q 2 _.,00 can be 

taken with the well known result O(s(q2 ).,. 0. This means, that if in a 

?recess a scale q~ appears which is sufficiently large, then the coupling 

constant CX s is s~all. This property of QCD is called asymptotic freedom 

and was derived the first time by Gross and Wilczek /1973/ and by Politzer /1973/. 

~or a more recent discussion see Hughes /1980/. This property is very important 

for the interpretation of QCD perturbation theory~ It justifies the assumption 

that for high enough energies perturbation theory may be sufficiently convergent. 

?.ow large q 2 should be depends on the proper scale, i.e. on the value of C(s 

:or a particular q1 = u2 which must be determined by experiment. Furthermore only 

,, 
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after higher order corrections for a process have been computed
1
it is known 

bow the kinematic variables of the process are related to the effective ql 

Which make the higher order corrections small. This will be made more trans-

parent later when we discuss higher order QCD corrections for jet cross sections. 

A measure for the scale of G(
5 

is defined by the formula 

"' {1fNc- t~)_k(1ill .. ) I 1.3. 51 ols('f~) 
4n;-

Tbis formula contains the same information as {1.3.4) concerning the q~ depen-

dence of 0( 
5

• Only the boundary conditions are different, in (1.3.5) fX s = 00 

forcf =/\ 1 whereas in (1.3.4) CX
5 

= O{s(J.l1 ) forq~ = IJ.~. '!'he parameter/\ 

gives us the measure for the value of ot. s· Of course {1.3.5) is useful only 

for Gf ;>> )\ 2 since nonleading terms in the leading logarithm approximation 

are neqlected. Later we shall see that A ::! 0. 5 GeV, so that 0( s becomes 

small for q' >> 1\ 'ot O. 2.5 beV': 

Using 0(
5

{cf) instead of 0(
5

(1.12 ) as perturbative expansion parameter has the 

effect that specific contributions are summed up to arbitrary oder in C{s(IJ.~). 

In the limit of infinite q 1 the gluon corrections to the parton model (see Fig. 1.3) 

vanish •. Therefore in this limit the results of perturbative QCD approach the naive 

parton model. But we must keep in mind that 0C
5

(q)) is effective only for the 

elementary scattering process in terms of qoarks and 9luons and not for the 

transition processes quark or gluons ~ hadrons. The idea therefore is, that 

aoly this elementary scattering process can be calculated in QCD perturbation 

theory and the decay functions of qu_arks and gluons or the structure functions 

of hadrons must be supplied by other means. The calculation of such transition 
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amplitudes hadron ~ quark or gluon can be done nonperturbatively only since 

it belongs to the confinement region with small effective q 1 , i.e. large 0( 
5

• 

It is important to realize that perturbative calCulations always involve this 

separation of non-calculable - at least in perturbative theory - long-distance 

(or low energy) effects from the calculable short distance (or high energy) 

contributions. As we shall see later the ~echanism for the production of jets 

in e+e- annihilation are calculable in QCO perturbation theory but not the 

details of hadrons emerging from these jets, 

Before we go over to the study of jets in the next chapter we shall collect some 

characteristic features of the QCD Lagrangian which should be borne out by the 

analysis of high energy jet phenomena: 

{i) quarks with spin 1;2 exist as colour triplets 

(ii) gluons with spin 1 exist as colour octets 

(iii) the coupling qqg exists 

(iv) the couplings 999 and 9999 exist 

I vi the coupling constants in (iii) and (iv) are equal 

·(vi) the effective universal coupling g decreases with 

increasing energy scale like lnq1 
• 
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2_ Electron-Positron-Annihilation into Hadranjets_ 

+ -2-1 e e -Annihilation in the Parton Model 

7he notion of jets in e+e- annihilation is closely connected with the discovery 

of Bjorken scaling in deep inelastic electron-nucleon scattering in 1968 at 

SLAC. As was already mentioned in the in the introduction, the experiments re-

-.·ealed that the inelastic electron scattering proceeds in such a way as if the 

3?acelike (ql < 0) virtual photon interacts with pointlike constituents of the 

::'.lcleon, the partons, now identified with u and d quarks inside the proton or 

::eutron {Feynman /1972/). 

+ -:!'le equivalent process with a timelike (q2 > 0) virtual photon is the e e anni-

+ - -
~ilation into a quark-antiquark pair: e e ~ qq, as shown in Fig. 2.1. In this 

s~ple model the virtual photon, produced by the annihilating leptons, creates 

.:~. quasi-free quark and antiquark, which have the tendency to move with opposite 

iirected but equal momenta away from each other. This is prevented by the con­

:inement forces, so that at much later times (t ~ GeV-1) the quark and anti-

quark transform with unit probality into hadrons. These hadrons should come out 

roughly with the momentum direction of the original quark and antiquark, so that 

~~ distinct particle jets with opposite directed momenta evolue. This simple 

?icture (Drell, Levy, Yan /1970/ ; Cabibbo, Parisi, Testa /1970/; Berman, Bjorken, 

~t /1971/) had its early support from the fact that the total annihilation 

cross section for hadron production is given by the square of the quark charges 

Qf 

IS' ( e+e----=> 1'f ~ ho.4,.-ovts) 
2. 2. 

47r« ¥c L.. Qf 
~w'- f 

(2. t. 1) 

~ere the sum 'f' is over all active flavours which come in Nc colours. Dividing 

::y (f (e+e---;)- u+u-) we obtain the famous ratio R 

,. 
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Z for f = -«1d, S 

'R_"' <1'(e~e-~?1) ~ ~ Ao for f = -z<;tf;s,c 
=~L~== 3 

o-(e+e-~rr-) f 1i for f=u,.t,s,c,b (2.1.2) 
3 

1i fo,- f=u1 d1 s,c,61 t: 
3 

A recent complica~~~n cf all measured R values is shown in Fig. 2.2 where the 

transiticns from r~·;ions ·,.,here the {u, d, s) quarks are excited to the (u, d, s, c) 

a:-.d to the {u, d, s, c, b) regions are clearly visible. The largest deviation from 

~:-.e val:.:es in (2. :.: ccc-.::rs above the charm threshold, which might be due to 

s::·ste=.ati::: r:~east.:r~::."$:-.::. errors. A recent R value for 7. 4 ~ W ~ 9. 4 GeV is 

R = 3.37 + 0.06: :.:3 (Niczyporuk et al. /1982/) in good agreement with 
10

;3. 

.::._;, ave!'.;ge R val'..:e :::r ?E7RA energies (30 < W < 36.7 HeV) is (Wolf /1982/J: 

Rcw ;-t GeV) 3.96 ! 0.10 (2. 1. 3) 

~~en ccmparir.g this a with {2.1.2) we must take into account that for large w the 

~e~tral currents ~= ::.he weak interaction, i.e. the z-exchange, also contribute 

to e•e-~ qq, which is not contained in (2.1.2). At w = 34 GeV this amounts to 

~ R $ 0.03 if si~·ew = 0.23, which must be subtracted from (2.1.3) if we want to 

ccwpare ·,.-ith (2.1.2~ {see Wolf /1982/J. 

We see that the e~erimental results for Rare remarkably consistent with (2.1.2). 

This not only sho~s the consistency with the standard charge assignment, but 

also reveals the r::.=:ber N c of colours in equal to 3. 

Later we shall see that this simple result of the naive quark-parton model still 

i':clds in quantum c!-.rcmodyna!Ilics in the limit W2 -+oc30 . Therefore it provides not 

' 
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~Y a test of this underlying theory of the quark-gluon interaction but it 

serves also as a demonstration of renormalization-group-improved perturbation 

~eory {Appelquist and Georgi /1973/; zee /1973/; Politzer /1974/). 

Jther presumed properties of ~~e simple parton model are: (i) The produced 

~~drons ~~ve a limited transverse =~mentum pT relative to the direction of 

=cmentu:xr; :::>f the originally pr::=.u::ed quarks. This means, the produced hadrons 

==me out ~s jets. Cii) The i~::lusive cross section as a function of the hadron 

=cmentum p scales according t~ 

do'= 8'n-o< 2. X 2. 4 
~ l)f (x-) 

dr- W"' f (2.1.4) 

+ --..-::ere (;;.:;. t..~e e e 
... center-of-=.css frame q = 0) 

Jt = 1> j.,r,_,_ = A-~>lw (2 .1. 5) 

~s the scaled momentum. This property is analogous to scaling of the structure 

~~ctions F1 (x) and F2 (x) in deep inelastic lepton scattering, The function 

~{x) measures the probability of finding a hadron of type h emerging from a 

~~k with flavour f. A comparison of single charged hadron spectra for energies 

~ to 34 GeV can be seen in Fig. 2.3 (Felst /1981~. In the comparison we notice 

=eviaticns from the scaling property (2. 1.4). This means that D~(x) depends also 

=n ~ :! Gf. ~is scaling violation should be seen in analogy to the scaling 

7iolation in the structure functions F
1 

(x,q2 ) and F2 (x,q~) observed in inelastic 

:epeon-nucleon scattering. Of course the scaling (2.1.4) or its weak violation is 

~be expected only towards the boundaries of phase space, i.e. for larger x 

oalues. 7his is the quark fragmentation region in contrast to the so-called 

:~ent fragmentation region near y ~ O, where y is the rapidity variable. This 
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is defined with respect to the momentum direction of the originally produced 

quark-antiquark pair giving ~~e longitudinal momentum from which y is calculated. 

We expect the rapidity distribtuion of produced nonleading hadrons to be uniform, 

just as in ordinary hadron reactions. This is shown in Fig. 2.4 (Wolf /1981/). 

FroiQ this, i.e. no increase of ( 1/rl")dtr/dy near yZO with increasing W, it 

would follow, that the mult~?licity would grow only logarithmically with W as 

in ordinary hadron collisons at low ene~gies. Fig. 2.4 shows clearly that this 

is not the case. The plateaCl :-.ear yZ 0 rises with increasing energy. Therefore 

the multi:;:licity r:J'.!!O:::. rise .s:::-onger than lnq2 • Recent analysis show that the 

average =.:.J.ltiplici ty of cha:--;ed particles in e + e- annihilation behaves like 

< 0 cc. > 2 • :.2 lnq"- 0.18 (lnq2 ) 2 

The de:;::er:.::ence of o:.:-:.e multi:;::::::ity <nch> as a fur.::tion of W = fS is shown 

in Fig. 2.5 compared with s::=.e other model predictic~s {see figure caption) 

(Wolf ,. 1931/). But the strc:-.;;er increase than a + b l:1q2 is clearly seen in 

agreement with the increase c£ the rapidity plateau r.ear y~ 0, 

2.2 First Exper~ental Ev~::.ence for Jets. 

(2.1.6) 

Although the production of ~ets in e+e- annihilation as a manifestitation of the 

process e+e-~ qq was suggested by Bjorken and Brodsky /1970/ 'it was not earlier 

than 1975 that they were discovered e~perimentally, when high enough center-of­

mass energies w became available at SLAC's e+e- storage ring SPEAR. At low 

energies it was not possible to see jets because the two jet cones were too 

braod. Let us suppose that the transverse momentum pT with respect to the jet 

direction (which, theoretically, is the momentum direction of the promordial quark) 



- 22 -

is limited and that the =..atiplicity grows only log~riti"~ca:il; as in (2. 1.6) 

the jet cone becomes narrower and narrower with increasing energy w. Let <n). 

be the average particle :rultiplicity, <PT > and 

< f11> <p> ::: w 
(2.2 .1) 

<n> 

~~e average transverse ~~~ longitudinal hadron momenta, ~~en the mean half angle 

<0> of the jet cone (see Fig. 2.6) 

<d) ~ <er> 
<p> 

:::- <er><n.> 
w 

~ 
1 

w 

:-!"lis means t.hat the jet c:~e oper..:..:-::g angle decreases ·,;:.::h increasing total 

e e energy w like 1;w. ~~~s, for example, for w ~ GeV <.he measured charged 

(2.2.2) 

oultiplicity if roughly ~ (see Fig, 2.5), giving a total ~ultiplicity of nearly 6, 

so that with <PT > = 0 . .32 GeV we get 

<S> 0./i-fl 3o• (2.2.3) 

This value is presumably an underestimate for the actual situation. It shows that 

even at w = 4 GeV each of the two jet is broader than 60° in average. 

Jets were first seen in e e annihilation experiments at SPEAR with the MARK II 

=etector of the SLAC-LBL Collaboration (Hanson et al. /1975, 1982/). In order 

to establish the jets it is necessary to prove the limited transverse momentum 

with respect to a jet axis. The jet axis must be determined from the momenta 

of the produced hadrons. In this early work the jet axis was defined in terms 

of sphericity introduced by Bjorken and Brodsky /1970/ which is 

,. 

s =£ mC:n 
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f I f,_T /L 

~ I p. /L 
• 

(2.2.4) 

_. 
In (2.2.~) the piT are the transverse particle momenta of all particles in an 

event relative to an axis which is chosen in such a way that the numerator in 

(2.2.4)"isminimal. Comparing (2.2.4) with (2.2.2) we see that the sphericity S is 

roughly the average of the square of the jet cone opening angle: 

<S> ~ 1. 
z < cS""> ::: 3 

2., 

<p/' > <n>...._ 
W"' 

(2.2.5) 

The first experimental data for the mean sphericity are shown in Fig. 2.7. They 

come from the SLAC-LBL group (Hanson et al. /1975, 1980/l and represent the first . -
evidence for jet formation in e e annihilation. The mean sphericity is rou;hly 

constant as a function of the total e+e- energy E E c.m. 
W up to 4 GeV and then 

decreases with increasing E The solid and dashed curves show the Monte Carlo ..•. 
results for a jet model with (pT > = 315 MeV and for a simple phase-space model. 

At lower energies ( -" 4 GeV), where <P 11 > is of the same order of magnitude 

as < pT > both models predict the same average sphericity. Above 4 GeV the jet 

model describes the data very well whereas in the phase space model the spheri-

city rises with energy in disagreement with the data. In Fig. 2.8 we show a 

recent complication of experimental data for ~S ;> for energies up to 36 GeV 

(Wolf /1982/). We see how .(s) decreases with increasing w. The decrease of 

< s> is, however, much less than predicted by (2.2.5), which is< s> - 1;wl. 

The data decrease more like <s> "'" 1
/w112 • Since <s> is a measure of the 

,. 
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square of the half jet opening angle $'introduced in (2.2.2) <<s> = % .,( S ~>} 
(see (2.2.5)) according to Fig. 2.8 <d') decreases from <&> ~ 30"' at 

W = 5 GeV down to <G)::::' 11"' at W = 35 GeV. That <B> does not decrease 

faster with increasing W apparently comes from the strong increase of the average 

multiplicity <n> as can be seen in Fig. 2.5, which diminishes the decrease 

of <S• > because of (2.2.5). 

In order to discover the two back-to-back jets in the final hadron state at these 

still relativity low energies of the SPEAR storage ring, it was essential to 

perform the sphericity analysis and to study <s > as a function of the beam 

d~ 
energy. If, instead, one studies · ~~~at an already large, but fixed energy, 

the pT distributions for the jet model and the phase space model do not differ 

very much. This is seen in Fig. 2.9, where this comparison is shewn for 

w = 7.4 GeV together with the data, which, of course, are well described by the 

model with a limited transverse momentum pT. 

A similar comparison 

distribution ~~S 
is shown in Fig. 2.10. Here the measured sphericity 

at 3.0, 6.2 and 7.4 GeV is compared to calculated distri-

butions of the jet model and the phase-space model. At 3.0 GeV the data agree 

with the predictions of either the phase-space or the jet model. At this energy 

the limiting of transverse momentum to an average of 0.35 GeV has no effect on 

the phase-space particle distributions since transverse and longitudinal momentum 

are of the same order and do not exceed 0.35 GeV to a large extent. At 6.2 and 

7.4 GeV the S distributions are peaked toward lowS favoring the jet model over 

the phase spa~e model. But the distributions in S are still very broad and to 

establish the evidence for jet structure in e+e- hadron production is only 

possible via direct Comparison with model predictions. 

These findings were confirmed later with the DORIS ring at DESY with somewhat 

higher energies near the r resonance (Berger et al. /1981a/, Niczyporuk et al. 

."1981/). 

This is completely different at PETRA energies, where most of the events are two 

jet and which, because of the narrower cones, can be selected with the eye. An 

example of such an event ·o~hich was produced at w = 31.6 GeV is reproduced in 

Fig. 2.11. The small transverse momenta with respect to the jet axis are easily 

visible. 

Other tests of the quark-Farton model, as for exampl~ the scaling behaviour of 

single hadron spectra are also positive and had been shown already in Fig. 2.3. 

Another very important test of the underlying quark structure of the jet in 

e+e- annihilation is the ~easurement of the angular distribution d~/dcos6 of 

the jet axis with respect to the beam direction. It is well known that the 

distribution for the prcC:·..:ction of massless spin 1/2 particles is (see for 

example Gatto /1965/) 

dc:rjcl=s8 -1 + cos"e 
(2.2.6) 

The formula (2. 2. 6) applies also to e + e---+- q(j for massless quarks (a valid 

assumption at least for u, d, s-quarks) and would manifest itself as the angular 

distribution of the jet axis, i.e. the sphericity axis, with respect to the 

beam axis. 

All experimental measureoents of jet axis angular distributions so far are con-

sitent with (2.2.6).The first data came from the SLAC-LBL-Collaboration at SPEAR. 

They used transversal polarized e+ and e be~s. This makes the determination of 

the 8 -distribution more feasable at these low e+e- energies. With transverse 

polarized beams the angular distribution has the following form 

ril:rjd.Q. - '1 +- o< cas'-8 + 0( 7; 7>.. s..;.a& cos Zf 
(2.2. 7) 
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In (2.2. 7) </> is the azimuthal angle of the jet axis with respect to the 

+ -storage ring plane and P+ and P_ are the polarizations of thee and e beams 

respectively. The measured q> distributions (averaged over <9 ) for 6.2 and 

7.4 (ieV are shown in Fig. 2.12. At 6.2 GeV the beam polarization P+ = P 0 

and therefore an isotropic ~ distribution is observed whereas at 7.4 GeV. 

where P P = 0.5 they observed the characteristic cos2~ behaviour. From this + - y-

measurement the value 0( = 0.97:!: 0.14 has been deduced in agreement with the 

expectation (2.2.6). Similar results, but with less accuracy were obtained by 

the PLUTO Collaboration at DORIS for w = 7.7 GeV and 9.4 GeV (Berger et al. /1978/). 

In Fig. 2.13 a more recent measurement of the e -distribution at higher ener-

gies is shown. The results come from the JADE-Collaboration at PETRA and are 

for energies between 30 and 35 GeV. In this case the e+ and e beams were unpola-

rized. Thus, although the beam energies were much higher, so that the jet axis 

is much better defined, the -.rnlue of 0( (Elsen /1981/): 

0( 1.04 :!: 0.16 (2.2.8) 

does not have a better accuracy than the SP~ value. The jet axis was also 

defined with the sphericity. We see that (2.2.8) is also consistent with (2.2.6). 

+ -
This test of the spin 1/2 ~~ture of the quarks produced in e e annihilation is 

analogous to the verification of the Callan-Gross-relation (Callan, Gross /1969/l 

in deep inelastic lepton-nu~leon scattering: F2 (x) = 2xF1 (x) which is also very 

well satisfied experimentally. 

As a last point we may ask the question to what extent do all these tests verify 

+ -
the existence of jets in e e annihilation It is clear that there exist also 

models with other input which would describe the data. For example, the (1+cos~8) 

angular distribution could be explained via the production of two resonances 

with opposite normality (:parity • (-1) 5 , where Sis the spin of the resonance), 

,. 
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like 1f:'4J
1 
~A2 etc. (Kramer and Walsh /1973/). But in such a model, with 

increas~g ~.er~J, always new resonances with the same property must appear 

which i=. ::-a-:..':er ·~..:~ely. Actually in the data of the SLAC-LBL-experiment no 

evidence ==::- ~~Y =-~~cture in the mass distribution for three-prong 1 charge 

+ 1 je::.s, -.·as f::•.=.d. Therefore we must conclude that there is no evidence 

for co:;::.:·.:.:: :;:r=dt:::-::..:.:::-n of resonances which could lead to jet structure in the 

majorit::· == :..:-.e e·.-:.:.ts. 

We conc:·.l.:.e ::.at <;..;_:;, results of the SLAC-LBL experiment and the experiments at 

DORIS a=: ~~ ;e~e::-~ agreement with the predictions of the quark-parton model 

and its :::~ ~':a:. ~~ ether model of sufficient simplicity exists which could 

explai:: ::.:se .:..;::a :.s -.,·ell. 

It is c::~ ~~a~~:.:.:. the higher PETRA energies many more tests of the qq pro-

duction ::.::::.a.:-. .:.s=. :-.-=.·.·e been performed. we mention in this respect in particular 

the wor~ =~ ~~~ ex.:.s:.er.ce of a long range charge correlation between the quark 

£ragmen~:.:.::~ ::-egi::=s cf the two jets. (Brandelik et al. /1981/, see also 

Petersor:. /:~.::;'). 

For large ~~;h e~~rgies new effects appear through interference of photon and 

Z excha::.;-e. :-::-:.:.s :::edi.fies the angular distribution by adding a term proportional 

to cos 9 ·.-:-.zse .st=e2gth depends on the charge of the produced quark. A recent 

reference .:.s Schillar /1979/. 

2.3 Or:.. .Jet Y.:easur~s. 

In sect. 2.2 ae ha•--e seen already that it is important to have variables which 

measure ~e :~t~L~ess of an event or even more complicated measures which allow 

to say ._-:-:_~-::..e:r a haC:;::-onic event has 2, 3 or 4 jets. Of the first category we 

' 
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introduced already sphericity. In the following we shall consider some other jet 

variables which will appear at various places in this review. Actually sphericity 

appears in a more general context if we consider the sphericity tensor SK~ 

(Bjorken and Brodsky /1970/) 

sotp = 
~ p.-... f.:l' • 
L: 

..... p,; 
• 

(2.3 .1) 

the In (2.3.1) the index i runs over all particles of an event and P.c , P(l are 

momentum components of a particle ( « , ~ "" 1, 2, 3) • The momentum tensor Sty~ 

can be transformed into diagonal form. This way one obtains the principal axes 
-+ .. + 
n

1
, n

2, n
3 

with corresponding Bigenvalues Q
1, Q2 and Q

3 . The Qi are ordered, 
~ Q

1 
< Q

2 
~ Q

3
, and normalized so that Q

1 
+ Q

2 + Q
3 ~ 1. Then n

3 is the axis 

concerning which the squares of the transverse momenta are minimal. Therefore 

the sphericity as defined in (2.2.4) is 

3 3 s ::: 2(1 - Q3) = 2(Q1 + Q2) (2.3.2) 

• and the sphericity axis is equal to n
3 • S ~ 0 for events with two particles with 

equal and opposite momenta (ideal two-jet event) and S goes to 1 for completely 

isotropic events. Since Q
1 

+ Q
2 

+ Q
3 = 1 only two of the eigenvalues are needed 

to characterize an ev~nt. For example one can take S and the so-called aplanarity 

Ap 

Ar = t &, = 3 z i'M<M 

..... , .. 
2. / Pir, o,_t-
t 

L. • 
-+~ 

?• 
(2.3 .3) 

"' 
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+ The aplanarity Ap minimizes the transversal momentum PT,out with respect to a 

plane. Events with small Ap 

-+ 

~-are almost planar events. n
1 ~s normal to this 

'" plane, in which n
2 and n3 lie. The variables of an event given by its values 

for Q
1 , Q2 and Q3 can be plotted inside a triangle as shown in Fig. 2.14 where 

events obtained by the ~ASSO-Collaboration at PETRA are plotted. In this triangle 

planar events are found in the strip with small Ap values, 2-jet events have in 

addition also smallS. The method based on the tensor (2.3.1) first applied by 

Alexander /1978/ (see also Wu and Zobernig /1979/) to the analysis of the 3-gluon 

decay of the ,r resonanc~ has the virtue that the eigenvalues Q
1 

and the princi­
+ pal axes n

1 and from this S and Ap can be calculated quite easily for every event. 

However, since the momenta enter quadratically, high momentum particles enter with a 

stronger weight in the determination of S and Ap. Also it is not invariant 

against clustering {multiplicity) of particles and depends stronger on details 

of the fragmentation of quarks into hadrons. This means for example, that the 

sphericity changes if a particle momentum splits by decay, for instance i0~1r+~-, 

or by fragmentation, for instance q + q' + meson, into two or more momenta. Since 

these variables are not insensitive against clustering they are also sensitive 

to the emission of soft or collinear gluons. There exist, however, variables 

without this property. They are called infrared safe. These quantities are all 

made out of linear sums of momenta. The best known examples are 

Thrust T h-l<>.-X 
2 ,. lit! 

'""' lfd 
(2.3.4) 

2:. . • 
Spherocity = -;; m.~11 t : ) S

J (" )... ( z Jp""': I ~ 
~ lp.-t / 

(2.3.5) 

• 

Acoplanarity A (

:E./-'> 2-= 4 ,.,..;, ,. Pi_;, ou.tf ) 

~ lp;/ 
(2.3.6) 

' 
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:or thrust, which ~as introduced by Brandt, 

and rediscovered by Farhi /1977~ the thrust 

Peyrou, Sosnovski, Wroble~ski /1964/ 

-> 
axis n is defined in such a way, that 

the longitudinal momenta piL withxespect to this axis are maximal. The values 

forT range from 0.5 to 1, where the first value obtains for isotropic events 

and the last one for completely collinear configurations. In a similar way, 

4 
for spherocity S' the I piT I is minimized. It lies between 0 and 1 for confi-

~~ations from collinear to completely isotropic. Similarly in the acoplanarity 

~ 
A the piT,out is measured in such a way, that A is minimal with respect to a 

plane. Planar events must have small A values. For massless particles A lies 

=etween 0 and 
2;3. 

=~connection with the' analysis to verify the existence of 4 QCD-jets in Chapt. 3, 

+- - +- --
i.e. contributions e e ~ qqgg and e e ~ qqqq , we shall encounter the variable 

c=ipodity D3, first introduced by Nachtmann and Reiter/1982b/. Tripodity is de-

:::i.ned by 

])3 =: 

-> 3 -> 

( 

f'f•rfcos ;:(~p.'r) ) 
.t. ...... ,. 

? 
~ lp.-/ 
• 

(2.3. 7) 

-> In (2.3.7) the piT are the projections of the particle momenta pi on a plane 

"" .;:erpendicular to the thrust axis and n is a unit vector in this pla~e, fixed in 

such a way, .,.that the quanti.ty in brackets is maximal. Thus o
3 

measures the momen­

tum distribution of an events in a plane normal to the thrust axis. For a symme-

trical momentum 

pcwer of cos ..f:. 

distribution in this plane we have o3 = 0 because of the odd 

+~ 
(n,piT) in (2.3.7). Therefore for 2- and 3-parton final states 

D3 = 0. In the 4-parton final states we have two separate classes, In the first 

~lass two partons are on both sides of the plane perpendicular to the thrust axis, 

- 31 -

respectively. Then o
3 

= 0- for this class because of the symmetiic distribution. 

I~ dhe ether class one high energy parton is on one side of the plane and the 

t."tree others come out on the other side, so that o
3 
~ 0 (in gen.eral 0 ~ o3 

~ 0.325). 

Various other jet :easures have been constructed. For example, a generalization 

of thrust to three clusters instead of two, called triplicity (Brandt, Dahmen 

/l:n9/), or jettiness (Wu and Zobernig /1979/). For algorithms to determine some 

c£ dhese quantities and the problems involved on should read Brandt, Dahmen /1979/. 

F=r an algorithm to =etect four jets one should also consult wu /1981/. See also 

Bc,;:p /1979/. 

2 . ..:- Frag:entation of Quarks and Gluons. 

2.4.1 Frag=entation of Quarks. 

E·.-en at the highest PETRA energies achieved so far the angular width of jets 

ca~sed by the finite transverse momentum of roughly 350 MeV is still of the 

or~er of 2 ~:! 40°. In order to infer the momentum of the primordial quark 

fr~m experimental r.adron distributions, or the other way aro~nd, to compare 

the predictions of perturbative QCD with measured hadron cross sections one needs 

pr.enomenological ~els which simulate this jet broadening, i.e. describe the 

fr:gementation of ~~rks and gluons into hadrons in a as realistic way as possible. 

Tte hadronizations effects are supposed to fall off with increasing energy W like 

1:·/i, but with a coefficient that implies a rather important modification of per-

tuzbation theory predictions at presently accessible energies. 

In this section we want to describe briefly the fragmentation of quarks. We 

e~countered this problem already in connection with the interpretation of the 

data of the SLAC-LBL-experiment in sect. 2.2 (Hanson et al. /1975, 1982/) -. The 

" 
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authors of this paper desc~ibed the quark jets in terms of a limited-transverse 

~mentum jet DOdel (van Hove /1969/). In this model the phase space was modified 

by a matrix element squared of the form 

Mz :: 9~f { - ( f ?~/-) j_z,;} (2.4.1) 

"" ~~ere piT is the momentum perpendicular to the jet axis for the i th particle and 

b is a parameter chosen to reproduce the average transverse momentum of 350 MeV 

or.served in the data. The sum is over all produced particles. The assumed jet 

axis angular distribution was of the form (2.2.6). The generated events had only 

?ions with the charged and neutral multiplicities given by separate Poisson 

~istributicns. Similar models have been worked our and applied to the interpre­

tation of e~e- high energy data by Satz /1975/, Burrows /1979/, Eichmann and 

Steiner /1979/, Engels, Dabkowski and Schilling /1980/ and Clegg and Donnachie 

:1982/. 

The model which is the most frequently used in data an~lysis~ ~oweyer, is the 

fragmentation model of Field and Feynman /1978/ which we shall describe in some-

what more detail. This model is more flexibel th~n the modified phase space model 

~scribed above. In particular different quark flavours, all sorts of particles 

and the fragmentation of gluons can be incorporated quite easily. Furthermore 

its phenomenological construction rests much more on intuition based on quantum 

chromodynamics_ than the uncorrelated jet model. 

Quarks and antiquarks in a hadron (meson = qq, baryon = qqq) are usually considered 

as relatively free to move around in a regiori of the size of a hadron of 

1 fm :::: (0.2 GeV) - 1• In the process e + e----+- q(i, where q stands for u, d, s, c, 

b quarks, the quark and the antiquarks aquire a large momentum~ w/2, sufficient 

,,, 
- 33 -

to escape froc the ;~~uction point. This would result in the appearance of 

fractional c~arged ~articles, which, however, are not observed. This is usually 

expained by statir.g ~~at the quarks are confined in the hadron, i.e. the forces 

(V{r) - r ::r : "'cc:-.s"t.) prevent the escape of the quarks and are responsible 

for sort!.r.; ::::.:.t qua:.-=·..nn numbers so that only colour-singlet objects appear in the 

final state. 3ecaus~ ~£ confinement, which is certainly a nonperturbative 

phenomer . .::r:., 3. :;~ri:-.;; ::;f gluon fields develops between quark and antiquark. , which 

at later 't.:....=.es Ore£-:;; ·.1p into further quark-antiquark pairs, which then transform 

into mesc:.s =..::.:: !::ar~·:::.s ar.d their antiparticles. The final result is the trans-

formatic::. ·=~ :rag=~::.~ation) of the quark into a jet of hadrons. Thus the 

appearar..::e ~= ~sir:::. :ets (as opposed to free quarks) and their properties is a 

conseque:-. .::.: .::: .;:.·.:.a:::<-: :o!1finement and cannot be described by perturbative QCD. In 

the frar::e..-:r:,C :f QC: ?ert~rbaticn theory we can predict only the distribution 

of quark:;, =.:-.~:.::;..:a:::-:•:.5 ::t.~d gluons in the prirr,ordial production process at small 

distances a:.i ~~~es ~~d can say nothing about the transformation of these quark, 

antiquarks a:.~ ;l~.::::.s into hadrons observed as final states in e~e- annihilation. 

In the Field-Feynma:: ::IOdel the jet formation proceeds through a succession of 

fundamental :::reakups of the form 

quark ~ meson + quark (2.4. 2) 

in which the ~son ==~taining the original quark and a new quark jet is formed 

which breaks~ in ~~ same way. The first quark q0 with momentum p0 is combined 

wi~ an antiquark (i
1

, which together with a quark q 1 is produced out of the vacuum 

(equivalent to break~ of the string), to a meson(= q0(i1l with momentum P0 leaving 

the quark q
1 

with cementum p
1 

= p
0

- P0 behind, which then breaksupin an equiva­

lent fashion. ~is ~s shown schematically in Fig. 2.15. At each step the quark 

momentum decreases. ito~en it falls below a critical value :t" m~ the process stops 

and the last ~~rk ~~s no momentum left to escape. Then the jet is complete. 
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One assumes that the distribution of the relative momenta z = 
P. 

l./pi is inde-

pendent at which point of the chain the fragmentation occurs and is described 

completely phenome:ologically by the ansatz 

f (z} = 1 - a + 3a (1 - z) 2 

Actually ~~e variable used in practical claculations is not P/p but 

z • 
(E .,. ?11 )meson 

(E- ?11 )quark 

{2.4.3) 

(2.4. 4) 

This way rapidity ~~stributions at dif=erent jet energies can be compared =ere 

easily. T;.e tra."ls·:e!"se momenta piT of the quarks ir: the chain are calculated 

from the ~istribu~~=n 

ddjd.p/" ~ 

- pr"/.z o;'-e 1 {2.4.5) 

in such a way that the transverse momenta of qi and qi compensate each other. The 

transverse ~mente2 P. of the mesons follows from the sum of the transverse 

d ·~ 
momenta of the built in quarks and antiquarks and has the average value < ~·r > 
= LC>fL· 

Further free par~ters in· the Field-Feynman model are the ratio for the spins 

of the Qq pair in the meson, which is 

r 
pseudoscalar mesons 

{2.4~61 
pseudoscalar + vector mesons 

(resonances with higher spin than S 1 have not been taken into account yet) 
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and the ratio of flavours for the sea quarks q
1

, q
2

, ••• which are chosen 

0. The parameters a, Cf""q and 

r were fixed in the original work of Field and Feynman by fitting inelastic 

according to u : d : s : c : b = 2 : 2 : 1 0 

lepton-nucleon scattering data. For applications to e+e- annihilation these 

parameters are fitted again. The resulting values differ somewhat from the original 

?ield-Feynman parameters and are: a = 0.5, ~q = 0.33 GeV, r = 0.5. It is im-

:;:ortant that these parameters are determined from lower energy data (W < 22 GeV) 

~r if higher energy data are used, the fit is performed only in such regions of 

:hase space where 2-jet production dominates. 

?.ecently the fragmentation of heavy quarks, c and b quarks, has been investigated 

~some detail from the theoretical (Bowler /1981/, Peterson, Schlatter, Schmitt 

~•d Zerwas /1983/, Jones and Migneron /1983/, Anderson, Gustafson and SOderberg 

·1983/) and the experimental side (Althoff et al. /1983a/, Adeva et al. /1983a/). 

2.4.2 Phenomenological Models for Quark and Gluon Fragmentation. 

In the parton model, which is identical to zeroth order QCD, e+e- annihilation 

into hadrons starts with the production of a quark q and an antiquark q with 
0 0 

~ specific flavour q
0 

= u, d, s, c and b and equal and opposite directed momentum. 

~~ich flavours are excited depends on the center-of-mass energies, Above W = 11 GeV 

all five flavours can be produced (see Fig. 2.2 ) • In the Field-Feynman model the 

quark q
0 

and antiquark qo fragment independently of each other in the way as 

=ascribed in section 2.4.1, The cascade ends, when the remaining energy does not 

suffice for producing_ one more pion or kaon. ~e colour charge and oth~r quantum 

::'Jlilbers of the last quark are compensated with the last antiquark in the q
0 

cascde 

•,;hich then gives the last meson produced, so that the picture looks like Fig, 2.16. 

,, 
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In the production e + e-_., cC and e + e--+ bb the finite quark masses are taken 

into account. They fragment in D and D* and B and B* mesons respectively. The 

masses of the B and B* mesons were calculated from the quark masses. Some of 

these masses have been measured recently (Behrends et al. /1983/), so that the theore-

tical •~lues can be revised, The lowest D and B mesons decay weakly. The decays 

are also built iritO the Monte Carlo programs, either on the basis of empirical 

information (Particle Data Group /1982/l or using model calculations based on 

the weak decay of quasi-free quarks, in particular for the weak decays of b 

quarks b _. c + U + d, c + C + s etc. including semileptonic decays (Ali /1979/, 

Ali, KOrner, Kramer and Willrodt /1979 a, b, c, d; 1980/). In more recent appli­

cations the fragmentation of q and q into baryons is also taken into account 
0 0 

on the basis of simple model considerations (Meyer /1982/l. All this input is 

built into the Monte Carlo program and complete final states giving all the 

hadrons and photons with their momenta and quantum numbers are produced. These 

are cc~ared with experimental data and from this the free parameters like a, 

~, r etc. of the fragmentation model are fixed (Brandelik et al. /1980a/). q 

With the complete event structure at ones disposal one·~an alsO Calculate ·the 

distributions in the jet measures like thrust T, sphericity S, spherocity s•, 

acoplanarity A etc. which were defined in sect. 2.3. As an example we present 

in Fig. 2.17 thrust distributions for various center-of-mass energies w cal-

culated with the Field-Feynman model for u, d, s-quark production only. There-

fore these curves do not include effects from weak decays of c and b quarks. (Hoyer, 

Osland, Sander~ Walsh and Zerwas /1979/, Kramer /1980/). These T-distributions 

vanish for T~ 1 caused by the nonvanishing masses of the produced hadrons. 

Furthermore they become narrower and narrowe~ with increasing W as one expects 

since 

<-t-T) - <Pr> <n> 
.tW (2.4.7) 

,,, 
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. <n> so that the width of the curves should go down l1ke /W. We should notice, 

however, that for w = tO GeV the width of the T-distribution is quite large which 

oeans that at ·this lew energy one cannot detect a third jet, like the gluon jet. 

This leads us already to the topic of the next chapter where we shall consider 

the production of 3 jets: e+e-~ qqg in detail. 

In order to establish the existence of a third jet, the gluon jet, one needs a 

~el for the hadrcnization of the gluon. For this Purpose three different models 

have been developed, the model of Hoyer, Osland, Sander, Walsh and Zerwas /1979/, the 

~~el of Ali, Pietarinen,:ZXamer and Willrodt /1980/ and the model of Andersson, 

Gustafson and SjOstra~d /1980/. These three models, which have been used quite 

+ -extensively for the i~terpretation of high energy e e hadron production will 

be designated as Hc:,-er, Ali and Lund model, In the following we shall describe 

these models in so~e ~etail in order to understand differences in the inter-

pretation of experi=ental data. 

zne basic formulas,:rom which the contribution of the quark, antiquark and gluon 

intermediate state (qqg) to the hadron final state is calculated, will be considered 

in the next chapter. There we shall show, that the qqg formula cannot be applied 

to the whole phase space because it contains divergences due to infrared and mass 

singularities. Therefore one must introduce parameters which have the purpose 

to define the multiplicities for 2 and 3 jets in the order g~ of the quark-gluon 

coupling. In the Hoyer and in the Ali model this is achieved by introducing a 

thrust cut-off T
0 

= 0.95. This means, that only for thrust calues T~ T0 , where 

T iS the thrust of the qqg state
1 

the q, q and g fragment independently of each 

other in a way as it was described in sect. 2.4.1 for the quark alone. For the 

remainder of the qqg phase space with T
0 

< T ~ 1 it is assumed that it is part 

of the 2-jet contribution which is calculated from e+e-~ qq with Field-Feynman 
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fragmentation as described in the previous section. Then depending on the quark-

gluon coupling g the 3-jet multiplicity is of the order of 30\. In some appli-

cations the qqg contribution is reduced further by demanding that each parton 

has ~t least an energy of 2 GeV (see also Odorico /1980/). 

In particular, in the Hoyer model some further simplifying assumptions are made 

for the fragmentation of the qqg state. The qq part in the qqg state fragments 

in the same way as the qq state in e+e-~qq according to the Field-Feynman model 

except that the momenta of q and q are different and are determined by the cross 

section for e+e-~ qqg. Furthermore it is assumed that the gluon fragments inde-

pendently like a single quark with flavour neutrality achieved by selecting the 

right mixture of quark fla'lours. The fragmentation parameter a in (2.4. 3) for 

the glucn is a(g) = 1 which ~akes the gluon fragmentation softer than that of 

the quark as one expects it. 

The model of Ali et al. differs from the Hoyer model mostly in the gluon frag­

mentation. Here the gluon splits into a qq pair g ~ qq with the splitting 

fu.nction 

f (Z) 
g 

i (z2 + (1-z)a) (2.4.8) 

which is motivated by perturbative QCD (Altarelli-Parisi splitting function, 

Altarelli and Parisi /1977/). Then the qq system produced by the gluon fragments 

according to the Field-Fe~ model with ~ chosen as 0.33 GeV. Recent ex-

periments of the JADE-collaboration at PETRA (Bartel et al. /1983/) indicate, 

however. that the average transverse momentum of hadrons originating from the 

gluon jet is somewhat larger than those coming from quark jets. In addition the 

scaling violation of the fragmentation function (2.4.3) as predicted by QCD 

in the leading logarithm approximation is built in. But this turned out not 
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very improtant. Furthermore the contribution of 4 parton production: 

e+e-~qqgg and e+e-~qqqq was taken into account. These contributions were 

allowed to fragment in the same fashion as the qqg state. Similarly to the qqg 

state only those parts of the qqgg and qqqq intermediate state were included 

which produce genuine 4 jet final states. This was achieved by introducing a 

cut-off in the acoplanarity A, which was A
0 

0.05. This way the infrared and 

mass singular contributions degenerate with 2 and 3 jets are excluded, 

In the model of Andersson, Gustafson and Sj6strand the gluon fragmentation is 

based on a consequent application of the string picture. Between the produced 

quark and antiquark the =ield lines of the gluon field are squeezed into a string. 

Mesons and baryons with ~~eir masses and transverse momenta are produced by 

breaking up this string. 7he gluon in the qqg intermediate state is considered 

as a local transversal ex=itation of the string, which is connected with q and q 

via gluon field lines. ~~is local excitation breaks up by emission of a fast meson 

in an antiquark q., and a quark q' which take over the rest of the gluon momentum. 

q •• and q' are connected through gluon field lines with the original quark q and 

antiquark q so that two :-.ew strings q(i•' and q•q are formed. They break up into 

mesons (or baryons if considered) in their respective center-of-mass systems. 

The fragmentation, in particular the limitation of the transvere momentum, follows 

the field lines between qq•• and qq• but not directly between q and q, This way 

the produced particles have their momenta lie along hyperbolas between the three 

jets, qg, gq but not qq, as is shown in Fig. 2.19. After the fragmentation the 

momenta of the produced particles are transformed back from the qq•• and qq• 
+ -center-of-mass systems to the e e center-of-mass system. This choice of a 

different coordinate system for ~he fragmentation has the effect that more 

particles are emitted in the direction of the quark and antiquark momentum and 

~J.· 
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less in the direction of the gluon momen~~ compared to the other two models 

(Hoyer et al. and Ali et al.) where quar%.: a .. !'l..d glucns fragment completely inde­

pendently of each other. (See also Montvay ,:1979/ who considers a completely 

arbitrary coordinate system.) This effec~ L~creases with the masses of the 

produced hadrons. For massless particles, ~.e. practically also pions, the 

Lorentz transformations between the two =:~cer-of-~ass systems have less effect 

than for particles with larger !::asses 1.:.:..-.:c ~aons .a:-.d protons. 

The limitation of the 3-jet multiplicity :.E achie\·ed in the Lund model somewhat 

differently than in the Hoyer and Ali mc·~e:. The Farameters for the calculation 

of the 3-jet rate are based en the stri~~ Ficture ~~d are such that the 3-jet 

rate lies near 60%. Furthermore in the =~:.;:.:tal -..-=~k the longitudinal fragmen­

tation is not given by (2.4. 3) t'.lt by c::.;;r :::J.Ore c:=plicated functions which are 

justified by one-dimensional QCD and the s:.:-ing p::ture (Andersson, Gustafson 

and Peterson /1979/, Andersson ar:d Gusta::.:;::::-. /196:: ·, Andersson, Gustafson and 

Sjdstrand /1982/). In most of the analys~s ~ith ~e Lund model done by experi­

mentalists these functions are again rep~aced by (2.4.3). 

In all three fragmentation models one bas:.c ingredient is the impulse approxi­

mation. This means that the Probabilities =or the emission of mesons and baryons 

calculated on the basis of given distrib~tions like (2.4.3) and (2.4.5) are 

added together and not the amplitudes for ~~e production of particles from primor­

dial quarks and gluons as the laws of qua::t-..:m theory demand it. Presumably the 

effect of neglecting interference terms is small for the production of a large 

number of particles. But this has never C~ checked. The summation of probabili­

ties can be justified for the emission o:: soft gluons in the leading logarithm 

approcimation of perturbative QCD. Whether ~is approximation is relevant for the 

hadronization of quarks and gluons is st.:.:: ~Il oper. :::'.lestion. several authors have 

,, , .. , 
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developed hadronization models on that basis: Odorico /1980/, Mazzanti and 

Odorico /1980/, Fox and Wolfram /1980/, Ritter-/1982/, Field and WOlfr~ /1982/, 

Gottschalk /1982/, They can be considered as an alternative to the more phenomeno­

logical models described above, Which is the right approach can be found out 

only by detailed comparisons with experimental data. This has been done so far 

only for the phenomenological models. For the QCD motivated models which are 

somewhat less flexibel this still has to be done. 
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3. e+e--Annihilation into Jets in QCD Perturbation Theory 

3.1 Jets in Order a 
s 

3.1.1 Introduction 

In this chapter we shall consider all Feynman diagrams which contribute -to·cross 

sections for the annihilation of e+e- into quarks and gluons, i.e. e+e-~ qq, 

qqg, qqgg and qqqq. We shall explain how the contributions of all these diagrams 

should be interpreted, in particular, to which jet multiplicity they belong 

and how the cross sections for a specific number of jets look like. 

We start with the diagrams which. contribute in the order g~ where g is the 

' 0( = g /4~. These diagrams are represented s 
quark-gluon-coupling constant and 

in Fig. 3.1 a,b. The graphs in Fig. 3.1a represent the virtual corrections to 

the amplitude e\l-_.qq. They are 0( 0( l and are multiplied with the amplitude s 
+ - -e e ~ qq in zeroth order of g (see Fig. 2.1) so that a contribution to the 

cross section for e+e-~ qq in o(ll( l results. The diagrams in Fig. 3.1a, there­s 

fore, determine the O(C( ) corrections to the 2-jet cross section e+e-~ qq. s 

As is well known each of the diagrams in Fig. 3.1a is ultraviolet divergent, i.e. 

the integrals over the virtual momenta k diverge for k~OO. This divergence 

cancels, however, if the contributions of all three diagrams are added. This must 

be so, since the electro~gnetic charge of the quarks is not renormalized by the 

quark-gluon interaction. The three diagrams remain divergent nevertheless because 

of the behaviour of their integrands for k~ 0, which is the well-known infrared 

divergence caused by the massl~ssness of the gluon. Such infrared divergences 

appear in perturbation theory for all theories with massless vector particles. 

These infrared divergences cancel if one adds those contrib~tions from the process 

e+e-~ qqg which have also these infrared divergences. This will be discussed 

later. Because we shall assume, that also the quarks are massless, which is . 

' 
. 
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certainly justified for u, d, s quarks, a further divergence appears, the so-

called mass divergence or collinear diverg~nce. This singularity comes about 

because the virtual gluon (with momentum k) in Fig. 3.1a can be collinear with 

the outgoing quark (with momentum p
1
J so that the invariant scalar product 

.t .J.p. = ~ Jt1 If~ I (t - cos B) (3 .1.1) 

....,hich appears in the denominator of the quark propagator vanishes for 0+ 0. 

To control! these divergences a regularization procedure to define the divergent 

integrals must be adopted. The most convenient method, which has the advantage 

to maintain the gauge invariance, is the dimensional regularization procedure of 

't Hoeft and Veltman /1972/ (see also Bellini and Giambiagi /1971/l. In this 

method the Feynman diagrams are calculated for arbitrary dimension n (with n > 4). 

Then the infrared and mass singularities appear as poles in 4-n. useful references 

for this method are Mariciano /1975/ and Leibrandt /1975/. 

other graphs which must be considered for e+e-~quarks + gluons up to order D( 
s 

are the well-known gluonbremsstrahlung diagrams in Fig. 3.1b. From these the cross 

section for e + e--+ gqg in lowest order 0( is calculated. q(ig is now a final 
s 

state consisting of 3 jets, a quark, an antiquark and a gluon jet. The cross section 

for this process was calculated the first time by Ellis, Gaillar4 and Ross 

/1976, 1977/. In the following section we shall give the results for various 

cross sections for e+e-~qqg and shall derive several distributions of interest 

from it. 

•. 
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qqg. 

+ -
The kinematics for e e ~ qqg is the same as the kinematics for the decay of a 

virtual photon of mass W into three massless particles. Let us denote the four 

vectors of q, q and g by p
1

, p2 and p
3 

respectively. The virtual photon has momen­

+ -tum q, so that q = p 1 + p 2 + p
3

, in particular, in the e e center-of-mass system 

+ + .... 
pl + p2 + p3 

... 
0, Pto + P20 + P3c "'qo = W(q2 = W1) and I pi/ 

less quarks. Instead of pio we ~se the dimensionless variable 

x, 
2p. 

l.O/W, i } 1 21 3 

p. for mass­
>O 

(3 .1.2) 

Then x1 + x2 + x
3 

= 2 and 0 ~ xi ~ 1. Only two of the xi are independent. Let 

us take x1 and x
2

. The kinematically allowed region is the triangle 0 'x
1 
~ 

and 1-x
1 ( x2 ~ 1 in Fig. 3.2. All qqg events must be in this triangle. It 

defines the Dalitz plot for the decay of the virtual photon with mass W into 

the three massless quanta q, q and g, '¥' __,.. q(jg The line x
2 

= 1-x
1 

belongs to 

x
3 

= 1. 

Since all three jets, q, q and g, fragment into hadrons and only these hadrons 

are detected experimentally, it is, without further theoretical input, not 

possible, to identify the jets as quark, antiquark or gluon jet. This means that 

for a genuine 3-jet event only the three jet energies x
1

, x
2 

and x
3 

or the angles 

between the three jet momenta can be measured. In this case it is useful to 

order the three jets in such a way that always x
1 

> x2 > x
3

• Of course, x
1 

does 

not denote the· energy of the quark jet anymore. It is the jet with the largest 

energy. With this ordering x
1 

and x2 vary only over the small triangle which is 

marked I in Fig. 3.2 The other five triangle~, II, III, IV, V and VI correspond 

to the other orderings x
1 
> x

3 
> x2

, x
2 
> x1 > x

3 
etc., which need not to be 

considered anymore. In the triangle I we have near x
1 
:! 1 those events where the 

3 jets degenerate to 2 jets. In the upper corner, i.e. for x
1

:::: x
2

::: 1 (x
3

::: 0) 

,, 'o, 

- 45 -

jet 1 and jet 2 are emitted with roughly equal and opposite momentum and jet 3 

comes out only with a small momentum. At the point x 1 ~ 1 and x 2 ~ ~, so that 

also x3~ t• jet 2 and jet 3 are produced collinear opposite in direction to 

jet 1. Only near the point with x
1 

:::: x 2 
::=- x

3 
~ 2/3 lie the real interesting, 

genuine 3-jet events. The cross section for the production of these events is 

however, much small~r, as it will be apparent below, than for the degenerate 

events near x
1 

'::::! 1. 

In the e+e- center-of-mass system, i.e. in the laboratory system of the storage 

ring, t = 0, the momenta of the three jets, q, q and g lie in a plane. For the 

complete description of the three-body final state one needs still two angles 

9 and X which give the orientation of the jet plane with respect to thee+ 

(or e-) beam direction. 

The calculation of the cross section for 

d'('t) ~ Cf(f•) + 'jCp .. ) + 9{p3) (3.1.3) 

starts from the Feynman diagrams in Fig. 3.1b. The sum of the two diagrams yields 

the amplitude T~, where ~ is the polarization of the virtual photon. From this 

one obtains 'the hadronic tensor 

711'.., = E.. 
spin~J cciAJkrS 

I; T"" 
J,J (3.1.4) 

The sum in (3.1.4) is over all spin and colour states of q, q and g which are un-

observed. The result of the calculation is (Ellis, Gaillard and Ross /1976/): 
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'lfi.,. = 4 ~2, tNcCr. 

{ fr~$ { { f",f3fu - {p,,f,~., + {p,,~~J 

+ f;.4f3 { { p.,fs~u - { ~~fo-~,. + [p,,p~J,..,} 

+ ~~:f~P.. [ J.{ f•,f;.~J> + {p.,f3J;.J> + {f.,f3~,,]j 
(3.1.5) 

whei-e 

{ p;, ?ill"" = f·i-- fJ~ r fJr p • .- - /ltfo g,-.u (3 .1.6) 

Qf is the quark charge with flavour f, Nc = 3 the number of colours and CF is 

the Casimir operator which appear because of the )L matrices in the quark-gluon 

coupling. It is 

Cp ,.:L 
"" 

~:>.... 
TZ = ~.t-1 

..tNc = 4 
3 

(3 .1. 7) 

In (3.1.5) the quark masse~ mf = O. From (3.1.5) all cross sections of interest 

can be 

tensor 

calculated. For this B~~ is contracted with the well-known lepton 

~~for unpolarized electrons and positrons - { ]"""' L = f•,f- (3. !.8) 

where p+ and p_ are the momenta of the positron and, electron. respectively·. For 

• 
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unpolarized initial leptons the cross section depends in general only on two 

angles~ and~. In addition it depends on the two scaled momenta x1 and x2 • 

The 6) and~ dependence is well-known and has the following form (Birshfeld 

and Kramer /1974/, Avram and Schiller /1974/) 

-31 .Jz. .210' d~ 
ol.cos8 d'X dx, dXz 

- 8! A -1 ccs'e) """'u 
dx,dx._ 

+ ..l. s.;.Z& d~ 
4 dx,dxL 

+ l s.,;'l;) cosZX d~r 
d~t,dxJ. 

3 2. 
.t. vz s.;,te cos X d ~ 

dx:,d~ 

:n (3.1.9) ~ is the angle between the incoming electron beam and a vector 

(3.1.9) 

Oetermined by the final state, which will be specified below. ?t is the azimuthal 

angle around this vector between the event plane and the plane determined by the 

beam axis and this specified vector of the final state. As vectors, which specify 

-+ ~ . the event plane we can choose, for example, the momenta p
1 

and p
2

• Then eLther 

'11 is along the z axis and 1
1 

x--;; along the y axis, this defines the helicity 

9 ~ ~ 
system and and ?C: the helicity angles1 or we can choose p

1 
x p 2 as z axis and 

p
1 

parallel to the x axis (transversality system) (Avram and Schiller /1974/, 

Birshfeld, Kramer and Schiller /1974/). In the following we shall consider only 

the helicity system. 

The cross sections ~, O""L, O""'I' and ~ have the following interpretation. 

C1'u< (f'L) is the cross section for unpolarized transverse (longitudinally 

polarized) virtual photons with helicity axis oz (see Fig. 3.3 where z is along 

the thrust axis) • ~T( ~I) corresponds to the interference of helicity + 1 

and helicity - 1 amplitudes (the real part of helicity + 1 and 0 interference) • 

l" .4-
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When defining the coordinate system of the final state one must be aware of the 

fact, that the momenta of the quanta of the final state q, q and g are not 

observed. Only the direction of one of the three hadron jets can be measured. 

Therefore the z axis of the helicity system is usually identified with the thrust 

axis and the axis Ox is chosen to point into the hemisphere in which to find the 

second most energetic jet originating either from a quark,antiquark or gluon. In 

order to obtain the partial cross section d~ (X U, L, T and I) for such a 

special coordinate system we need the partial cross sections for the three cases: 

(i) 1
1 

1/ <!z, (ii) 't
2 

lJ ~and (iii)~ II ~- The Twas defined in (2.3.4 l. 

For 3 massless particles it is equal to the maximal momentum, i.e. 

T ::: max (x
1

, x
2

, x
3

J (3.1.10) 

and the thrust axis is the direction of the largest momentum. Therefore if we choose 

as variables T
1

, T2 and T
3

, where the Ti denote the ordered xi: T1 ~ T2 ;> T3 

we need the cross sections in three kineamtical regions (see Fig. 3.2): 

I + II x
1 

> x
2 1 

x3 ; III+ IV: x2 > x
1

, x
3 

and V +VI : x
3 

> x1 , x2 • In 

region I + II (III + IV} the thrust axis coincides with the direction of the 

outgoing quark (antiquark) while in region v + VI the thrust axis corresponds 

to the gluon momentum. 

Of course, the sum of ~ U and a"' L which we denote by 0"' = 0"' U + o-L must 

be independent of the choice of the coordinate system. It is (Ellis, Gaillard 

and Ross /1976, 1977/l 

d~ 
dx-, ti~ 

2-x • .t + x.~, 
= crlz>~ G: '4-lf<,)(1- If~) 

27t1 l'' 
(3.1.11) 

where 

" 
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cf' 21 is the qq cross section in zeroth order from section 2.1 

o-(t) = 
4,.1>(, 
3'jL N'c f Qt (3 .1.12) 

The other partial 

.... 
cross sections are (Kramer, Schierholz and Willrodt /1978, 1979/l 

+ 
(i) P, II 

d~ 

Oz: 

d)(:. d.)(:._ 

ci.z.O"'T 

c;bo1 dx.z-

d'1:rz 
dx-, d_,(.z-

~ <H> p2 11 oz 

.... .... 
(iii) p3 u oz 

L 
dOj_ 

dlt:, a.~ .. 

d~ 
dx-1 di(L 

" da-r 
c;i.x, d}(L 

= 

== 

o-("' ~ c" zr4-x-, > 
:t~ X"/' 

z 
4 elm. 
'£ d>r, d}(L 

= 
1i 

o-("> !6_C" { 4->r, ] x, ~ -2/1->r,) 
.z..- ,t (4-x,){4-x:-.) Jc',L (3.1.13> 

(i) with x
1 
6- x2 

= o-('-) ~ ~ 
.2..-

d~ 

4 (4-lt:J) 
}(2-

J 

4 =r dx:, dx:,:_ 
~ 

("-) O<s { 4- X'.J } z. 
0' h'C' ~(4- ><•) {4-><z.) 

z z 
Jt, - }(" 

~ 1 

(3 .1.14) 

(3 .1.15) 

In these formulas the xi (i = 1, 2, 3) are the scaled momenta for quark, antiquark 

and gluon. Only the vectors which define the hadron production plane have been 
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chosen ::i!.fferently, for (i) "i\ is along the z axis, ""t
1 

x ~ along the y axis, 

~ ~ ~ 
for (ii, p

1 
and p

2 
are interchanged and for (iii) p

3 
is along the z axis and 

-+ ~ 
P3 x-p1 along they axis. !Jote that it is the term propOrtional to co~ in the 

angular distribution { (3 .1. 9) which, being asymmetric in X +X + 1t""(i.e. 

~ ~ Ox..,.. - :OX), :lakes a proper definit~on of 'X necessary. 

It is a :i=ple matter to derive from (3.1.11-15) the cross sections as a function 

of the :-:t variable_s T
1

, T
2 

and T
3

, where T1 is the scaled energy of the most 

energet~c jet(= thrust according to (3.1.10), T2 the scaled energy of the second 

~st er-:~;etic jet and T
3 

of the least energetic jet. For example, for 

d 0"' = ::. O""u + d O'"'"L this distribution in jet variables can be read off from 

(3.1.11 a..~d is: 

dtr-
b

~L _J.,Z., >..Z. 

"" o-""> O(s c~ .2- 71 + 7;_ + '-'- + 7i + 7i + T., 
1l:' (1-7:,){4-7;.) (4-7;){4-Ts) (:t-7;){4-T.,)} dT, d.T,_ 

(3.1.16) 

Of course T1 and T
2 

now vary only over-the triangle I in Fig. 3.2. Expressions 

for the ~~er cross sections can be found in the paper by Schiller and Zech /1982/. 

The fo~as {3.1.11-16) are derived with quark masses m = 0. The equivalent 

results for m ~ 0 have been derived by Kramer, Schierholz and Willrodt /1980/ 

and Lae~ and Zerwas /1980/. These formulas must be applied for e+e-~ ccg 

or e+e-~ bbq near threshold where quark masses cannot be neglected. 

The most ~rtant formula for the interpretation of experimental data so far 

is (3.1.11). From this formula all distributions, which have been considered in 

connec~on with the interpretation of 3 jet events as quark-antiquark-gluon . 

• • 
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production, can be derived. Up to now, mostly only one-dimensional distributions 

have been considered, since the statistics of the data was not sufficient to test 

two-dimensional distributions. ~.e other partial cross sections like dcr'L' 

d CJ"'T and d c:-"I have not been measured yet. Some preliminary data ford O""'L 

exist which will be considered Ce:cw. 

Before we go on we would like tc ;~int out that the cross section (3.1~11) has 

the most singular behaviour if x
1 

~~d/or x
2 
~ 1. The singularity for x

1 
and 

x
2 

+ 1 comes from the infrared .:;:.:-.gular behaviour (x
3 
+ 0) whereas the behaviour 

for x
1 

-+ 1 or x 2 ~ contains ~-e mass or collinear singularity. Further below 

we shall discuss how these singu::~ contributions cancel against the singularities 

in the virtual diagrams. 

In the following section we shal: ::.~scuss some one-dimensional distributions which 

are derived from (3.1.11-15). 

3 .1.3 Thrust Distributions. 

As has been remarked already only cross sections for jet variables can be measured 

since quark-antiquark- and gluon-:ets cannot be distinguished. Such a jet variable 

is the thrust T introduced in sec~. 2.3 and which for the 3-particle final state 

is identical to T1 =max (x
1

, x2, x3). To obtain the distribution in T ~ T
1 

we 

must integrate over 

The easiest case is 

the second variable in the appropriate kinematical domain. 

okJ'j dT = dc-z../dT + do.<htrwhich can be deduced 

from (3.1.16) by integrating over 72 in the triangle I of Fig. 3.2. But we can 

start also with (3.1.11) and identify T in the various regions I to VI in Fig. 3.2 

and integrate over the remaining \"ariable. In I and II we have T = x
1 

and 

• 
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2(1-T) ~ x2 ~ T, in III and IV x1 and x
2 

are inte~c~~;ed. i.e. T = x 2 and 

2(1-T) " x, ' T whereas in v and VI we have T = x3 aL:5. 2 (1-Tl ~ 

Therefore the thrust distribution is obtained from ~~e ~~egrals: 

1__dtr 
cr~' &lT 

+ 

= 

T 

o<s 
-Z'!C' 

J oLJ(;_ 

Z{1-T) 

{ JT T:z,+ ~ZL 
CF .L d.r-, (4-T)(4->t,) 

~{1-T) 

"' z (z- T- x.,) + ~ 
( X:z, + T-1)Y4- x:t,) 

x2 ~ T. 

(3 .1.17) 

The result of the integration is (De Ruj~la, Ellis, ::=r=~~s and Gaillard /1978/) 

4 

(jfz-) 

dtJ 
etT 

= o<s ( [ ~ (3T'-- 3T+.Z) ~ 
.ltr' F T(-1-T) 

3(?>T-z)(Z-T) 

-1-T l 

ZT-1 

4-T 

(3.1.18) 

(3.1.18) is plotted in Fig. 3.4. we see that dfY;ec ;ii·.·e:-;es forT= 1 and 

decreases strongly with decreasing T. At the kine~~~= bc~dary T = 
2
!3 (which . ' 

is the boundary of I +II in Fig. 3.2) dOjdT vanis:-.es. :-"::,e singular behaviour 

for T + 1 is given by 

4 

o-U-) 

do-
= 

ciT 
T~1 

}JXs 

7r;' 

4 CT ~/4-T/ 
/f-T (3 .1.19) 

The singularity at T = 1 has its origin in the sin~~:ar behavour of (3,1.11) 

which diverges fer x
1 

-+ 1 and/or x2 + 1. 
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Since (3.1.11) was derived in perturbation theory as the first term in an ex-

pansion in o( 
5 

the 

variables x
1 

and x
2 

formula can be applied only for such regions of the kinematic 

d'O" for which /dx
1
dx2 is not too lar;e. Otherwise the inte-

grated 3-jet cross section could come out larger than the total cross section 

which is roughly equal to ~21 • From this consideraticn one obtains limits for 

the variables x1 and x2 : x 1 , x2 ~ x0 < 1 and similarly for T: T " T0 < 1. 

These limits, i.e. x
0 

and T
0

, will be discussed later in c::.nnection with the 2-jet 

and integrated 3-jet cross section. It should be clear ~.at it makes much more 

sense to apply (3.1.11) and (3.1.18) in such kinematic regions which are farther 

away from the infrared singular regions x
1

, x
2 = 1 and T = 1, respectively. In 

this region, unfortunately the cross section is rather l~w (see Fig. 3.3). The 

region x
1

, x
2 ~ x

0 
and T ~ T

0
, respectively, is the ge-:-::..~ine 3-jet region and 

the integral ever this region is the integrated 3-jet cress section. Of course 

this cross section depends how the boundary is defined (either x
1

, x 2 ~ x
0 

or T ~ T
0 

or in other ways). 

Whereas d<T(di' is not finite for T = 1 and also cannot be integrated up to 

T = 1 mean values of (1-T)n, n = 1, 2, are finite quantities. For example, 

the mean value of 1-T 
_, 

<1-T> = -
1
-

o-aJ 
f dT do- {4-T) 
% ciT (3.1.20) 

with dfT'/dT given (3.1.18) is: 

<1-T> 

= 

o<s Cr:{ -:~3 .zw 

4-os- o<s 
n: 

4 

1'6 

1 

f. , / /J.T-1)1 { + 4 dT T """'1..-;;;=r:- J 
'% 

(3.1.21) 
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In <t-T> -1 d(F"" 
as defined by (3.1.20) _the _singularity (1-T) coming from /dT 

cancels. The remaining singularity for T = 1 is integrabel and a finite value 

for <1-T> follows. Therefore one says ..(t-T> is an "infrared save" 

quantity in contrast to the integrals over dcrjdT up toT= 1. In the same way 

all higher powers of 1-T have finite mean values. One should notice, however, 

that the mean value as defined .in (3.1.2Cl is not the mean value in the usual 

sense, since (3.1.20) is not the mean value of (1-T) with the distribution (3.1.18). 

This would be equal to -zero since the integral over (3.1.18) which usually 

appears in the denominator is infinite. ~herefore (1-T)d~/dT .in (3.1.20) was 

normalized with cf< 2
> ~ The interpretaticn of such mean values as (3.1.20) will 

be discussed later after the results for the 2-jet cross section up to order O(s 

have been presented. 

Next we consider the other partial cross sections 

d ~X (X = L, T and I) in (3.1.13-15) ar.d integrate over one variable. To obtain 

the thrust distributions one has to superimpose the cross sections from (i), (iil 

and (iii) in their appropriate regions in such form that the z axis of the event 

plane is always the thrust axis (see Fig. 3.3). The result of this integration is 

(Kramer, Schierholz and Willrodt /1978, 1979/) 

1rML - 0($ c Z{llT- 3T.c.-lf) --- ...,. - F 
T.z. 0'" C<l d. T ~ 

1 M'r 1 1 do;_ 
----- = --- --
(J'M dT Jl, er< .. , dT 

1 dq; 0( ( )(,' 1 ~(3.1.22) __ __r_ = _s Co: Yr T.z.- t.T + 2- r-• Vzr-1 - 1'1-T. 
<Tr;_J t:{_T .2.,.- T 1- r, 

These cross sections have to be inserted into (3.1.9) if one wants the full cross 

section dltT'/dcos9d7(dT. Of course d(ju/~r = eloJ'ctT -~.h.-The partial 

cross sections (3.1.22) are plotted in Fig. 3.5. We see that only ~as the 

. , 
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original infrared singular behaviour forT ~1. ~~!is finite forT= 1 and 

dtsu.J de;. 1 . 
in general is much smaller than ·. 1dT. './;fll(;r is singular at T "' 1. But-the . . 
si~gularity is integrabel. In O(O( sl we have the realtion 

' dorJdr = :!. .z. doz/ar (3 .1.23) 

which follows from the same relation for the double differential cross sections 

in (·3 .1. 13-15) . 

The measurement of the angular dis~ribution (3.1.9) with the cross sections 

~Jt;l~cx = U, L, T a~d I) in (3.1.18) and (3.1.;2) is a further independent 

way, to verify the existence of the qqg final state in jet production. This way 

more details of the hadron 

H J4'JJ , whereas dai.!a-r 
tensor (3.1.5) are tested. dOfdT tests the trace of 

Mr/dT and doz.jGtTare connected with other pro-

jections of H~p · 

The complete angular distribution can be written in the form 

-:.J-((}
1 
'X) = 1 + c<(T) ccs2.(} t-j3(T) s..:.'e cos.l')( r{'(T)S~-UJcos'X 

(3.1.24) 

Because of (3.1.23) [3 (Tl is related to C( (T) 

(3CT) = ~ {4- o((r>) (3.1.25) 

Of course, this would be an important test. 0( (T), (3 (Tl and tf' (T) are plotted 

as a function ofT in Fig. 3.6 (Koller, Sander, Walsh and Zerwas /1980/) 0( (T) 

approaches 1 forT; 1, i.e. the angular distribution approaches the characteristic 

behaviour 1 + cosa8 as for qq production. The deviation from the 1 + cosl8 

behaviour are most prominent for small T values near the lower boundary T = 2;3 . 

,. 
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The cross section dai.fu etc. and similarly OC (T) etc. depend on the quark-

gluon coupling 0(
5

. Therefore the measurement of these cross sections yields 

independent information on the value of 0(
5

. The curves in Fig. 3.4 and in 

Fig. 3.5 are calculated for W = 30 GeV and /l"" 0.5 GeV with Nf = 5 ( corres-

ponds to 0( 
5 

= 0.2). 

The conspicuous and presumably simplest to be measured property of (3.1.24) is 

the deviation of the 9 distribution from (l+cos 1 8 l if T is decreased. Preliminary 

data of the JADE-Collaboration have been reported by Elsen /1981/. ForT < 0.95 

(T < 0.90} he found o<. "' 0.68 ! 0.34 0( = 0.50 !: 0.47). As we can see, these 

results are consistent ~ith the curves in Fig. 3.6. 

More theoretical work about these polarization dependent cross sections is found 

in Pi, Jaffe and Low /1978/, Nandi and Wada /1980/, Bopp and Schiller /1980/, 

Johnson and Wu-ki Tung /1982/. If the interference with the z pole is considered 

also additional terms appear in the angular distribution. The details can be found 

in Schierholz and Schiller /1979/, Laermann, Streng and Zerwas /1980/, Koller, 

Schiller and W4hner /1982/, JerSak, Laermann and Zerwas /1982/. 

3.1.4 xJ.. -Distributions 

The thrust distribution is not the only single variable distribution considered. 

A similar distribution is the one using the transverse momentum ~~)D~~~ with 
~ 

respect to the thrust axis as remaining variable. Instead of ~ lj)~l we take 
• 

the scaled variable 

)('.L =o 
? lpjJ 
w 

(3.1.26) 

wher'e i runs over the particles of the final .state. This variable has the same 

advantage as thrust. Since it is linear in momentum it is least sensitive to 

infrared and clustering effects (Georgi and Machacek /1977/, Georgi and Shelman 

/1979/). For the qqg final state we have, if the thrust axis is along~ (see 

~ig. 3.7) 

since 

)(' = 
.L 

= 

s.;.,. e .. 
'J 

~ .. s..;.. e.... = )('3 s..:.. (),3 

~ [ ]~ - (4-)(1 )(1-K_,_){1-X:3) 
!<"t 

,!_ 
= 

)(',; X:'j 

)! 
[ (t-x:,){1-X:._){4-)(3)j" 

(3.1.27) 

(3.1.28) 

and 
~ ~ ~ ~ 
~ .. is the angle between the momenta p. and p. tp

1 
is the momentum of q, 

1] 1 ] ... ~ .... 
p

2 
of q and p

3 
of g) and similarly for the other two cases: thrust axis II p

2 

and thrust axis II ;';. In (3.1.27) x
1 

= T. The x.L distribution is calculated from 

1 
(j'(t-) 

do-' 

d-": 
== " 

(Tl~l f
T.,.,., 
dT 

T· 
"'~ 

d~ 
(3 .1.29) 

dTdx.L 

d\r where /dTdx .L must be calculated from (3 .1.11) by transforming the variables 

x
1 

and x
2 

into T and x~ in the appropriate kinematic regions!, II etc. in 

Fig. 3.2. The limits of integration are Tmax = 1 - xl and Tmin' the solution of 

.z. 4 
( 4 - ?;:;..; t ( 2 r:.~ - 1) X:.L 

= 7.:: (3.1.30) 

2 
where /3 ~ Tmin < T ~ 1. max 

Actually x~ 

the relation 

is nothing else than spherocity introduced in sect. 2.3. We have 

)('" 
.L 

7C' .. s' = ,, (3.1.31) 
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In general, the thrust and the spherocity axes need not be identical. However, 

they coincide for a three-partiCle final st~te, both aligning with the momentum 

d'cr' of the most energetic particle. The double differential cross section /dTdS' 

has been computed by De Rujula, Ellis, Flor~tos and Gaillard /1978/ which can 

easily be transformed into d~ /dTdx~ with the result: 

-1 .tir' - O(s ~ r 
O'(Z.) dT d.'I.L "- - ,/,11:' 4 (-1- T) (1 - x:://(t-T)) "4, 

:L ._ 

{ [ 
T +- -t'2+ 

.t (4-T)(1- X:2r) 
+ 

(4- T) (4- X"L-) 
.t. .t. ] T + x-L_ 

t. .1.. 
(R.-T-!t2r) + ~ .. 

+ 
(T-t ><.,_+-1) (4-JtL+) 

( 
2. .(., 

z-T- x:L-) +IV.- } 
+ (T+ X:L_--1)(1-JV.-) 

(3.1.32) 

where 

X"z1: = -1 - iT ( .-1 :t. VA- JC_/1(-1-T) ) (3 .1.33) 

x..L varies in the interval 0 ~ xJ. ~ 1
; (3. The x.L distribution is shown in 

Fig. 3.8. Although df:T'/dx.L diverges as x.L. ~ 0, moments (x..t. n) of x.J.. are 

finite. For example, for the moment of xi we obtain (De Rujula, Ellis, Floratos 

and. Gaillard /1978/) 

<..it f.> =& 
'17:"" 

Cr: (-
U'J 
T + 64k1) ~ 0.,7~ 

71:' (3.1.341 

So in lowest order QCD perturbation theory lnW,~x~ n} is independent of wz 

since O(s "' 121t"/(33-2Nf) lnwz /;\, in the same way as the moments of (1-T)n. 

(Hoyer, Osland, Sander, Walsh and Zerwas /1979/) 
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3 .1. 5 The Acollinearity Distributions. 

Another me~surable quantity, which can be derived quite easily from the basic 

formulas in sect. 3.1.2,is the energy correlation as proposed by Basham, Brown, 

Ellis and Love /1978, 1979/. See also Fox and Wolfram /1980/. Experimentally two 

hadrons a and b are observed with energy fractions xa and xb respectively at an 

angle~ to each other. The energy correlation function is then 

d2.. 

dCJ:>sX = 
-1 

a-tot 
L_ 
-.,b 

Jcix,. dxb ~Xi d~r(e+e-_.,.. Q,bX) 
dxa <txb oleos 'X 

(3.1..)5) 

Experimentally this is readily computed and has the advantage that no jet axis 

has to te determined as it was the case for do-/dT and dCTfdx.L. It is also easily 

calculable in perturbation theory, being infrared finite, at least for 

cos)'# :':: 1, in just the same way as dO'fdT forT# 1 and dO"jdx.L for x.L. f. 0. 

Moreover there was the hope that (3.1.35) would be less sensitive to £ragmen-

tation than other quantities. The reason for this was that in relating the corre-

lation function (3.1.35) for hadrons to that for partons the energy weighted 

fragmentation function enters and this is normalized by energy conservation, 

since a parton must convert all its momentum into hadrons in the process of 

fragmentation (see for example Marquardt and Steiner /1980/ ) • This <jives 

a one-to-one relation between the energy correlation function for hadrons, i.e. 

(3.1.35), and that for partons, which is given by the same formula, except that 

a,b are partons now. But this argument is true only, if the transverse momentum 

fractions~ in the fragmentation are very small compared to the energy fractions 
i 

x
1

• Apparently this is not the case, at least for PETRA energies, and strong 

• • 
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dependence of the energy correlation on the fragmentation models has been 

established recently (Behrend et al. /1983/). But these topics will be discussed 

in detail later on. In this section we would like to present the energy corre-

lations for the basic parton process of Fig. 3.1b. For this purpose we take 

eq. (3.1.11) and introduce instead of x
2 

the variable~= ~(1- cos~ 12 J, where 

~ 12 is the angle between quark and antiquark ~omentum. The relation is 

X'z = 
1- Jf;1 

4- X:t5" 

and the transformed cross section becomes 

1 

o'M 

d~ 
dcos~ ... dX:1 

=~ CF 
27<;' 

[ (1-~e1/+ x/(1-x1st] 
:t{-1- '5) (4- x;1~ l 

In the same way we obtain for the cross section as a function of x
1 

and 

(3.1.36) 

(3.1.37) 

5' = ~(1-cos e 13), where e 13 is the angle between quark and gluon momentum 

and 

4-x-. 
x-3 = /f - )("1 S" 

the expression 

(3. 1.38) 

4 d~ ---
0'(,1.,) dcosff13 dx:1 

= o<5 ~ [ x-/'s"'(vsl' + (4+2"5(4-5)) Jt/'(1->4+tHx/: 
.211:" .t 'S (4- 'S><1) 3{/f-x-1) 

(3.1.39) 

The energy correlation function (3.1.35) for the correlations between quark, 

antiquark and gluon follows from the integral 

4 

1 ct 2. ---
crCL) d cos X = 

4 

.z ere•> 
r [ d~ d~ 1 

ja(_X:1 X:1X:.t..1 11 -'- +lX1Jt5 -'-- 11 dx: 
O K.COS f7JL (,(,1{,1 «4Q$t7ta 1 

(3.1.40) 

where cos(:) 12 and cos e 13 must be repla.:ed by cos)( = 1-2) and x2 and x3 are 

•) substituted by {3.1.36) and {3.1.38). 

The result of the integration is 

-1 d2. ---
(J'(.L) dcos X 

_ c<s CF 
- 87<:' 

'3 - zs 
-s•(-1-5) 

[ z(3-H+.t~~)4(1-S) 4- 3S(.t-35)j 

(3.1.41} 

The energy correlations are singular for '5-" ~ 1, which is"-+ 1'(;i and :>.,. 0, 

which is X..,. 0. The leading singularity is for the opposite side correlations 

and has the form 

4 
(J'(.L) 

d"L 

deosX 5~1 

(Brown and Ellis /1981/). 

= o<s 
4~ 

Cr: 
1 

A-S 4 -"'­
A-'S 

*)The angle~ defined here should not be confused with the azimuthal angle 

in sect. 3.1.2, 

(3.1.42) 
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The perturbative result (3.1.41) for the energy correlations are quite asymmetric 

about X ~f (5 =i;) as can be seen in Fig. 3.9 where (3.1.41) has been 

plotted as a function of cosX for C( = 0.20. On the other hand the leading . s 
+ - -nonperturbative contributions caused by fragmentation iO the process e e ~ qq 

are expected to be even under the interchange ?( ~ 1t"- X { ~ ~ 4-. 5') 
Thus, as the energy increases, the perturbative QCD contribution (3.1.41) is 

expected to docinate in 

AS{casX) = _!_ ( d~ (-ccs'X) 
()' (t.) a{_ cos ?< 

dZ:(c:csX)\ 
dcos"X j (3.1.43) 

with the nonperturbative corrections being of order 
1
/w. -AS(cosX) is plotted in 

Fig. 3.lJ. It is large for?< ~ 50". 

concerning the nonperturbative contribution one must keep in mind that (3.1.41) 

includes contributions where the parton, which is not detected, becomes collinear 

with one of the detected partons. This is actually part of the 2-jet region and 

should be excluded from the integrations in (3.1.40) (near the upper integration 

point x
1 

= 1). This would make the result cut-off dependent and much more com­

plicated. When comparing to experimental data, this must be kept in mind (see 

Ali and Barreiro /1982/). 

The expression (3.1.41) represents only the contribution to the energy corre­

lations which results after integration over the angles e and 9> of the hadron 

plane with respect to the beam axis. The full cross section has the form (3.1.9). 

The other coefficients in (3 .1. 9) ,can be found in the work of Basham, Brown, Ellis 

and Love /1978, 1979/. As a partial result we quote the distribtuion obtained 

after integration over f ( Cf ;;. ~in (3.1.9)) 
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1 dt.2.. 

0'''-) d ccs X olccs-8 
_c<sf\3{ 
- 11r' l-1':t A{~) + cas~ BM) 

(3.1.441 

where 

1 [(18 A(s)=,." ~' 5s-
4Z 
r+ 

U.)///.) 18 ~3 ;r 3 J +- ~,'4-; +- ---.-f.,-, +-+.2. r3 s+ s• s .. s 

J3 (l!,) = 1 [(48 _ 6( + f-8 _ 3Z )4.ff-;) f 18 _Sf+ sf _.2.-(J 
4 (1-s) ss r+ f5 SZ "?' 5'1 ~ s 

(3.1.45) 

Further work appeared in Soper , 1983/, Brown and ·Li /1982/. 

3.1.6 Influence of Beam Polarization. 

+ -Up to now we considered cross sections for e e ~ qqg only with unpolarized 

+ + -e and e beams. One may ask whether polarized e and e beams yield additional 

information. 

+ -To answer this question we express the differential cross section for e e ~ qqg 

as a product of the lepton tensor Ll'p and the hadron tensor l}"u introduced 

in sect. 3.1.2 

rid= L ~"" 71 f'-JJ d? (3.1.461 

where dP denotes the phase space element. we split (3.1.46) into contributions 

from the symmetric and antisymmetric lepton and hadron tensor combinations 

• • 
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(L {r"J II 
<itJ' = H fr~-1 + L {,~<P} 11 ) t:(.:p 

fffj'P} (3.1.47) 

In the c~e-photon approximation the antisymmetric lepton tensor can be seen to 

receive =ontributions only from longitudinally polarized beams. one has 

L [)'"] = .Zirn 
7 

Br'-'fcr ( s(+)+ sl-JF 7cr (3.1.48) 

..-here q = o + p and S(+) and S(-) are covariant polarization vectors of the -. -
pcsitrc~ and electron beams respectively. In the center~of-mass system it has 

t.::e si=;:!e form 

L Cij) 
' ( ,., ~;;c->) = "'£,;~ v-*- ~:<. +- s z (3.1.49} 

-.. -~~;,. ~~: 6.enoting the degree of longitudinal polarization of the electron and .. 
pcsitrc::. beams and 11 is a unit vector in the electron beam direction, Thus to 

' + 
H C"r~'J one needs longitudinal polarized e- beams detect ~e antisymmetric part 

~ £+) 1;:'(-) 

·•ith ~.. + ""' * o. 

~:.:.i:c.e .;~::-.erally, the hadron tensor depends on 5 structure function Hi (i 1 • • • 5) ; 

4 are t!"~portional to symmetric and 1 to an antisymmetric tensor: 

H,.. .. = { 'tzg,.." 7r9v) ft1 + f,,.. f,,_, liz 
A A 

r f'l'fz" 713 

+ ( p;_ fi., + Pzr p:.,) 1-14 + ( ~l'f"- P'i fi,_) 7-1. (3.1.50) 

" ·..-here PI- q1 pu - p • qqu. This decomposition follows readily from gauge invariance 
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" q Hr-~ 0 and the fact that only three independent four vectors are at our 

disposal (we have chosenq, pl and p
2
l. Since we have H .r"" = H~,r' from the 

hermiticity of the electromagnetic current, we conclude that H
1 

••• H
4 

are 

real and H
5 

is imaginary. Thus, H
5 

is the only hadronic structure function 

L 11 frv] 
that contributes to [/'"'] n . 

ln c!"::er 0( s the hadron tensor B~~ is purely real. Therefore in this approxi­

maticn H
5 

= 0 (as can be seen also by inspecting (3.1.5)) and there is no effect 

from LcrvJ f= 0. H5 appears only in the approximation O( O(s 2J and higher. One 

needs final state interactions bet-,.E.en q, q and g in order to obtain a nonreal 

cont!"~bution to the qqg productic~ amplitude. The remaining four amplitudes in 

the 2~-::.r:-:etric part of H /'"' corres;:-ond to the four cross sections d ~' d err:• 
d O"'T ar.d d 0"'1 introduced in sect. 3. 1. 2. They all can be determined from measure-

ments ~f the angular distribution ~3.1.8} with respect to the beam axis. Therefore, 

tra::.2·:ersal polarization a: the ~:-.coming beams does not give any information in 

addition to that which can be obtainea from the angular distribution (3.1.9) 

already. This fact is well known and is true for all final states (Avram and 

Schiller /1974/). Nevertheless, with transversal polarized beams it is much easier 

to ~easure the coefficients ~(T), f3 (T) and ar(T) in the angUlar distribution 

(3.1.24) than without polarization. This is analogous to the measurement of the 

jet axis angular distribtuion at low energies with the SPEAR ring considered in 

sect. 2.2. 

It is well known that electrons and positrons tend to polarize themselves in the 

direction of the magnetic fields. Recent experiments at PETRA have shown that 

it is possible to circumvent depolarizing resonances and reasonable transversal 

polarization can be achieved. With transverse polarization at our disposal it 

shou:d be possible to measure all sorts of angular correlation coefficients. 
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+ 
Having e- beams with general polarization, transverse or/and longitudinal the 

differential cross section for e+e-~ qqg has the following form (Hirshfeld, 

Kramer and Schiller /1974/, in this reference the fo~las were derived for a 

general 3-particle final state, see also Avram and Schiller /1974/): 

{)tt>" ol 50"' 
= 

ol.~s() d'X d.<# d.lt,d~ 

H (1+Z)(-t+~s'e) +X(</>)s.:..•e J :'ir~ + ~ {-f+Z -X{</>J)s.:..'(Jet~ 
o Jt, ~ dx,«x., 

+t{[&+Z) s.:.~ + X(cp}(4+cas'B)jcosZX + .z YC¢) a>~8.s.i.J..Xj ~Oz.. 

-~[ (1+Z-X£¢J) eos() cosX Y(</>)s..;..;r]s~ -tar 
d.l(, d"J., 

+ 3 
v.t: 

L s..:.(} s~ A' <tb-!i 
dJc,dK",_ 

(3.1.51) 

<.t) 
The quantitites X, Y, z and L depend on the polarization parameters f X.., z. ,., 

x(~J "'(r ... '·'~:· rt'f;-)) eos2.f + {r:'r;-l + f;·'r:~') s.;.l.+ 

= {f;•'f;-' + ft'f';_') OJsZ.cf - (f:••r:-1
- f.t'f;-•J s~Zf y (<j) 

z 
L 

= fC..) 
z rt' 

:: z-'+J .-:N 
~z + ~z 

-+ 
~(+>are the e- polarization vectors 

+ 

<.!:1 r'•> f,.. and ;, ':1- :)Can transverse and 

(3.1.521 

in the corresponding rest frames, i.e. 
«) S; longit"Jdinal beam polartzation. 
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The labelling of the cross sections dO""'k (k = U, L, T, I) has been explained 

already. d cr'
8 

is the imaginary part of the ~~terference between transversely 

and longitudinally polarized virtual photons: 

" ,;(.(I'll 

dK"t d)(" 
I""' e,d•" J J./.,;3 e;3to/1 , ct,(3 "4, z, 3 (3.1.53) 

This cross section is proportional to a5 in :.1.50). As we mentioned already 

this can appear only in higher order pertur~a~ive contri~utions. In lowest non­

trivial order o ( 0( s) the cross section has t:-.-e form (3. 1. 51) with di:J;, /olx.d~:::. (). 
The cross section d~/d!t-tdK.z, (k = U, ;:., T, I) in :>(0( ) can be found s 

in (3.1.11-15) for three cases concerning tte ~efinitic~ of coordinates axes 

in terms of final state ~omenta. 

Actually 

to order 

~H is particularly interesting ==~ ~esting ;co since it contributes 

C(s2 and higher only, being propor~!=nal to t~e imaginary part of 

the hadronic tensor, it must involve at least one loop. UnfortunatelY o-8 

is zero for massless quarks (KOrner, Kramer, Schierholz, Fabricius and Schmidt 

/1980/). But a sizable cross section has been predicted for heavy quarks by 

Fabricius, Schmitt, Kramer and Schierholz /13;J;. Their result was expressed 

in a special coordinate system which uses the ~ormal to ~e event plane as 

the z-direction for the hadron system with tC.e special requirement that the 

-+ ..... ..... + 
z-direction points into the direction p 1 x p 2 if x1 > x2 and p2 x Pt. if x2 > ~ 

1 

respectively. This convention has been chosen since it should be relatively easy 

to locate the heavy quark (antiquark) jets. Since sin (J si~ = cos "l , 1 being 

the polar angle of the z-direction and the electron beam direction (Fig. 3.11) 

equation (3.1.51) reduces for purely longitudir.ally polarized beams to: 
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a~ 
z 

·z. ) d~ - .1 (1 + Z) {-1 + L Swo "l o{J(
1 

ditz. - II 
c{ COS"l alx:, dY:,r. 

+1(1+Z)(1-fsk.'t)d~ + 1.(1+Z){--u]s.:..~) dbj. 
dx:,d¥::- 4 d)(,dxL 

+ ~ L cos"2 
d~ 
d)(,dx4 

(3 .1.5.;) 

and 0""
1 

drops out. 

The asymmetry in cos '?. which is proportional to O""H has been calculated in 

the form of a quantity R defined by 

R - g db)t 
- Vi: tJlJC 1 d~t._ I d~ u(.J(, d)(.L 

{3 .l.SS; 

with the denominator approximated by the dominant lowest order cross section. The 

result form/ R "'0.25, where m is the quark mass, i~. shown_ in Fig •. 3.12. The 

coupling constant is O(s "' 0.2. Instead of the quark energies x1 and x
2 the 

variables are thrust T 

T= ,.,,.,.. ( Vxl- ""'}'1:-) v~ ·- ""'i1 .. ) )(3 ) v~~""'~L +Vxj- *"',; .. 

)(3 = .lE~fr .. .,. ) !C• +K.t + ~3 

(3.1.56) 

= t_· "'"""' 
co:! 91 .. = ( ~t. Jt.t - u,- .tJr£ + ~W!/ )j[(x,'- ~')(~"-fi.'J/ 
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e 
12 

being the angle between the quark and antiquark momentum to fiK the 3-jet 

kinematics which are easier to determine experimentally. The predicted 

asymmetry depends quite strongly on the value of·m/ ~ as is to be expected. 

For the yet to be discovered top quark the effect should be measurable. For the 

bottom quark (m ~ 5 GeV) and 40 GeV center-of-mass energy the effect will still 

be on the percent level. 

According to the two classes of diagrams contributing to <rH' _thoSe involving 

the triple-gluon coupling and the QED-type diagrams (see sect. 3. 2) R can be 

written 

1?. = :!. r,. 
"{ 

( 'f. ~ A., .,_ "hJ! T 
::\., )r +!.. Tr f'>..~ 
2. c At ,-.z, 

'>..., 
.t 

.3& A..)r 
2.. 2. E 

(3.1.57) 

It was found that, apart from the edges of phase space, where R becomes very 

small, rc ~ rE. Noticing that the first trace in (3.1.57) is equal to (-2) 

and the second equal to (- 2/9) one obtains with the coupling constant relation: 

·which leads to equal q(ig integrated cross sections ~ = f«s a relation between 

the R in an abelian vector gluon theory (RQAD) and the R for QCD; 

'R6lAD - 1._ 'R.GClJ 0 

Thus.R is a measure of the gluonic self-interactions. In order to prove QCD 

it would be sufficient to establish the sign of R. 

(3.1.58) 
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3.1. 7 Jet Multiplicities and the Total Cross Section. 

We learned in the previous sections that the 3-jet cross section is well defined 

outside the singular region x1, x2 = 1. The same is true for the other cross 

d'(1' 
sections O'"'U, O"'L, O"'T, o;; and ~· One may wonder how /dx,dx2 should 

be interpreted in such kinematical regions which include the singular regions 

x1 = 1 and/or x2 = 1. 

In the direct vicinity of x
1

, x
2 1 the qqg final state is essentially a 2-jet 

configuration, for .which x
1 x2 1. For x

1 
= 1 or x

2 
1 the quark or anti-

quark momenta are collinear with the gluon momenta, so being equivalent to one 

parton. For x
1 

= x2 = 1 we have the emission of a zero energy gluon, so again 

a 2-jet configuration evolves. The situation is familiar from QED. Take, for 

example, the reaction e+e-~ ~·u- ~ with a very soft photon in the final state. 

Bere also, this final state is indistinguishable from a pure p+u- state. In the 

same way we must consider the qqg events with x
1

, x2 ~ 1 as 2-jet events and 

must consider them together with the pure qq events. For this we need a criterion 

which defines the 2-jet region in the qqg phase space. Such a criterion is more 

or less arbitrary. It must be a region of the q(ig phase space (see Fig. 3.2) 

which includes fully the lines x 1, x2 = 1. The most simple boundary is 

-1 --, ~ ... ~ -1 
} 

0 ~ ,.l ~ 1 

(3.1.59) 

1-; ~ lt.t ~ 1 } 
0 ~ !t1 ~ 1-1 

Instead of the variables x 1, x2 it is more convenient to use squared invariant 

masses of two parton pairs, i.e. 

1ii = (p,;+fj)f 'fL = .tf•P;ftt'-
(3.1.60) 

~ 
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Expressed in y 13 = 1 - x
2

, y
23 

= 1 - x
1 

(y
13 

+ y
23 

+ y
12 

= 1) the 2-jet phase 

space (3.1.59) is shown in Fig. 3.13. Of course y <~and we choosey.(< 1. 

This yQ2 is the upper limit of the invariant masses squared Cp1 + p3>~ and 

(p
2 

+ p
3

) 2 formed with the quark and gluon and antiquark and gluon momenta, 

respectively. Here the boundary value y serves the same purpose as the familiar 

4 E in QED for defining the infrared photon region. The area near the origin in 

y
13

, Y
23 

plane (y
13

, y 23 ~ 0, 1 - y
13 

- y
23 
~ 0) is the infrared region, whereas 

the strips in the vicinity of y
13 

or y23 = 0 are the regions of collinear singu-

larities. 

Or course, the integral of d
2

<r' /dx,dx2 over the region (3 .1.59), i.e. over the 

2-jet region of the qqg phase space, diverges because of the infrared and collinear 

singularities. However, this part of integrated cross section alone has no 

physical meaning. It must be taken together with all other 2-jet contributions. 

Only the total 2-jet cross section is a measurable quantity. Other 2-jet contri-

+ - -butions in 0( 0( 
5

) are the virtual one-loop corrections to e e ~ qq shown 

in Fig. 3.1a. Only the sum of these two contributions, the virtual corrections 

and the integral of qqg over the strips in Fig. 3.13 together gives a finite 

2-jet cross section. 

To ca-lculate this sum we proceed as follows. As mentioned already in sect. 3.1.1 

we introduce the arbitrary dimension n ~ 4-28 in the integral to control the 

divergences in the integral over the qqg differential crOss section. This 

differential cross section is in n dimensions 

<{~ 

c;(.}J"l <(_ "JL3 
= (J'(t.l(''>r,l)~ 

"' TY1-e) 
llt's(/«') Cr- {';,J ';zJ d'._t:B(';IJ, 'Jn) 

-21t"' 
(3 .1.6:fi 

where 

~{d,., 'd21) = lf'(¢t3, ')zJ) + € 7Js(~,,, ~zi) 
(3 .1.6 2) 

• 
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with 

B11(~,s, ~z3) :o L + .l3L + .Zd?z-
?z~ 7•3 (/•3 ja (3 .t.63) 

'B 5
('dn 1 "jz3) = _1:!_ + dL3 + ,!?_ 

dL3 "Jn (3 .1.64) 

and 

(}{<.) = O""c~i (4rr{/ T'(N) 
E~o '1 T'(z-u) 

(3 .t.65) 

~2) I = 0 is given in (3.1.12). ~is an arbitrary mass, introduced to make the 
'e=o 

·coupling g "' (41t" 0( ) 
112 dimensionless in n dimensions. Of course (3 .1.61) goes s 

over into (3.1.11) in the limit n? 4 <€+ 0). 

The integration of (3.1.61) over the 2-jet region (3.1.59} yields the contri-

bution of the bremsstrahlungsgraphs to the 2-jet cross section 

(J't.-ja ( 'Jif ~ ) = o-a> (4Trtl \e ~ C 
1 I .l11; F 

[~ + ~ - Zk~- ?,kJ + 4Jt...if 

TW-i> 
17(4-:l.e} 

.t --F + f.] {3.1.6&) 

The interference of the virtual diagrams in Fig. 3.1a with the zeroth order 

diagrams in Fig. 2.1 gives us the O(O(s) contribution of the virtual diagrams 

to c:r-jet 

cr z-jd( <t'f) = 

[- £2.'1. 

<1'C:t.> 14rrf")e !Xs(j<:L) C 
\:1 ·-- F 

3 
e 

+ .z'T2 
3 -8] 

T'(4-&) 

T'(4-.Ze) 

(3.1.6?) 
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In the dimensional regularization method of •t Hooft and Veltman /1972/ the 

1 4 infrared and collinear divergences appear as poles in e = 2(4-n) ( 8 

is the infrared divergences, ~ -l are infrared and collinear divergences) 

which cancel in the sum of (3.1.66) and (3.1.67), so that the limit ,£ + 0 

can be taken. This sum (fore-+ 0) is the O(O( 
5

) contribution to the 2-jet cross 

section {Kramer /1982/J 

o-Z·jd("J) =- d{L) { /f + ;r.Jc1=[-:u ... '=q-3t.3+4q4; 

-1 + fJ} 

In (3.1.68) we included the zeroth order contribution cr( 2
). In O(()( l 

s 

(3.1,68) 

2-jet rr 
depends now on y. It is important to notice that in higher order QCD the 2-jet 

cross section can be defined only on the basis of a parameter, in this casey, 

which defines the separation of 2- and 3-jet events. This parameter, which has 

the function of the 6 E for photons in QED must be chosen in accordance with 

the parameter used experimentally to separate 2- and 3-jet events. The necessity 

to fix such a parameter for the computation of ~2-jet in QCD is closely 

connected with the infrared singular behaviour due to massles gluons and quarks. 

we remark that in the formula (3.1.68) all terms O(y) except such ...., ylny were 

neglected, so ~hat (3 .1.68) can be applied only for y << 1. 

our result (3.1.69) is in agreement with the so-called Kinoshita-Lee-Nauenberg 

theorem (Kinoshita /1960/, Lee and Nauenberg /1966/J. This theorem which was 

originally stated for QED processes says that cross sections for e+e-~X de-

fined in such a way that the final state X is a sum over all indistinguishable 

configurations are finite. In our case the indistinguishable configurations are 

the states q(i and q(iq inside the strips of Fig. 3.13. 
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d'~ The integration of /dy 13dy23 over qqg phase space complementary to (3.1~59), 

i.e. the triangle without the strips in Fig. 3.13, yields the integ~ated 3-jet 

cross section cr3-jet(y) 

o-3-ft--tc-~) = o-M~ cF (u .. 3 + u.J -43-t..if +i-f) 

(3.1.69) 

This result is obtained by integrating (3.!.60) with S = 0, the infrared regulari­

zation is not needed. But it is important to notice that ~3-jet will always 

depend on parameters necessary to separate the 2- and 3-jet region, i.e. y in our 

case. 

The sum of cr2-jet(y) and cr3-jet(y) is the total cross section 

0"-k>/, = <Y'Ct.) (-'~ + o<'s ~\ 
.2~ .t- 7 

(3.1.70) 

~tot must be independent of y. (3.1, 70) is in accordance with the other part of 

th~ Kinoshita-Lee-Nauenberg theorem stating that the fully inclusive e+e- cross 

section is finite in the limit of vanishing quark masses (free of mass singulari­

ties). (3.1.70) gives us the total e+e- annihilation cross section into hadrons 

in the order ~ s' equivalent with the well-known formula for R introduced in 

sect. 2.1 

7( -=. ( 3 t Q/')( 4 + ~) 
(3.1.71) 

2-jet <T (y) ;cs-;_ot and 
3-jet 
~ (y)/ ~tot are the 2-jet and 3-jet multiplcities up 

to O(C(s) in perturbation theory. They also depend on y which must be chosen in 

agreement with the parameter chosen to divide 2- and 3-jet eve,nts in the e:xperi-

mental data. 
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It is clear that our choice of the squared invariant jet mass for distinguishing 

2 and 3 jets is not the only one possible. Another choice is the parametr~tiQ~ 

introduced by Stennan and Weinberg /1977/. They define a 2-jet e'l:ent in the qqg 

phase space if the following conditions are satisfied 

(i) 0 ~ x-3 ~e 

or (3.1.72) 

(ii) e ~ l\3 ~ -1 "'"d. ~3 ~ J' or- &.e3 ~ d 

e 13 ( 9 23) are the angles between quark {antiquark) and gluon momentum. Thus we 

have a contribution to t:S 2-jet ( <£, S ) if the gluon is emitted in a cone of 

angle ~ with respect to the quark or antiquark momentum or with an energy 

p3 ~ €. ~outside the cones. The 2-jet cross section due to this definition 

was first calculated by Sterman and Weinberg /1977/ and is 

cr z-Jet (e,o) = a-<"-1 [ 4 + o(s(!<-•) c [- 4t...E..!... s~ 
.tJt:" F 4 

34. <f~ 
4 

~1&~ + ~] j 
(3.1. 73) 

This formula is correct only for small E.. and <f , Terms propQrtional to € 

and S were neglected. The complete formula has been computed by Binetruy and 

Girardi /1979/, by Stevenson /1978/ and by Weeks /1979/. From the difference 

rr 
tot 

2-jet <' 3-jet <' 
(T (£.,0) one obtains <:r (€.,d ). we 

and (3.1.73) agree in the leading terms if we identify: 

notice that (3.1:68) 

.. .s• e =;;:E'J-· 
Which values should be chosen for y or e., d to have a reasonab.l.e perturbation 

2-jet theory? From (3.1,68) we see that CT (y) decreases With decreasing y and 
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may become negative for small enough y. But 
2-jet 
~ (y) being a physical cross 

section must be positive. This shows, that y must be reasonably large; how large, 

depends on the value of 0( • Similarly of-jet(y) increases like ln3 y with 
s 

decreasing y and may become larger than 
(2) «s 

fT (1+ 1? ) for small enough y. This 

is also unphysical. So let us define 

0"' :;_U; ( -a ) = t:rz-Ja(._) I o-(") 

:.__3-jet 
and similarly Cf red(y). Then 

crzJ;t {~) 3- tl: 
+ CY ~ {if) =1+~ 7r' 

(3.1. 74) 

(3.1.75) 

«s -1 
so t.~t, up to a factor ( 1 + if ) , 2-jet 3-jet 

- d(y) and <:r d(y) are equal v re re 

to the 2- and 3-jet multiplicities, These quantities are plotted in Fig. 3.14 

as a function of y-
1 

for ~ "'0.05. This is a reason.~le v~lue for 0( 
5

. in 

agreement with experimental determinations which will be discussed in the next 

3-jet 
section. Then it follows from the graphs in Fig •. 3.14 that o- (y) < 1 if 

red 

y > 0.01 • Of course, to have a reasonable perturbation theory
1 

we require 

3-jet 0' red(y) < 0.4, For this we needy > 0.03. On the other handy should not be 

too large, since terms proportional toy and y 2 lnlyetc. were neglected in (3,1.68) 

~ .3-jet 
and CT {y) should not be too small if one wants to test the details of 

3-jet events. Therefore a reasonable range is 0.03 ~ y ~ 0.05. For y = 0.05 we 

3-jet 3-jet _ 2-jet 
have 0"' red "' 0.29, so that <r I o-tot = 0.28 and t::r /crtot = 0. 72 

which is a quite reasonable choice for y. This choice corresponds roughly to 

£ = 0.2, S 2 /4 "'0.1 in the Sterman-Weinberg definition and yields 
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3-jet, 
cr I <Tt0t 0.35 and 2-jet/-

(]"' v tot 0.65, 

T0 = 1-~- ·aith y = 0. G5 is also the :nest reasonable boundary for single variable thrust 

jistr~~tions. This means that the integration of the thrust distribution (3.1.18) 

in the :...::.ternal 
2
/3 ~ T ~ T yields, up to terms of order y = 1-T , the same 

0 0 

integr~~ed 3-jet cross section. as (3.1.69). 

0 =C.?: was also used in the phenomenological models of Hoyer et al, and 

Ali e~ ~:. for separating 2 and 3 jets in the qqg intermediate State before 

.:rag::::..::::_;.a;:ion. 

~rom ~s viewpoint the mean value of (1-T) defined in (3.1.20) or of~ in 

(3.1..::~ should also be defined with a cut-off. This means <1-T), for example, 

=ust l:.: .::-e:ined by 

(1- r) " "' 

:bis a::.:·.:r. ts 

1.05 ~ :1 + 
11:' 

Tb <Y't;,t; 

to <1-T)T 
0 

~)- 1 forT 
~ 

To 

f dT do- (t-T) 
dT 

"13 

«s o<. -1 
0.59 ~(1 + ;r:-) for T

0
"' 0.95 instead of 

(3.1.76) 

1 (see (3.1.21)). This way we have an appreciable 

reduc:~== of the perturbative contribution to ~1-T;>. Therefore (3.1,20) was the 

:i!:tit := -:3.1,75} for TO"+ l,.which, however, does not give a reasonable-estimate 

of the perturbat:ive .(1-T) (compared to (3.1.20) we used <:r;.ot 'instead of o-( 2 ) 

for no~ization in (3.1.76}). Of course, the remaining contribution of .(1-T) 

is nor.?Erturbative and can be calculated only with the help of phenomenological 

fragme.="tation models. This replaces .( 1-T) for 2 jets which is zero in pertur-

bation ~eory. For a somewhat different point of view see Ch, Berger et al. /1982/. 

7he fc~as (3.1.68) and (3.1.69) which we obtained for 2-jet cr (y) and 0"'3-jet(y) 

~e i= clear that the characteristic expansion parameter is not C ~ bnt more 

·~ 
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like C ~ lnzy. For C ~ lnzy < 1 we must have y > 0.02 (for ~ = 0,05) 
F7t"' F'lt" 9t"'" 

which shows again that y must be la~ge enough to have a small expansion para-

meter • If y is much smaller than this, finite order perturbation theory breaks 

down and we must sum all powers of ~ • This is impossible in general, but it ' ,.... 
can be done if we restrict ourselves to the leading te.rms ..... ~ ln 1 y. Then we 

get for the sum 

<Tz-Jet ( () =: (j(L} 

-~q,,t._"-
e " 'd 

and for the 3-jet cross section 

0"3-}d("J) .2. 
= o-('-) c<s CF £-.. d 

~ 
e 

• _otsq,~J 
11:' 

(3.1.77} 

(3.1. 78) 

These formula go over into (3.1.68} and (3.1.69} if ·;~e expand up to O(t(s). We 

see that r:r 2
-jet(y). is positive

1
independent how small y is, and that it vanishes 

for y-)1>. 0. The same is true for o- 3-jet(y). This means that for a vanishing 

cut-off value y ,all exclusive multi-jet cross sections vanish and only the cross 

section with an infinite number of jets is unequal zero, a result quite familiar 

from QED. 

Unfortunately the approximation of c:r 2-jet(yl and ~-jet (y) by the leading 

loqarithmis terms in lny is. a very bad approximation for y ~ 0.05 and can be 

valid only for very small y. So it cannot be used in practice. The approximations 

(3.1.77) and (3.1.78) as a function of y-1 are also shown in Fig. 3.14 (we divided 

(3.1.77) and (3.1.78) by <:1'( 2
)). Of course, these curves give only a qualitative 

2-jet 3-jet 
insight how cr and 0' might behave for smaller y' s. We see that 

er3-jet(y) as given by (3.1.78) remains smaller than 0.4 cr( 2
) for ally, which 

we may take as a further hint, that in O( Ct(s) y shcu!d be chosen in such way that 

0'"3-jet(y) is only a fraction of 0'"< 2>. 
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3. 1. 8 The Scalar Gluon M::xie1 

Although there is oo other field theory in sight far describing the interaction 

of quarks an:i gloons which r.as the sarre at'tractive feat'.zes as Q:D, i. e. the 

\.ll)jerlying gauge st.r\rture a."li asynptotic freedan, it is of interest to study 

whether other gli.X:lll theories could explain the experi..::er.tal data on jets as 

\o.ell as ceo. It is clear that on the level of 1~ cr5e= perturbation theory 

the non-abelian SU(3) colour t:.hoory is not the only ca.T" ... 3te. At this level 

the non-al::elian st:nrture does oot care in an:i the al:e~ vector gloon theory 

leads to identical predictions. Therefore, 1n order to :-z.-e a se<X>l'V3. can:iidate, 

the scalar gloon theory was considered, ·...ru.ch has .::.:..!!e,: ___ predictions already 

in O(as) of perturbation t.he:Jry • 

The scalar gloon m:xlel is de!"ined by tne interacti:::<:: :a;=-.::.."lgian 

~r = {' f J....</>o.7 (3.1. 79) 

where ta describes the scalar gloon field with ooletJr g'2."":1:Un nmber a. For 

zero-mass quarks all results of scalar gloons are identical to tb:>se of pseOOo­

scalar gluons because of y 
5 

invariance. 

2 +- -The cross section d a/dx 1 c:Qc 2 for e e -+ CR9 with a 9:alar gluon g was calcu-

lated by Ellis, Gaillal:d and R:>ss 11976, 19771 and has t.'>e follc:w.lrtg fo:tm 

<t'b-
d.Jt. dx:J, 

,. 
= a-et.l ..&.. 

1111: 

~r,z. 

Go ((-K1){4-Jt.t) 
(3.1.80) 

where a * = g*l. /4w ard a (2) is given in (3.1.12). ~.is 1"-..as to be C<l't'pared to s 
(3.1.11) for vector gluons. ':!:e right harxl side of (3.~.~) is less singular for 
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x1, ~ -+- 1. But this regicn is oc:cupied by the 2-jet events. In the genuine 

3-jet region x1 ' x2 , 2/3 the differeno;, l:etween (3. 1.111 and (3. 1.80) is 

much less awarent. 

'lhe other partial cross sections are (Kraner \ 1980\, Sdliezholz \19i9j, 

Hoyer, Osland, Sander, Walsh and Zawas [1979[ , for mq 'I 0 see I.aenrann and. 

zet:was \1980\) using the ootation of section 3.1.2 

~ -? 
Iii p. II Oz 

.ttL 

a:,.T 

~ 
: (J'{L) o(S c ,t(1-its) 

4,.- "--;c;z-
2. 

-:!.. ~ 
- .z d,.., 4-t-

et>r1 d)(J.. 

et'lt. ot>r._ 

d" ,. !i, 
<r r =- o-''-1 «s c,:[ 4 ->ta } ["' + "'"• -.t{1-Xj) J di<1 dxc,._ 4rc; .2{4-K1 ){1-X:.z.) )(

1
'-

liil ;;:_ II Oi = (i; wift., X1~ X., 

,.. ~ 

liiil p3 II Oz. 

d&-L. :: 
d>r1 dx._ 

1.. 
dtrr 
d~r, dx_,_ 

= d~ 

"'"'•"""-'-
=0 

Since tbe other cross sections vanish for the case that t.'le gloon rrarentum 

(3.1.81) 

13.1.82) 

(3.1.83) 

is chosen as the z axis in the jet plane, one has a very clean way of testing 

the spin of the g:loons provided the gluon jet could 1:::e identified. Fer scalar 

gluons the hadron distri.l:ution around the glu::n jet axis is isotropic. Fbr 

vector gluons ~ expect a non-isotropic azirouthal distrib.Ition arami the 

gloon jet axis which follows fran (3. 1. 15) (see Kraner, Schierholz .mJ. Nill­

rodt [1978, 1979[ for further details). It is .clear that the rrore crnplica.ted 

0 and x depe.'ldence based on (i) and (ii) is due to the particular dloire of 

q1Jarlc and antiquark: m::rta1tum as reference axis, whereas #lith the gloon as 

reference axis the angular distribution is of the form (1 + cos2e) as for 
+- -e e +qq. 

' 
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Similar to the vector gluon case various single variable distrib.J.tion have 

been derived fran (3.1.80) to (3.1.83). The thrust distribution:. obtained 

after integrating over 0 and x is (De Rujula, Ellis, Floratos and. Gllllard 

119781) 

1 oW 
o-<>-> dT 

= !!1._ 4: [.u.,_(l·T-4 J + (4- 3T)(3T-i!-)] 
411:' A-T 4-T 

(3. 1.84) 

This has to be ccmpared to (3. 1, 18) for the vector gluon case. (3. 1.84) is 

less singular forT-+- 1 than (3.1,18). 

The fonnula for the average (1-T) deduce:) frcr.~ (3.1.84) is 

* <1-T> = ()(s C;::{ ..!_ + ..;!.43) = 
411; 1r> 't 

O.Ho!!!f 
7c-

The cross sections analogous to (3. 1.22) are: 

1 do; " "- "' -~-.z.-= l¥sr 
<:r{IL) a'r - o-tz.) aT = 4r,: '-~ 

.e(sr-.z.; 
T 

1doz 
~dT 

- rxs• C ~ (.t(-t-T) vTr=1 ·~) - 41;;- t= T - V-1-T 

(3.1.85) 

(3.1.86) 

They follow fran (3.1.81 ~ 83) with the convention that the hadron plane 

is defined by the thrust axis and. the m::mentun of the second oost energetic 

jet as in {3.1.22) (Kramer [1980[ and Schierholz '.1979\). Plots of these cross 

sections and ccrrparisons with the vector gluon theory can be found. in the 

work of Hoyer, oslarxi, Sarrler, Walsh and ze.rwas !1979!. If the Yukawa cou­

pling a
5
* is adjusted. so that do 0/dl' (scalar) = cioJdr (vector) at T = 0.8 

one firds that doL/dr is larger in the scalar glu.on case than in the vector 

gluon case v.hereas do
1
/dr is srraller. 

Another way to COllp:3.re the tt-.0 theories is based on the coefficients 
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cl(T), a(T) arrl. y(T) in the angular distribution w(0,x) defined in (3.1.24). 

Tl'ey are plotted. as a fun::tion of T, for the ~ cases, vector and scalar 

gluon in Fig. 3.6. 

'!be da/~ distriliution is ootained fran (3.1.29) where d2o/dl'dx~ is: 

1 dO- ()(.,.. T 
o-'-'-l d..Td..xf: "'~ CF 4(4-T) {4- >r-.//(4-TJ)'!£ 

{ z [ ( Z- T- X:uf + (:t - T- x,f ] -1- .;:-T-"--:-r,.,_...-;;--;-
{4-T) (4- '(._.) (4- T) (4-XL-) (f+ Xu -1)(4 Xu) 

(3.1.87) 

r" } 
+ (T+ Xz.-1){4-x,.) 

ani ~e x2= is defined in (3.1.33). The m::ment <xi.> is in lCMest order 

<x.f> 0(.* { "' ;_ D;: -;t- - '' 4-} ) = o. O"/o8 ot,;* 
7l:" 

"" that 

<-r-T) 

<xz> 
={ 4..U 

4.57 

for scalar gloons 

for vector gloons 

(3. 1.88) 

.irrlepeOOent of the value of a: or as. But as will be discussed later these 

m:m:mts are very trn.rl1 influenced. by hadronization effects so that their 

perturba.tive measures are a lad criterion for the underlying theory. 

An:Jther variable MU.ch played sare role in distinguishing vector and scalar 
~ 

theories in 1~ o:rder is the follCMing variable sin0 

s,;. e =: x-.L 
V74=-=r= 

• • 

(3.1.89) 
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first introduced by Ellis arrl Karliner ! 1979! . For qqg events this variable 

is boun:led by 

4(4-T)(:<.T-1) 

T~ 
~ 

,z-
s ..... e ~ -1 

(3.1.90) 

which follows fran (3. 1. 30). As an example, if T :::: 0.8 the OOund (3.1.90) 

forces 8 to lie between f:I::P and 90°. Actual! y 0 has a nice kinematic inter­

pretation. It is the angle formed between the less energetic jet arrl the 

thrust axis in the Lorentz-system where the h-.0 less energetic jets arerge 

in their center-of-mass frame back-to-back. 

Their total energy is E = \~(1-T/2) and their invariant mass is M = w/Pf 

so that tile Lorentz-l::oost is obtained fran 

T 
-/;a "'J,_ 'S "' .< - T 

-./ 

(3.1.91) 

The angular distribution in 0 has been calculated by Ellis ani Karliner 

119791 fJXXn the cross sections (3,1.11) ard (3.1.80). They noxmalized it 

to 1 at cos0 = 0. Then for scalar gluons 

dcr 
N dcose = 4- 3Tz 1- T(3r;._4) ecs'ii 

z-) ( /r- 3T.l.) (1- CaS 6) 

and for vector gloons 

Ndo­
dcosB 

3 ,i. .t. z. ....... _ 4T + (:z.-T) + 3{2.-T) T eos & 
- (4r3 +-{Z-T/){4- cosL&) 

(3.1.92) 

(3.1.93) 

The ·distribution (3.1.93) for vector gluons is essentially ind.epen:!ent of 

T, with the exception of the change in the kinematic bourrl ( 3. 1 . 90) • In the 
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scalar case the angular distril:::Uticns dep=rrl slightly on T becaning flatter 

as T increases. 

Unfortunately these distributions cannot be canp:tred directly to experimental 

data. The latter refer to hadron distributions whereas (3. 1 .92) an::l (3.1.93) 

give the angular distribution for p3.rton directions. tVe shall see in sect. 

3.1.9 how the distributions are mxlified >.Jhen fragrrentation effects are taken 

into account. 

- 85 -

3. 1 . 9 Evidence for qqg Production, Ccrrparison with Experiroontal Data 

In this section we shall present some examples for a comparison of experi­

rrental data with O(ets) perturba.tion theory results, in particular with the 

fornrula do 2/dx.t dx2 in sect. 3.1.2, Many of such carq;.arisons have been 

rep::>rted sin:::::e 1979 Yklen the evidence for qCig arose the first time. This is 

doct.UT~ented in the papers: Bartel et al. !1980[, Barber et al. [1979[, Berger 

et al. [1979[, Brandelik et al. :1979[. Nith increasing statistics this evi-

de"1Ce t;ecarre rrore and rrore convincing as tilre went on. The later ccrnparisons 

are foun::l in various original articles, conference proceedings and review 

p3~rs. Besides those referred to already in the preface we rrention a few 

rrore: Wolf :1980, 1981!, SC:ding '1981:, Duinker 11982[, Criegee and Knies 

: 19821 , O'he M1\RK J Collal:oration , 1980' , \<u ! 19&11 am Saxon 119821 • 

t~en considering such carparisons in rrore detail >..e shall discuss in parti-

cular the problems caused by the fact tr.at experimentally not quarks arxi 

gluons but hadrons, pions, kaons, protons, etas etc. represent the final 

state. To a large extend the hadrons are collimated into jets. But even 

at the highest PErRA en"rgies these jets are still rather broad. 'Ibis 

broadening of the jets caused by the fragrrentation of quarks and gluons 

into hadrons due to a finite transverse m::::mentum leads, for example, to 

an appreciable change of the thrust distribution (3.1.18) predicted by 

perturbation theory so that a direct confrontation of parturbation theory 

results with measured hadron distributions is not p::>ssible. The thrust 

values carputed fran the Jl"Ctrenta of the prcxiuced hadrons in an event differ 

appreciably fran the thrust values C(1lVUted from the norenta of the 3 jets, 

q, q and g which produced the event. In addition a large fraction of tie 

rreasured events are 2-jet events which due to fragrrentation effects and 
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further broadening due to weak decays look like 3 jet events. It is clear 

that a di.rect confrontation of experirrental data with throry is r;:oss.ilile 

only if all these effects, as ciJ. .l::eckgrour:d and ~url:ative broadening 

of jets can be described reliably with phenaren:::>logical m::dels. '!hen start­

ing fran the <R:J - 3 - jet fonnula. an:i applying these m:xiels all hadron 

distributions are carp..1ted and canpared with data. This road was taken after 

the first evidence for a third jet appeared. Eefore we discuss this awroach 

in rrore detail we, shall first consider the rrore direct way which was devel­

o[:ed ~at later. 

The idea is to Obtain infonnation about jet multiplicities, jet distributions, 

jet-jet correlations etc. fran the measured hadron events, which then can be 

directly carpared. with the predictions of (CD perturbation theory. In order 

to achieve this ore needs effective prcx;edures for identifying and reconstruc-

ting jets in statistically large samples of events. These nethcx:ls are usually 

referred to as cluster algorithms and have been developed by several authors: 

Ianius J1980J, Oorfan J19B1J, oaum, "'yer and BUrger J1981J, Ianius, Roloff 

and Sdriller J1981J, Goddard l1981J, B&cker \ 1981J, Yamanoto J1981J, Babcock 

and cutkosky J1981, 1982a, 19B2bJ. The rreth:rls describe:l in these papers 

differ sc.mewhat concenrlng the criteria how jets are selecte:l. The first 

application to e + e- data was done by the PLUro Col.lalx>ration at PErRA (Berger 

et al. /1980a/.) based on the algorithn of Daum, li::yer and sOrger, which we 

shall describe IlCM. 

In this netlxxi jets are selected on the basis of angle criteria. In a first 

step all particles in an event (charge:l and neutrals, in case neutral parti­

cles have been neasured) with rranenta, which are less than ?J:J0 apart, are 

carbined into preclusters. Single isolated particles are also considered as 

• 
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precl:;sters. n-e sun of the particle m::rrenta in a precluster defines the rrarentum 

of ti-e ;:recluster. In a secorxl step all preclusters whose m::::menta have an angle 

less ~al [;are a:rnbinerl to clusters. Single isolate::l preclusters are con­

sidere:! as clusters. Then all clusters with a total eneigy rrore than 2 GeV 

an:i ·,..·::: .. ~ at least tw::> particles are called jets if at least (1-~) of the total 

ererg::· :.s cont;a;_--.ed. in t.l-e clusters. The number of jets in an event fourrl 

this ·.c.::· gives -=.:-.e jet 7:1!.ltiplicity an::1 the sum of the particle m::m:mta in 

a jet. ~jses t!".e :xrrent\J!'I ? of t::e jet. The angle S which was introduced for 

canb!:-....:....-.g prec!:.:.:.-ters is correlated with the angle S introduced in connection 

·..dth -;..~ Stec-a.-.-:;·ie.i..nberg definition of jets in sect. 3.1.7. In the sarre way 

the ?=--=r.eter :: :..:.seJ. in t:-.e cluster rrethod to define jets correspoOO.s to the 

Steca~·iei.nbe:r:; pararreter 2 • Ar..alogous to the cluster algorithm based on 

angle :::=iteria ~.e JADE~llab.::>ration at F'T'RA (Bartel et al. /1982a/) has 

deve.:.::-;:ee t..:O:,e ::::.·..:..::.~er ;ret::'.cd !:ased on the invariant mass of ~ particles. 

Instea::. of the .a:-.gle bet"~ the twJ particle m::rnenta Pi and Pj they deter­

mi.rla= -;..._.e in\oari.3..."lt rra.ss squared v .. = (p. + p.) 2;1-f.u ykl is the smallest 
. -1] 1 J 

of a:..:. ·.·. . in a": =<vent, ~:.:.e particles k and 1 are C'Oll"bined to a pseudo p::~r--·•J 

ticle · .. "ith fClllr-!Dnentun ( :P.c~ + 'P1\ ,~+P1>. This procedure is repeated until 

ykl !.s :.arger tr.an a lir.dt value y. The nuober of pseudo particles which 

rana.:..'"' at this step is t:'£ nunl::er of jets in an event arrl their m::roon:ta are 

equal '::0 the jet ::nrenta. 

It is dear that tha distril:::ution of jet multiplicities obtained with the 

clUS'"._er algorithn dep=nis on the cOOsen parameters e, ¢ or y, respectively. 

For s::ell e, S or y one necessarily finis very many jets, which rrostly <Xln"e 

fran ::l"XtUaticr.s due to the fragnentation of quarks and gluons into hadrons. 

For 2.rge c:, S or y, oo the other hand, we: firxi essentially only 2-jet events 

whereas 3-jets {or m::>re than 3) are not resolve:l. Detailed studies using the 
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phencmeoological fragrrentation m.:::d.els described in sect. 2.4.2 have revealeO. 

the range of E, S or y values, for which jets originating fran q(ig inter­

mediate states are resolved arrl the p.rre frag:rrentation effects are suppressed. 

SUch values are e = 0.2, S = 40° and y = 0.04. For example, with Y = 0.04 

one firrls exp:>..rimentally less than 4 % of the events have rrore than 3 jets, 

roughly 30 % of the events have 3 jets and nearly 70 % are 2 jets. The limi­

tation of the ykl by y corresponds also to the pararreter y introduced in 

oonnection with the separation of the c:iig phase space in a 2-jet and a 3-jet 

region. Here y was the toun::iary for canbining q arrl g or q and g, respectively, 

to 2 jets. If we use (3.1.63) arrl (3. 1.69) to calculate the perturbatiVe jet 

nultiplicities we obtain for Y = 0.04 and a;- = 0.05 66% as 2-jet rate and. 

34 % for the 3-jet rate in gcod agrearent with ti'.e result found e=q:eri..rrentall y. 

We show in Fig. 3.15 the first results of a clt:.S':er analysis with the angle 

rrethod. 'Ihe data c:c:r.e fran the Pwro--collatoration at PE'l'RA (Berger et al. 

/1980a/ and are ccmpared with the theoretical curve (3. 1. 18) ("vector gluon" 

in the figure). The ci;g thrust T is denoted by x1, the maximal jet energy. 

The agrearent J::>eb..Aeen the experirrental p:Jints arrl the theoretical cw:ve is 

very gocrl, but less with a cw:ve labelled "scalar. gloon". This curve is ob­

tained frcrn (3.1.84) in sect. 3.1.8 \>kl.ere further details about the scalar 

gluon m::del are fourrl. The o.:D coupling constant obtaine:i fran these data 

is as = 0. 15. A similar canparison with rrore recent TASSO data can be seen 

in Fig. 3.16. ~'lith these data, t>Jhich have rm.lCh better statistical accuracy, 

the scalar gloon m:::del can be definitely excluded. Alro a:n:Jther toy m::::del, 

the so-calle:i constituent interchange rrodel (CIM), invented by De Gran::l, Ng 

arrl Tye \1977! is in disagreerent with the data. 'Ihe OCD coupling oonstant 

adjusted to these data is as = 0. 17 (W:>lf 11982 ; ) . Here the variable is 

denoted x1 = T, the maximal jet energy. Further tests on the gloon spin are 
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shown in Fig. 3.17 ard Fig. 3.18. 'Ibese tests are based. on the high statistics 

3.\-a.i.lable rt:M and ·,.:ere perforrred. by ili; TASSO ('fP..sSJ . 1982]) and the MMK J 

~!-~ J 1982!> Collal::orations at PE'I'PA. In Fig. 3.17 the events are plotted 
N 

3.S a f1..ll""C"'"""--.ion of the Ellis-Ka.rliner angle 0 which ·..as intra:luced in sect. 

3. 1 • 8 ar:d ccmpare:i ·..n.th the rrcrlel predictions un:::.er the two asswptions of 

;;;-in 1 a.-x":. spin 0. Spin 0 is clearly ruled out. L""l t...'U.s plot all events with 

x
1 

< 0.9, ·..k:.ere x 1 is the m:;:r.e."'""lttr.r. cf the rrost ge-getic jet, are included. 
~ 

:':-.e angle :; was C.ete.:c.tined fro-::. ti'-e jet energies x _ , arranged in the order 
. ~ 

x3 < x2 < x
1
,so t:--.at .cos8! = (x2 - x 3)Jx1 • The~-~.~-:.: J- Collal:x:>ration used 

~~ ratio S/V = x; /{x~ + x~) i.'1St.ea:l of !cosO; tc plot their results. S/V 

:.s just ':...:.;e ratio of cross sections :or scalar a:-C. ·:ector gluon prOOuction 

see ( 3- - - 11) am ! 3- 1 • 80)). _:...:.so ·_.."j_ ':h this rret:-.06. .:;pi..--:. 0 for the gluon is 

:-.:led 01.--t. Similar ccnclusior.s reac.::ed on data-,,-:..-::--. less statistics are 

::-e:;orted in Brandeli.":.::. et al. ::;:::: 3r.d Behrend. e-:. =.1.. :?E2a/. 

:"!".e rrost elaborate cluster analysis ·...as perforr.eC. ~· the JAOE-collal:oration 

at PETRA (Bartel et al. /1982a;). '!hey used both ::et.'xlds described above, the 

3...Ylgle rreth::d and the rreth:::x:l a:ployL'19 invariant ::-asses. Furthe.rrrcre, they 

:;:xcrluced data for t"...-o distri.b..Itions, the T = x
1 

distribution arrl the distri.b­

·.xion in the variable x..L. intrcduced in sect. 3.1.4, i. e. x..L = x2 sine12 = 

x
3 

sin€ 13 = ~1 (c1- x1) (1- x 2> (1- x
3
)J112, ·...t.ere x1 is the maximal jet 

energy. ':11€ data "Here cc::nq;ared to the theoretical d.istribJtion (3.1.18) arxl 

to (3.1.29) v.hich -~ already s.lx:1..m in Fig. 3.8. ~.e data will be shJwn in 

the next section in oonnection with a canparison -;.."ith theory up to O(a/>. 

n-.e energy is w = 33.8 GeV. 'Ibe fit of the data to t.~e thrust fomula. (3.1. 18) 

and to the x-4 distrib..ttion (3.1.29) has given the ccupling constants as in 

Table 3.1, referred. to as as (first-order). For dete:tmini.ng as only the data 

for x 1 ~ 0.85 and xJ. .::_ 0.30 ~ use:i in order to a•X~id distortions through 
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p:>ssible 2-jet contr~'tions at large x_, and srrall x..L • The errors are 

statistical only. ~ie see that the as values obtained -with the oro methods, 

y and e:, 8 - rrethod, are in gcx:xl agrearent with each other. Also the fits 

to the x 1 and x..L. dist..ri.butions give the sa.-re as. 

The systematical error in the as determination is 0.03. It has several causes. 

First the results depe.."'Xl ~ton the definition of jets, i. e. hON' the 

angle E is chosen to de=.:....."'le preclusters etc. Another reason is the influence 

of fragmentation rrodel.s. TI:e results are not carpletely independent fran 

these rrodels as it may :.p;ear. The rreasured distributions llllSt be corrected 

for the fact that not ::.11 3 jet events care fran q(ig interm::diate states but 

also fran eN states ir:c:·:di..'19 weak decays etc. The correction factors were 

obtained frre. Yonte ea=:.~ r-esults based on the m::::del of Ali et al. and the 

Lund. m::xiel. 'I'l"e final :-:..s_:lts de~ed rather weakly on the m:::del used. This 

is a great advantage c= -::..-...e cluster algorit.~. Therefore the results for as 

in Table 3.1 are rath~ : .. ::Cependent of fragrrentation rt'Odels. This result, 

J-n.rever, is oot consis-.e;t ·.-ri.th a result of the CELLO - Collaboration at 

PErRA (Behretxl et al. '1983'), that the ooupling constant ct
5 

obtained fran 

fits to various distr:ll;(..'tions depends strongly on the fragrrentation rn:xiel. 

If one lcoks only at t:-.eir result for the cluster rrethod, the spread in as 

obtained with the tw::> ::odels is 0.08 ± 0.04, which is sarewhat larger than 

the JADE spread in as. ~origin of this difference is still unclear. It 

is conceivable, that wit.'l :rore and better experirrental data available1one 

will be able to pin dc:w\ the paraneters of the rrcx:lels or even eliminate some 

of them (see for exarq:lle Bartel et al. 119~ 19831 ) so that the systE!l<ltiC 

error on as will d.imi.ni.sh. But it sh::>uld be clear that the cluster metho:is 

give us the rrost direct ·tay to c.rnpare perturbative Q::D results with errpiri­

cal data. Hc:Mever, it is i.np:>rtant to realize, that in this rrethod, the rro­

rrentun of the cluster is identified with the original patton nanentum which 

' 
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need not be the case necessarily. It sears that in the Lurd rrodel a dis­

tortion of the cluster direction and. the patton direction takes plare, 'ltrlch 

produces the differences in the ~s values obtained. 

As the next topic we shall discuss such ccrn:arisons of theo:ry with ex-

perin'ental data which are based on dir~ly ::easured hadron distributions. 

'Iheoretically these hadron distril::utions are <Xll!pUted with the help of the 

fragmentation m::::dels described in sect. 2.4.: and with the q(ig cross section 

as input. First we shall consider distributi~.s in jet variables like tlu:ust 

etc. For such thrust distributions, .!. d:J/dT, -:2-.e thrust Tis determined acxx;lr-
a 

ding to the formula (2. 3.4) frcrn the rreast.L.--ed ::urenta of charged and neutral 

particles (if neutral particles o:::uld be rrea.= ..:.red) • Hew such an event lcoks 

in reality is shewn in Fig. 3.19. This is cr.e of the first events which 

looks like a real 3-jet event. It ·,.;as found ·,.i.th the TASSO detector. Sh:::Mn 

are the m::nenta of charged particles projected into cilree nrutually ~­

dicular planes (Brandelik et al. : 19791). L-. seneral, T varies between T = 1 
(isotropic event) and 1 (oollinear event) . A thrust distribution of neasured 

events is shewn in Fig. 3.20. These data whidl. o:ne fran the JAr£- Collab­

oration (Elsen ! 1981!) are corrected for acceptance losses and can be can­

pared directly to theo:ry. Them t.hrust distri.l:ution (3.1.18) with Cls = 

0.18 is plotte.J. also in this figure. There is no agreerrent between data atx1 

the theoretical distribution. For medium T values the data lie higher than 

a factor of 3
1

and there are also events in t.'le region T < 2/3, which is 

kinerratically forbidden for a 3-qu.antum final state. 'Itle reason for this 

disagreement, of course, is that the experL"Telltal thrust distrib.ltioo has 

a large ba.ckground originating frcrn cii events, 'Which lead to thrust distrib-

utions of finite width like in F'ig. 2.17. T.--..is broadening of the <ii distrib­

ution which is due to the finite transverse m::nentum in the fragmentatioo. 
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of quarks is enhance:i through mass effects, i. e. the finite b quark mass, 

ard by additional weak decays of c and b quarks (or of the hadrons containing 

these quru:k flavours) (DeRujula et al. ! 1978!, Ali et al. l1979a, 1979b, 

1980j). In addition, when the partons g, q and g fragrrent into hadrons the 

resulting T distribution is shifted to srraller T 1 s as ccrrpared to the ~ 

turbative cmve in Fig. 3.20. Ha,.t the nonperturba.tive distribution resulting 

- + - -alone fran the fragrrentation of q and q .j..n e e -)- qq (q = u, d1 s, c, b) 

cx:rrpares with the perturbative qtN distribution can be seen in Fig. 3.4. 

'1hese ~ distributions are then added after the qqg distribution has been 

corrected for fragrrentation. The results of such calculations based on the 

fragmentation m:xlels of Hoyer et al. , Ali et al. and Llll"'rl which were in­

b:oduced in sect. 2.4.2 are exP.ibited in Fig. 3.21 arrl ccrnpared to experi­

rrental data of the JADE - COllaboration (Elsen : 19~:). Also sho,.;n is the 

distribution for a pure q(j m:::C.el with five quarks (Fig. 3.21a,c). It is 

clearly seen, that the data lie well above the cii curves for T < 0. 9. 

Concerning the fragrrentation m::::dels for qq + m all three m::::dels describe 

very well the enhanc.enent for T < 0.85. It seems that the Lurxl m::xiel 

pnxluoes the best overall fit of the data for W = 30 and 35 GeV. 

When CCilp.lt.ing the distribution of thrust or of any ot..h=r jet variable 

for the <RJ carp:ment one rrust remember the problem of 2- arrl 3-jet 

separation. 'lbe starting p::>int is the formula for the m cross section 

(3.1.11) fran which the distri.l::ution of parton m::rnenta x 1 and x2 follows. 

In sect. 3. 1. 7 ~ discussed already that in the kinanatic region 

1-y ~ x 11 ~ ~ 1 the cross section is part of the 2-jet cross section. 

':the 2-jet cross sections is, h:::>wever, covered ·already by the nonpertur­

bative cji contrib.ltion. Therefore in the q(ig contribution the region 

1-y = T0 _::: x1, x2 ..::. 1 is discarded. This way one avoids double counting 

« 
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of the 2-jet contribution and also the singular region of (3. 1.11) at 

x 1, x 2 = 1. The cut-off pararreter chosen is T
0 

= 0.95 in accordan:;e with 

the discussion in sect. 3. 1 • 7. The no:rmalization of the two canp::ments 

follcws fran the fact that their sum must be e:JI.ldl to otot = o (2) (11- :
5
). 

Clearly the degree of broadening of the T distribution caused. by the ad­

dition of the q(j:g part det:ends on the value of as. The larger as is the 

nore the T distribution is shifted to Si'Tl:;!:ller T' s. Fitting the m::rlel with 

both canponents qCi arrl q(jg then allows to determine .:t s. 

It is obvious that the broadening effect caused by the q:":ig carp::>nent in­

creases with increasing energy W. With increasing W the nonperturbative 

qq: contribution becares narro.-.oer and narrcwer (see Fig. 2.17) in accord 

with <1-T> nonpert. - 1;iV, v.hereas the qqg contribution is practically 

energy independent since it proportional to as - 1/ln (tl;A2J. Therefore, 

for energies below 25 G=V, there is practically no sign for a third jet, 

t..~e gluon jet, since it is hidden carr>letely in the non-t:erturbative jet 

spread of the qCi o::nponent. Hew thrust distributions becare na.rr<:M wiili 

increasing c.m. energy is seen in Fig. 3.22b. ShcMn are older data of the 

TASSO CollaOOration (Brandelik. et al. /1980c/) for W's between 13 and 31.2 GeV. 

At 13 GeV the distribution is rather broad with the maximum at T = 0. 8. Above 

27.6 GeV the distributions beca:re narrD~o~. ~ sane can l:e said .about the sfheri­

city distributions s.b::Jr,.,n in Fig. 3.22a for the sa.ne energies. 'It1e curves are 

((D predictions based on the fbyer rrodel v1ith five or six quarks. This 

analysis had the pw:p::>se (in 1979) to yield a signal for the production 

of Q = 2/3 top quarks, which are seen not to be present due to the dis­

agreement of the data with the 6 quark curves. The results of a similar 

stOOy for the highest PErRA energies reached at the end of 1982 with W' s 

in the interval 37.94 :._ tv:._ 38.63 is reproduced in Fig. 3.23. The data 
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cane fran the W\RK-J-collaOOration at PErRA (Adeva et al. /1983b/). The 

neasured thrust distributions agree well with the distributions at lcmer 

energies and. with lvbnte-Carlo ccroputations based on the Ali rrodel with 

5 quarks and. also do oot sh::Ytl any sign for pro::luction of open top quarks. 

The broadening of the thrust distribution due to the emission of a third 

jet is, as we have seen in Fig. 3.21, not very strong. The main reason 

for this is the 2-jet oontri.bUtion from eN vhlch, even above W = .30 GeV, 

is still very broad. There are other variaoles, where the qq contribution 

is narrower in relation to the cijg part. Such a variable is ~, where 

Ilb is the invariant mass of the heavy jet. To determine Il'b• a jet axis is 

cx::JI'q)Uted for each event, for example, on the b3sis of thrust. Then a plane 

perpendicular to the thrust axis is chosen. The invariant masses on both 

sides of this plane are ordered and give ~ and Il1_, rn1 is the mass of the 

light jet. For q"ig final states we have n£ = if ( 1-'r) an:i n{ = o. Thus n{ 
is a rreasure of the nonperturbative width of the jet \'ihereas ~ contains 

the effect of the m oontribu.tion and additional nonperturbative effects. 

It was found by Elsen \1981\ that the background in the n£ distrl.Wtion 

caning fran <;ii decreases nuch stronger with increasing ~ than in the 

thrust distribution. 

So f~, only distributions in one jet variable have been analysed and 

~ to theory. It is clear that the influ:.nce of the q(ig cc::n-ponent 

could be enhance:i by looking at distributions in ~ variables. In this 

case the o:::nparison with theory could be limited to kinematical regions, 

\<klere the m catp:ment is daninant. This is for x,, x2 - values in the 

vicinity of 2/3. Since the cross section is very lCIW' there, the. statistics 

is very limited in this region which is obvious also fran the data 1n 

Fig. 3.21 - 22. 

., 
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Up to rt::M we: have considered. only distributions in jet rreasures like thrust, 

sphericity etc. These variables describe essentially the global features 

of the m::mentum flow of all hadrons prOOuced in e + e- annihilation. Another 

p::>ssibility is to trigger on specific hadrons, pions, K-rresons, protons and 

to study their m::nentum distributions. '!hey also should be influenced by 

the existence of a third jet. One such distribution is the inclusive cross 

section do/dx for the production of single hadrons as a function of the 

scaled rrarentum x = 2p/W which was intrcxiuced in sect. 2. 1 • This cross 

section is, 1n first approxi.n'ation (see (2.1.4)), given by the sumo£ 

fragrrentation functions of quarks into single hadrons. Therefore it deperrls 

• rrostly on the fragrrentation process and is less influenced by the emission 

of the gluon. Here the gluon emission produces the well-kna..m scaling vio-

lations of the fragrrentation functions referred to in the introduction. To 

see the effect of the gluon brer..sstrahlung rrore pronounced, it is rrore prof­

itable to study such quantities which are directly prq;:ortional to as. 

Examples are the angular distribution of singly prcduced ha.drons with re­

spect to the beam axis and the hadron transverse m:::rnentum with respect to 

e jet axis. In the follCJW"ing we shall give a simplified exposition of these 

tMo effects. 

If we neglect the transverse m::::roentum when a quark fragrrents into the hadron, 

then the hadron has the rrcrrentum direction of the quark. In this aw:roximation 

the angular distribution of hadrons produced in the e + e- -i- eN process is of 

the fonn of the jet axis distri..bJtion which is (1 + cos
2
0l as was discussed 

in sect. 2 • 1 • In general, the cross section for single hadron production 

as a function of x ard of e, the angle bet"....een hadron· m:::rrentum and beam axis, 

rrust be of the form (3. 1 .9). 
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d~ 
= ..i (1 + cos'e) d<5U -r .l.s..;ze 4 

8 ~ 4 d~ 
(3.1.94) d~dcos8 

5= •• 

::_"( 
- - - d;L 

has a large corrp:>ner:.t frcr:: = e - qq. But <iX can cane only fran 

=-=- - qqg aOO subse:}Uent fraS'-'e:-...at.ion. This contribution can be calcu-

: .. .=::ed fran the follcxving expres;;:.:..:!:. (Politzer 11977;, Kra;uer· and Schier-

x:..z 1979 ) 
4 1. 

c&L = J o6::, doL ]) G ~ ) + ]''~~ doz ]-( x-) u x1 d<, 1 .c, ~ d..>c: 1 '"'-
~ ~ ~ 

1 

+Jdx3% ~g tx:) (3. 1.95) 

<3 d:;:_; 
X" 

~ ±e traz:sverse rrorent._"':l. ir: ::-.r::: :ragr.-entation of quarks and gloons can 1.::e 

:-.es:ected. Dg (x), L'q(x) a..-.d r.:c :·: =re the fragrrentation functions of quark, 

a_-:':i.cruark and gluon into a ha.C....-:r-. of rranentum x. Dq(x) = oq<x) can be 

.:3et-..errni.ned in a first awroxi.":'.a~ by rreasuring 00/dx (see ( 2. 1.4)). The 

ccefficients dor(dxi (i = 1,2,3' ;_.,the integrands are derived fran the 

:::n;Jitudinal parts of the ciN c=:::ss sections in ('3.1.13- 15) 

~ 
dx1 

d~ 
= "lx-.. = Ols C;= tr<'-1 ~ = 01;; Cr o-£'1 4&-••) 

21f" J dx-3 -Zrr ~ (3. 1.96) 

Fran (3. 1. 95) we derive the p3...."'".3:::Eter o. (x) in the single particle angular 

distribition 1 + a(x) oos2a 

<4/dx-
o<.(><:) = 1 - 4 de! + do";../d!<:" 

l;;i}f. 

(3. 1.97) 

,, 
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Thus the difference {1-u (x)} is directly prcp:>rtional tc a
5 

and constitutes 

a direct rreasure of the qqg contribution (the dencrni.nator in (3.1,97) is 

O(a~)). 

~·Ie have plotted ~(x) in Fig. 3,24 for fragrrentation functions 

]r(~) 

and 

c 
JJ 3 (>c"} 

c 
"' ])f {><) 

~ 

"' _t (4-x:f 
.t" 

4 

"' [ ~~ ])~c (~) ._ fs]);{~) 
-t" }(f 

= 4 "'-;_><"" +- g .e..." 

(3.1.98) 

(3.1.99) 

v.here c stands for the sum over all charged particles. The gloon fragrren-

tation function corresponds to the case where the gluon fragments first 

into a quark and antiquark with a oonstant rrorrentum distribution which then 

decays with fragrrentation function (3. 1. 98). Also shown is the nonperturba­

tive background which oorresp:!nds to the approximate fomula 

dcfL 
dx: 

=,t <p,.>.)no>vpe..-6- c6:J 0 .- o<tx)= 1-
x-.t.WL 5 

:L 

8 < Pr >,."?<=""· 
x-'-W"-

(3. 1. 100) 

<r4> nonpert. is the average transverse m:::mmtum of the fragrrentation, which 

was chosen (0. 3 GeV) 2 • For smaller x we find a sizable (and lasting as if 
increases) deviation of a (x) frcm 1 which is much bigger than ~t we eJq?eCt 

fran the ronperturbative background. So the rreasurement of 1-a(x) for x < 0.3 

is a signal for qqg effects. First experirrental data fran Brandelik et al. 

: 1982[ are shcMn in Fig. 3.25 cx:::trpared with the thooretical curve of Fig. 3.24. 
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'I'he data are consistent with theory but the statistical accuracy rrust be 

inproved before further conclusions can l:e drawn. It is clear that a (x) 

could be rreasured. with higher ao:::uracy if transverse ~larized beams were 

available (see (3.1.51)). 

With similar simplifying assumptions atout the fragrrentation of quarks and 

. gloons we can study the transverse rrarentum ~ in jets. Experirrentally the 

transverse r.onenta o£ all hadrons in an event are rreasured with respect to 

the jet axis, which may be the thrust or the sr:hericity axis. For m final 

states the thrust axis is parallel to the direction of the rrost energetic 

parton, which makes it the canonical axis for studying Prr phenorrena. Then the 

hadron transverse m:::mentum with respect to the thrust axis is given by the 

transverse m::mentum of the recoiling partons srreared with the fragmentation 

fwrtions (see Fig. 3.26) (Schierholz 119791; Hoyer, Osland, Sander, Walsh and 

Zer-Ha.S 11979!; Ellis, Gaillard and Ross !1976, 1977~, DeGrand, Ngand.Tye 

/19771" .t-~ 
L LJ 4+1< "" ot <r = O(s C 4 4-1<. ., ,4"" 

. • "' 811: 1' "if k"' c(:a ::r:::F 

" [ ( A2+z" +(1-z+B/+z') {:DIE.) +JJ-(''"J' f.l, A'+(1-z+11)Jg(i' )} 
13(4-z.) (z.- 8){1-z) 1lk. 1 z. '/ l${z-!1) z 

>.!".ere (3.1.101) 
. 2.. P'.t.. 

1< = (4- "T/x .. ) ) Xr = -2pr/w 

A - .ec4-~J 
- !. -z(--t+'f<) ) 

13 = z (--t-1:;) 
,2.- Z{-1+ 'k) 

ani \<tlere the oonperturbative ~ relative to the parent parton has been 

neglected. Fq. (3. 1.101) follows from the <i}g formula (3. l.11}, transformation 

of variables an::1 the a~lication of the ilrpulse awroxination similar to 

(3.1.95). 

• 
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For~+ 0 and W ... «> 1 flr fixed, eq. (3.1.101) reduces to 

Jjdi:r 
-cr c~.-~dp/• ~ ~s r /k([+/x-w)/ {7J. (x-J +-1J;(~>) --'-F ~ r 

¢' fT (3. 1.102) 

which shows that the cross section behaves like 'lnPr 1/p,/ for pT srrall. This 

is equivalent to the approx:i.tnation (3. 1. 19) in case of the tlu:ust distrib.ltion • 

Of course (3. 1. 102) is not applicable where the lcgarithm beccrres large. Similar 

calculations for two-p3.rticle cross sections were <k>ne by SchierOOlz an:i Will­

rodt 119801, and !ol.lrsula 119801. 

Equation (3. 1.101) has sane interesting qualitative features. Diregarding the 

if dependence of the fragrrentation fl..mCtions, it leads to the scaling laws 

1 d~ ---
cr dx;-dpf = !J(s("fz) f ( x:, Xr) 

p,:'-
4 do----cr dp,.2. 

(3. 1. 103) ots('('·) 8 {!r:r) 
Pi 

= 

For ~ + 0 these cross sections have the characteristic behaviour p;2 orig­

inating fran the q(jg cross section (3. 1.11). '!he singularity a;2 , of course, 

canes fran the infrared si..ngularities in (3.1.11). Therefore {3.1.101) should 

be applied only for larger Pto'·s. The formulae (3. 1.103) are to COI'!pared to 

4 de' 
(T d x;- g(_ pi-

- c /) - "j?' .---.._(.x:, X"r) (3.1.104) 

(c has the dirrension (nass) 2> for the higher twist contributions which cane 

fran diagrams in Fig. 3. 27 and an exp::mential decrease in ~ fran the non­

perturbative jet spread. It IDuld be nice to establish the 1/p/ fall-off 

• • 
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='= fixed x, Xr which really will tell
1

11o;v nruch of the jet broadening is due 

~ gloon bremsstrahlung and. how much to higher-twist contributions. This 

~es, of course, to CXl'l'pare data at different if. On the theoretical side 

:.~ is ~!icult to calculate c in (3.1. 104). Estimates by Grayon and Tuite 

'-:?82f L~cate that c is snal.l, so that higher-twist tenns are negligible at 

?" !<A erergies (see also Berger 119801). It was also st=n by Silding 119811 

-=.:-.at the ?rr2 distributions cannot be fitted by higher twist terms alone. The 

n..2 1eperrience of the data between 12 GeV ani 33 Ge.V differs a:::rrpletely fran 

-::.at qi•."'"31 by the higher twist tenns. The W de~ce of the P/ distribution 

~s ~ clearly call for a pointlike contribution. 

:-=. ~-e. the interesting region is large P/ This can be reached only 

· .. ·:.:::'1. la..'""';'e x as one can see frcm Fig. 3 .28, ·,.;here ( 3. 1 • 101) has teen plotted 

=::: spec.:al x values. So far, there are data only for d:J/dp~. But the average 

' :;:.... - has =een rreasured as a function of x. Hard gluon bremsstrahlung must be 

::-~lectee in this quantity too. It is defined by 

L r z_ L .( d~ 14 tfo-<fi-(CJ> = jdfr fr (7 ddpi (]"' dX" (3. 1. 105) 

:':-..iike ±-/~ at very large pT, this also includes the oonperturbative q(i 

:::.adcgrcL-.rl am broadening of the perturbative average Prr2 caused by fragmen­

-:ation of quarks arrl gloons. But for large v? and rrediun x we expect ( 3. 1. 105) 

co be largely determined by single gloon brEmsstrahlung which gr<:MS like 

:.Olitzer,1977l, Krarrer ond Schiernolz !19791) 

< P:(J<')) "' ()(s(W") W'"' (3.1.106> 

,, « 
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Substit·-~;:; :3.1. '01) into {3.1.105) we obtain the cuxves in Fig. 3.29. The 

fragmer:+-...a':.:!.cr. fcr.c:.:.cns were taken fran (3, 1. 98) and (3.1. 99). For ~ energies 

22 ani 3.4 ;:;e.• the :a> predictions are ~ with recent TASSO data {Althoff 

et al. '983 ) • ::::. -:..~data ~ is rreasured with respect to the thrust axis. 

Both, t.~ t..."'leo~....:.::a.l curve and the experi..-nental data shcM the characteristic 

"seagu.!..:." .s~X":"..:=;, a:-.d, as far as one can tell, there is reasonable agree-

::lent at X:..";. -=r~es for x < 0.4. This agreerrent is rrore or less fortuitous 

as vlil.:. ~ =-"?la.::..:-.aj. be.loo. ~ .. 'hat is rrore inportant, is the trend of the data 

·..hlch i.s ::!.6 in =.;,-:cur of a rising <Ar 2 (x) > in agreerrent with (3. 1. 106). 

~e ccr::::.::.:~:r. -::: ::. '!. 105) -:cgether with (3. 1.101) with the TASSO data is not 

::ealis:..::. ;:.:-s~ ::e .::ata o::::ntains the nonperturbative contri..b.ltion to 

<Ar2 cx· > ::cr:-.:...--:g :::-r.. :..'-:e 2-jet production. This contribution is aj:proximately 

equal ~:: -=.:-.e :2~ :::: :.cv.er e..~gies not shown here. Second the forrrrula (3. 1.101) 

is too .s:..-:;:-:.e. :-:. :-.-eglects the fact, that the hadrons are emitted fran quark 

an::i gl".):::-.s · ... :..th :. ::...~.ite nonperturbative Pr· Furthemore (3.1.101) should be 

:1Sed i:. ·:;.·.~c5· :r-:..y for the larger Ar's, which r:-eans that in (3.1.105) the 

m ccr:~::l:;_:>--ior. ::":I:ES in Only for ~2 
2::. (~/)min with small ~2 

contributiOn 

replaced ~- -:he :-~et term. All these effects are well accounted for in the 

!-bnte_.......z=::.:: :;::ro:;-.=...S for calculating the fragmentation of quarks am gluons 

of sec:.. 2. ~. 2. :.:-. :.."-.ese rrcCels the 2- am 3-jet region are separated by a 

cut-of: ~a::--ete!:" ~- = 1-T
0

• :rn the 2-jet region the distribution in x and Prr 2 

results ~ t.te !.:eld-Feymen cascade of q and q and in the 3-jet region fran 

the fr~""ltaticr.. :::>f q, q an:l g. This way the m contxi.bJ.tion is reduced 

awrec::...a!::ly at 1~ energies and at;pears only at higher energies \>.here large 

f:T's are ;.u.....arat.::..:ally possible. The paraneter y acts like a cut-off in Prr2 

for the 3-~et ~- SaTe exarrples for seagull structure in the Ali m:::del are 

exhibi ce:i b Fig. 3. 30 =np3Xed to older TASSO data (Brandelik et al. 119791 ) • 
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In this o:::rrpn1.son the <p./ (x) > of the heavy and of the light jet ~ 

plotted separately. In the light jet (also called slim jet) we have prac-

onl 2 -tically y tre ronperturbative Prr (x) of tr.e qq fragr.entation whereas 

in the heavy jets (also called broad jet) the o::>ntribution fran the em 
intermediate state daninates. This asyrrmetry of the "seagull" is clearly 

visible and is ~1 aco::mnted for by the m::Cel (Ali et al. 11979, 1980j, 

Kramer j1980~). Of course, part of the asynt:Et...ry has its origin in the 

selection in !'"ea"vy and light jet as is seen f~ the curves for energies 

13 - 17 GeV. L"'! the calculations tw:J m::::dels -:or the gloon fragrrentation 

into qq were c:sej, a) o
9

(x) -(x2 + (1-xl 2)ani b) o
9

- x(1-x). Both give 

similar results. In the lower part of Fig. 3. 30 the variation of the "sea­

gull" with as :-.as been studied. Ne see varyi:.g :.:s - 1/l.n q
2
/A

2 
with A be­

tween 0.2 an.1 :;.8 GeV has not a dra.,-atic effoct 0:1 <Pr2 (x)>. Therefore the 

seagull struct·.=e is not very useful for dete=.-i..-.i."19 :.:.s. Similar catpari-

sons have been ::-ade also by other groups (Hc.:-er, Osland, Sander, ~'lalsh and Zerwas 

l1979j, Berger et al. ! 1979 I, Brandelik et al. '1979:). With the fragmen-

tation rodels of sect. 2.4.2 available it is oo major problem to o::np.rte 

the distributioos d
2
o/dx<l!l/ ani d

2
o!<l!l/ ani =npare to e><perilrental. data. 

This has been ±ne for the latter distribution. We shew in Fig. 3. 31 the 

distribution in Pr 2 
out and ~ 2 

in for lONer and l".igher energies (W = 12 GeV 

arrl 27.4 ~ W ~ 36.6 GeV) (Brandelik et al. '1979 ·, Wolf , 1981\). Here Hr in 

is the transversal rrarenttW of charged hadrons in the event plane defined 

by the ·sphericity tensor,~ out is the transversal It"OTenblm with reS};eC"t to 

this pl.IDe. The ir¥::rease of the average ~2 
in ·fllith increasing W is evident. 

Furthenrore it is sh)o;.m
1 
that nodels with <ii production only

1
but with a 

larger nonpertrbative Hr2 (oq = 0.45 GeV ani the exponential ITOdel), i. e. 

witb::lut the tr..i.rd jet resp:msible for the planar structure, cann::>t explain 

the data. The ?./oot distribution is accounted for, but oot the Prr2 
in 

• 
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distril:ution. One also sees quite nicely that the Pr 2 
in arrl Prr 2 

out distrib­

utions are very similar at 12 GeV where :iN effect are hidden underneath 

the qq procluction. All distributions are ·.-~ell described with the Ali model. 

M::lre elaOOrate cc:trparisons of various distributions with this m:xiel are 

found in the w::>rk of Brandelik et al. I: 980a/. 

Such dem:::mstrations which test -.~nether ':2-:e third gloon jet is the only 

p)ssibility to explain high er.ergy e + e- :ata have becare rrore and rrore 

sophisticated since 1979. A further nice ~le !"'..as been presented by 

l>'.arshall ! 1980j. He s~ that a partic..:J.ar ad toe m::xiel with well-defined 

dependence in Prr2 describes tt:e Prr2 diStr...butions in Fig. 3.31 but oot the 

occurence of three jets. This is dem::Jr.s-:....-ated in Fig. 3.32. Ex:perilrentally 

for every event the sphericity tensor r..as been ccr.puted. Then events with 

01 < 0.06 and 02 - 01 > 0.07, i. e. pla-.a:r, non-2-jet events, were selected. 

0 = 0 is the sphericity axis L'"l the eve:':. plane. The events fran regions 

0 ~ 0 ~ 1T arrl 7T ~ 0 ..::_ 211 were superi.rrq;Oserl, so trat the "quark jet" and the 

"gluon jet" were not distingu.is:-eJ and l::x:til regio::.s are pJpulated equally 

(see Pig. 3.32a). In Fig. 3.32b we see t:'le energy- f!CM distribution dE/dEl 

in the sphericity plane. The ~"l"li.Ill of ~/d9 at 3' = 0 correS[Xmds to the 

jet with the largest energy. Near 0 = ,. ·..e see the double naximum oorres­

p:mding to the tv;o jets on the opp:>site side in goo::1 agrearent with Q:D 

expectations. The alternative to this is the rcodel with two broad jets 

only with the follCMing Prr distribution rith respect to the jet axis 

drr 
dp: = -1 

Of 

- !'r'l.to; e + o.s (}{fr- ;)e(w-,; 
m 

(3.1.107) 

and o q = 0. 33 GeV and m = 7 GeV. This ansatz reprOOuces the Prr 2 
distrib-

< 
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ution in Fig. 3.31 because of the second tenn in (3.1.92). But this m:x3el 

does oot explain the 3-jet structure in dE/de. It con:esp:mds to the dotted 

curve C"cii"> in Fig. 3.32b. The usual qtl oontribution <<ii tail) is also 

plotted. This, of course, reproduces neither the normalization oor the 3-jet 

structure. 

As the last p:>int of this section we shall consider the oonfrontation of 

the energy-energy correlations derived in sect. 3.1.5 with ~irnent. A 

first experirrental stlrly of the energy weighted angular correlation and a 

a:::rrparison with theoretical rrodels have been published by the PWIO -

Collal::oration at PETRA (Berger et al. /1980b, 1981b/. New analysis have been 

recently reported by the CELLO - Collaboration at PEI'AA (Behrerrl et al. 

/1982b/) the tV\RK II- Collabc>ration {Schlatter et al. i1982j) and the Mru:­

Collab:>ration (MAC - Collal::oration j1982j) at PEP and the MARK J - Collab­

oration at PETRA (MARK J- Collaboration )1982), Adeva et al. l 1983cl). 

Experim:mtally the energy - energy - oorrelation fW1ction is cbtai.ned ey 

measuring 

4 dZ. 
0" ~ d(l df2_ I 

1 

6-'2 Ll.Q' E z 4 1 ££' 
s:r- (3.1. 108) = 

tv' 

where o tot is the total hadronic cross section and E and E' are the e~ies 

of the pa.rticles in the solid angles an and ao •, respectively. The first 

SLJn is over all N events and the second sun is over all pairs of particles 

in llO and an 1 • To ccnpare with the correspnding theoretical prediction all 

anr:Jles are Sl.Itlll9d 011er exoept the angle x between w and w 1 as sh::Mn in 

Fig. 3.33. The resulting cross section is 

A dZ ---
0'~ dcos?C 

A '1 
= N -..d.:-co-s_X,.,.. Z.L... £E

1 

wz- (3. 1.109) 

- lOS -

This is the analogous definition as (3.1.35) for the energy- energy corre­

lation for part:on pairs in Q:D. In the definition of neither the theoretical 

cross section (3. 1.35) nor the experirrental one ( 3. 1. 109) a determination of 

jet axis or a selection of special classes of events, i. e. two jets, three 

jets, four jets etc., is required. This may seen to be an advantage. But 

actually it is not. In the :perturbative cross section (3.1.35) the final 

state e + e- .... cR does not contribute for x '} 0, rr, so that outside the for-

ward and bach.'O.rd direction the whole cross section results fran the eRg 

final state. In the energy - energy - correlation for hadrons, hCMeVer, 

e + e- -)- cii .... hadrons contributes for all angles x between 0 and rr and even 

at x = ":1/2, vtlere the dcminant process is expected to be the enission of an 

additional hard gluon, the largest fraction of the cross section originates 

frcm e+e- .... q(i with subsequent fragrrentation into hadrons. This is seen 

quite clearly in Fig. 3.34 ..mere recent data of the CELW- Collaboration 

are carrpared with the Field-Feynrnan m?del (M: udscb in the figure) and with 

the prediction based on the Hoyer m:::x:iel with «s = o. 15. For x = ; the ad­

ditional cN_g contribution leads to an increase of the cross section by 

:roughly .30 % as o::::npared to the <N corrponent. Agreerrent with the data is 

reached only with the q(i + q(ig rrcdel with a coupling constant as of the 

sarre order as obtained in the other analysis. One should notice that in 
4 d~ 

Fig. 3. 34 F ~ , equal to ;;:t d. X , is plotted as a flmction of ;t(. 

These oonclusions must also be dram1 fran recent results of the MI\RK II -

and row: - collaboration- at PEP. 'lhey fitted the energy - energy - correla­

tion of eq. ( 3. 1. 109) with the following ansatz 

4 

0"-tqt 

d. I. 
<(.co~ X 

"' <Xs ~czl?() +~ + otsA .. [ (s.;.xl 
Ws.:..3X -w 4+cosX 

~~ 

HI 

}

HARk.][ 
?i~! 

/1tfC 

(3.1.110) 
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In (3.1.110) the first term is the perturbative contribution (3. 1_.35). The 

seoord tenn is SUPfX'sed to simulate the nonperturbative q(i o::np:>nent which 

is asstDB:! to be synmetrical un:::ier the exchange x -+ rr - x as one t<.UU!d ex­

pect. The third terms stands for fragmentation effects on the q:"ig o:xnp::ment 

which is asymnetrical. 'Ihe results of the fit to the M.h.C data is s~ in 

Fig. 3.35 giving a
5 

= 0.20 .± 0.01 ± 0.02, A
0 

= 0.2 ± 0.08 ± 0. 15) GeV and 

A1 = (2.5 ± 0.2 ± 0.4) GeV. The corresponding numl:ers for the MARK II fit 

are: a 5 = 0.19 ± 0.02, A0 = (0.7 ± 0.2) GeV and A1 = (2.6 ± 0.5) GeV. In 

Fig. 3.35 we see again at the q(i canronent makes a substantial contribution. 

Although the ansatz · (3. 1. 110) seems rather ad-hoc it again leads to reasonable 

results for a
5

• Since the tenn proportional to A1 is present it is also not 

possible t6 determine :ts fran the Q::D asymnetry AS (oosx) (see (3.1.43)). 

without inducing fragrrentation effects. The asyrcrretry AS ( x) = F ( n-x)- F ( x) 

derived fran the CELI1) data in Fig. 3.34 is plotted in Fig. 3.36 together 

with the oontribution o:mi.ng from q(i alone and the m:xlel prediction based 

oo. the lbyer m:::del with ·:ts = 0. 15. We see that the q(i o:::rrrp:ment is very 

m.x::h reduced ani becanes negligible for x > 0. 2tr. It should be stressed 

~ that the dynamics of the fragmentation of <i3:9 can also oontribute 

so that the perturbative AS(x} given by (3.1.43} ekes not fully describe 

the data. 

Mlereas the formula (3.1.110) used by the PEP groups has certainly the 

advantage, that it does not need long m:xlel calculations, the division into 

the three terms in (3.1.110) has not been tested yet. For this one .....ould 

need data for various w• s in order to separate the fragmentation contrib-

utions, Yirl.ch behave like 1/W. On the other hand the CELLO data were ana­

lysed originally only with the Hoyei m:del. The analysis was repeate:i 

with the I.u.Irl fragmentation schare. The result is ret;x:>rted in a recent 

• 
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~ ~::: 3e!'o..reJ:d et al. 11983'. n:ey quote as = 0.25 ± 0.04 for the Ltmd 

::a!el ~.c ::. 5 = 0.15 = 0.02 :cr the Hoyer rrcxlel fran a fit to AS(x) at 

~i = 34 :r.i:. See also Ellis 1982'. Thus it seems that at present energies 

a:..so -=.::-.e e.~ - weighted .asy:metry AS(x) is still sensitive to the tyJ;:e 

:::= .:.-c=-~':.ion induced by tl".e :fragre1tation of quarks and gluons. 

3.::$:._~ -:.:.-..= energy--energy cc:-rela-:ions the CELW - COllal:oration (Behrend 

e-:. a_. ·~53 ) analysed alsc :::t.':.er qJantities concerning their sensitivity 

:r. -=.::-.e =~~entation rrcdel. :':-..ey !"ound that, de~g on the distribution 

·..:...=:e:::., -:=-..e- :.:...-rl rrcdel gives :!s !::et"n~ 28 % and 52 % higher than the m:x:iel 

:: ::C.:~ -;-:. al. (for the ene=~·-e.-. .e....--gy correlation it is 67 %) • 

.:. _::.:::_: ::. · .2 ·~ give a ccrs:.:.:ad::n of recently rreasured quark - gluon 

~'.:;;:.:..-:•; ::-::-.stMt ::.s' obtai::e:i ~, =he various groups at PETRA and PEP. 

~·#::- ::.:..=...:.:!;.::.sh ··kl.ether ).s is 5€C..:ced '1/i.th the independent fragmentation 

::o:.e: s..-::~ or Ali) or wit-. ~1--:e string m:::xiel {Lund) • Furthenrore the 

:!
5 

·.~·.:e:s ±tained fran energy~:t"gy correlatioo neasurements are col­

:.ectee sc:;::a.rately. The average of all these values is as= 0.19 ± 0.04. 

:!".is :c::=-=-;:on::is to a .\ valua of {0.46 ~ g:~) GeV based on the first 

:=:Oer ::=".a "s ~ 12o/[(33- ~f)Jnt¢!;,12] with Nf ~ 5. 

:..--:. xr.c.::.:s:..:n we can state t.:--..at t.~ere is no alternative to Q::D. All tests 

:-z.-e s..'-.oo.r. -:hat the eq:;eri.nE::tal data on hadron prcduction in high energy 

e-€?:- a.T..::..:.2.ation can be l.ll"rlerstocd only in teons of the q(ig node! with a 

·:s::-tcr .;.:·xn g or further .L-::prove:l:!nts on it Wtich will be consideted in 

-:?'e :-.ex:: se::tion. 
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3.2 Jet up to Order a~. 

3.2.1 Introduction 

In this section we shall discuss all effects which appear if we go one order 

higher in the QCD perturbation theory, i.e. up to order g4 . Ther. one more gluon 

can be emitted from the quark legs. This means we have 4 partons in the final 

state which will be interpreted as 4-jet production. These 4-parton final states 

are i) e+e-~qqgg and ii) e+e-~qqqq, where the second qq pair may differ in 

flavour from the first one. The complete list of diagrams for these two processes 

is shown in Fig. 3.37. Their contribution to the e+e- annihilation cross section 

has been computed by several groups: Ali et al. /1979, 1980/, KOrner, Schierholz 

and Willrodt /1981/, Gaemers and Vermaseren /1980/, Nachtmann and Reiter /1982a, 

1982bf. Their contribution to 4 jets in the final state will be the subject of 

sect. 3.2.3. Similar to the case of single bremsstrahlung also for double brems-

strahlung one gluon can be emitted almost collinear with a quark or a gluon, 

or a gluon can be emitted with a very small energy. Also two quarks can come out 

collinear or soft. All these configurations contribute to the 3-jet cross section 

and must be considered separately. Similarly with two pairs of quarks and gluons 

collinear or both gluons soft we have essentially .2-jet configurations. Therefvre 

the diagrams in Fig. 3.37 with 4 partons in the final state yield only in kinematic 

regions away from these degenerate region~ with one or two parton pairs collinear 

or one or two partons soft, genuine 4 jets. The degenerate regions correspond to 

3 and 2 jets. Of course, if we integrate over these degenerate regions we en-

counter the familiar infrared and mass singularities which produce terms proportional 

to -2 -
~ ana 

-1 
~ in the 3-jet contributions and terms proportional to 

& -k (k = t, 2, 3, 4) in the 2-jet contributions (2£. = 4-n with n being the 

arbitrary dimension in the dimensional regularization method}. The singular terms 

in the 3-jet cross section are cancelled against the singular terms originating 

from O( C( 
2

> virtual corrections to 3 jets. They result from the Feynman graphs s 

in Fig. 3.38 (of orde~ g
3

) which are multiplied with the qqg graphs of order g. 

The reamaining terms in the sum of 4-parton terms integrated over the singular 

region and the virtual q(ig contributions yield the O( C( 
2

> corrections to the 
s 

3-jet cross section. The contributions e-k <k 1, 2, 3, 4) from the 4-parton 

diagrams are supposed to cancel if the following 2-jet contributions are added: 

(il the 2-jet contribution in the virtual qqg diagrams of Fig. 3.38, (ii) the 

virtual two-loop corrections to the qq final state. The second class consists of 

the O(g
4

) graphs in Fig. 3.39 which are multiplied with the qq graph in lowest 

(g
0

) order and the product of the diagrams in Fig. 3.1a being O(g2 }. The sum 

of all these contributions yields the 0(~ 2
> correction to the 2-jet cross section. 

s 

The calculation of these contributions to 2 jets has not been fin.ished yet. It 

is particularly complicated since all terms from ~-4 to &0 must be computed. 

2 The 0( 0( s ) corrections to the 3-jet cross section (}""= O"'u + O""L have been 

completely calculated. The results will be discussed in the next section. We 

conclude that the diagrams in Fig. 3.37 contribute to 2, 3 and 4 jets, those in 

Fig. 3.38 to 2 and 3 jets and those in Fig. 3.39 only to 2 jets. 

The 0( I)( 
2J corrections to 2- and 3-jet cross sections are of interest for several 

s 

reasons. First we would like to know whether the corrections of order 0( 2 
s 

are 

really small as compared to the order ~ s contribution. Otherwise we would not 

have a "convergent" QCD perturbation theory for jet phenomena. Second, this is 

rather important, it is well known, that the coupling constant ~s is not 

Uniquely defined. The definition of «s depends on the renormalization scheme. 

This renormalization of the quark-gluon coupling constant appears the first time 

in connection with the virtual diagrams of order c< s 
2

• This means, only in order 

C( s 2 it i$ known, which definition of the coupling constant has been used. This 

is very important if we want to compare the values for «s deduced from different 
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quantities in e+e- annihilation or even from different processes. The same re-

marks apply concerning the scale at which ~s(q1 ) is defined. Th~s may be q: 

or some other scale. Only in order c<s
2

1it is possible, to find out, which scale 

makes the perturbation theory optimal, i.e. produces the smallest correction 

terms for a number of physical quantities. Third, QCD shows its full gauge 

structure only in second order~· or higher-order perturbation theory (order ~ols2 ), 

where the triple-gluon coupling comes in. In all three classes of diagrams, 

Fig. 3.37-39, we have diagrams with the 3-gluon coupling. In order «s' however, 

all diagrams in QCD and in an abelian vector-gluon theory are identical. The 

only difference is a rescaling of the coupling constant, since CF ~ j in the 

abelian theory. 

3.2.2 Three-Jet-cross-Section up to O(a~) 

.To obtain the 0( 0( 
2

> corrections to the 3-jet cross section, first, one calculates 
s 

the contribution of the virtual diagrams in Fig. 3.38. They depend on the same 

kinematic variables as the first order cross section (3 .1.11), namely x 1 and x
2 

(or y 13 = 1-x2 and y
23 

= 1-x1) and contains infrared and mass singularities pro­

protional to ~-2 and ~ -t. The calculations are rather involved and could bE 

managed only with the help of algebraic computer programs. The final result has 

the relatively compact from (Ellis, Ross and Terrano /1981/; Fabricius, Kramer, 

Schmitt and Schierholz /1982/; Lampe and Kramer /1983/): 

df,--
dx, dx._ 

= crCLJ ~ Cr(+'l"'"_{· -"-
.Zit' 1"' / T'(-f-e) 

( 
-a 

· (1-x:.){-t- x:.._){-t-tt3)) T(~<,,x:._) 
(3 .2.1) 

where 

• < 
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T(x-,,x-,) = '1$1).'-) f inre-'-)s 17(1-&J {73{~t, ~t-.){-1 cZ<;,+~) 
~" ~ -1" j 71(1- te) ' e 

+: + b J + f(x:,, X'L)] 
(3.2.2) 

B(x
1 
,x) was defined in (3. 1.62). It depends also on S. . a, b and f are: 

a.= -3C, -(~Af -fAf)+(.te.--l()£..(!1z +/Vc~{d'"~') 

(3.2.3) 

b = (ZC.+Ncg"'- 8(1' +}Af.(t.}·(j,z-,t.,,,'·(/13-kJzs)-C,kj/t.. 

- (~Nc-f~)(.r- 4-1¥) 
(3.2.4) 

[ 
dt:l. 

f(x:1,><;_) = 0: "J•z+Ja 
+ ;;, ... 

d''- + ;;,. 
+ lt-;tu. 

ift3+'Jz3 
'dJ. -~-~-~l 
d13 ;1.1.3 '3-'J dl3 

[ 
'du. ~ 

+A{; d'' + ;;~, + -;;,J + 23:! 
d" (/13 

~] 
(!13 .... '¢<• 

[ N -==1''-,--+ ~ IJ•3 c 1],~~ d'-1 + <;,.-(4 - ;t, '"' .2. + .lib- ~t-;;2J)] 
(:J,..,. 'J<>) Q<z + d'l 

+ £... 'JLl [ fVc ..k._ 
(JaYJ13 

+ c'F(4- ;,, d<l ..... -lif,, -.1!-Jn)] 
( -,, ... 'dJ•) 7?1~ .,. d'3 

'- ] ,i l.(l ;;,_ 0 (3.2.5) 
+ (u:"-Nc)t.-0, .. [ 11 '"q. +c~ 3- t -~Vc.BtJ,,,;;".!r(1J,,,",) 

131" :l3 13+ ~1 q• 

- z {zc -MJ{ "J,,~ + (lt•.,. mf r((J ~) + ~; +(~'" + d"'t r(;;,.,'J/3>] 
'F c- d'' 'Jl.3 ''' 3 J13 (Jz> 
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In (3.2.4) Jr is the Euler constant And r(x,y) in (3.2.5) is the function 

r(-.,-,) = -?..-X'l:..) - k..- ~{1-~<)- 4-;;k-(-t--q) +f.z. 

- Z;.Cx-1 - ."t;Cif) 

with ;t
2 

(x) being the Spence function 

4c,._.J = 
"' 

Jdz 
0 

-t..(t-z) 
z. 

(3.2.6) 

(3.2. 7) 

In (3.2.4) we notice several expressions which are proportional to (~c -~f) 
and, hence, can be absorbed into the definition of the strong coupling constant. 

The large logarithmic term 

11 1 ll: 
<GNc - Jfl£> ln ~ B(x1 ,x2> 

in (3.2.4} represents the explicit beginning of the renormalization group im-

provement of (3.1.11) (or (3.1.61)) and arranges that O(s{ll~) becomes the running 

coupling constant 

isc1'-) = <Xsct-"> [ 1 + «.:f::t ( ~1 Nc _ ; Nf J -tw ?J1 
(3.2.8) 

For better convergence of the perturbation series it is customary to alsc subtract 

1 11 the expression <JN£- Ef*cl ( Jr - ln(4~ )) from (3.2.4) together with the 

ultraviolet pole term in the renormalization procedure which then is called the 
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MS scheme, The formulae (3.2.1 - 3.2.5) are for the so-called minimal renormali­

zation scheme (MS) where only the pole term ~s-l is subtracted in the renorma-

lization of 0( 
5

• we hope that these elucidations sufficiently explain what we 

meant with renormalization and scale dependence of 0( and how these are fixed • 
in order 0( 5

2 
through the virtual corrections. Some further details will be 

discussed later in sect. 3.2.4. 

The contributions to 3 jets contained in the 4-parton diagrams of Fig. 3.37 can 

be calculated only if parameters are introduced which define the 3-jet region in-, 

side the 4-parton phase space. This is not unique. The only requirement is that 

this region contains the pure 3-jet limit. We employ the analogous.definitions 

for separating 3 and 4 jets, which we employed for separating 2 and 3 jets in 

sect. 3 .1. 7, the e , f) boundary of Sterman and Weinberg and the invariant 

mass boundary. Then with the C., S -definition we understand by 3-jet cross 

section now the cross section for events which have all but a fraction 8;2 of 

.the total energy w distributed within three separated cones of (full) opening 

angle ~ • In other words, we call an event (on the parton level) a 3-jet 

event, if all the parton momenta fall inside the phase volume shown in Fig. 3.40. 

This includes the singular region associated with one of the gluons being soft 

and/or collinear with one of the quarks or the other gluon (in e+e-~ qqgg) and 

one of the quarks being collinear with one of the antiquarks (in e+e-~ qqqq), 

respectively. 

The 3-jet cross section is again finite by virtue of the Kinoshita-Lee-Nauenberg 

+ - - - -theorem. This is to say, that the processes e e ~ qqgg and qqqq must contribute 

the same pole terms in 4-n = ze as the loop corrections {3.2.1 - 3.2.5). After 

this the 3-jet cross section, which now is 

do-(e,o) = do-(S) + do-'(+) (e:)8) 
) (3.2.9) 
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where d cr'3
' includes to 0( ex ) contribution (3.1.11) and the 0(0( 2

> loop s s 

corrections (3.2.1)
1 has in the MS renormalization scheme the following form: 

-1 d~ _ e<s(~<) 
(]', .. , d.><, d>t.._ - .t,.- c"' { J)'/) (x:-,, >t..,) 

[ ~ +- o(~~'-) (~+~+.!;)] f- "1$L) f(x:-11 >tL)} +0(c1o) 
(3 .2.10i 

where 

;r"" • c~[(-u...L- .tk; -a ).t..-(.4-ca.S)+ .~tke-4{&+•·-1 (3.2.1!) 
)(1 ,1.. ~ x-.,x-.t 

+ :~-(~ + E:. )4...(4-""'t) + ,t.,''{ ~<,+x,-4) + ;_,t.. \, + .u;. 'it .. 
)t1 X',.t. .t... x-.,x-.t. 

-34""•- 34-x:-L- 4'"(-f-xl) -z~(-~'•'""•-')-1!:"'"+s-] 
' X'-r)("'.c.. ""$" ) 

~ = N [(-.!.4~ _ :tt )L-(4-cos<fl+t.t:-.E I ,t._fx,+3-•) +L/X&+tr4\ \ 
c x3 ' l- I l' L- :o-1 .-" ···\" x_..x

3 
Jj 

-.t-(•1+>:...-1)\ 
X'1 X'.(,. j + .ze..t.(4-CQoJ') + f,,(,. :t.Cx1+x,-•) 

XJ ~ X1J<3 (3.2.12} 

+ 1.L'--(Xz+x3-1) _ ::1.,£.-v'-IX1+X,-1 \ + .z-4. "\, _1).£... 10 + :1,t.._'-{1-x,) 
2. x._x3 Z l- x1 ><g 7 & 3 3 -"-

-f_f... "-{4-Jf,)- f4-'(4-x;__) + .:z;_(l<,H.z-4) -.z;/.t,+X1--1) -4("•+X1-£) 
x-., x-.l,. t- x., x3 xt. )(

3 
- -,.2. /f3T ~ i (1-<,){1-X,J] 

' + 18 - l<1~+ Xz"' + 3 xj-+ 'l:t J 
(3 .2.13J 

J3 = !f! { ~k(4-!icaod) + l J 4 £./, A '/:3 ~,k..-3 - 9 + 3 xt+-l<:t 

•' • 
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f(x1 ,x
2

J is given in (3.2.5) and B1r in (3.1.63)oOf course, for SU(3) colour we 

must introduce Nc ~ 3, CF ~ 4
!3 and the number of flavours Nf depending on the 

thresholds reached for chosen W. 

With the formula (3.2.10) (Fabricius, Kramer, Schmitt and Schierholz /1980, 1982/, 

Gutbrod, Kramer and Schierholz /1983/) the various distributions in one (or two) 

jet variables car. be calculated,similarly,as it was discussed for the low-order 

cross section in sect. 3.1.3-5. An example is presented in Fig. 3.41, where 

(~0') do--/d)(,...~ is plotted tOgether with ()/cr) dc-'Jdxltto:a.X' in Born approximation 

(0( CXS) curve) fot: two choices of the pair of parameters e and d : 
C.~ 8 = 0.2~ 40° and e.~ 8 = 0.1, 30°. The coupling constant C(s 0.16 

and Nf = 5 for all three curves and xmax is the energy of the most energetic jet 

which equals thrust for three massless partons. ~ is equal to the total cross 

section up to 0 ( 0( 
2J • The cross section now depends on e and S , the resolution s 

parameters for defining 3 jets out of 4 partons. we see that d~/dx decreases max 

·with decreasing e and d as we expect from {3.2.10- 3.2.13). If we chooseS 

and ~ unreasonably small, dcr /dx may become negative. In this region per-max 

turbation theory of finite order is not applicable any more and only the summed 

perturbation series up to finite order would give sensible results. The choice 

C.~ S = 0.1, 30° is already too smal11 producinq O{ots2) corrections which 

changesd<T"/dxmax by a factor of two. In contrast
1 

the choice S., b = 0.2, 40" 

is just right. With this theO(o( 
2

J corrections are reasonably small compared to s 

the O{ tX,
5

) cross section. Thus, with such values of £. and S we have a reasonable 

perturbation theory for the 3-jet cross section. A good criterion for the choice 

of C and $ is the value of the 2-jet cross section obtained with these para-

2-jet ~ 2 meters. Since o- {0 ,a) has not been computed yet up toO{ C(s l we use the 

O( l;l('s) Sterman-Weinberg formula (3 .1. 73). This yields for the 2-jet multiplicity 

67\ if e 1 8 = 0.2, 40° and 36% if e, 8 : 0.1, 30° and 

' 

0( "" 0.16. So the s 
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choice £., S 0.1, 30° corresponds also to a rather large change of the 

2-jet multiplicity compared to the zeroth order value. The exact value of the 

boundary parameters ~and 6 must be chosen in accordance with the experi-

mental data analysis, for example, inside the cluster algorithm as was described 

in sect. 3.1.9. 

The 3-jet cross section has been calculated also for the invariant mass boundary. 

In this case all configurations of the 4-parton phase space contribute to the 

3-jet cross section, for which the four momenta pi,pj of two partons are inside 

the boundary (pi+ pj)2 ~ yW1
• The result has the same form as (3.2.10) except 

that the quantities J 1, J
2 

and J
3 

have now the following form: 

( LL!J 11:'- z ..t:..X:) (3 .2.14) J,= c;., - ~ - - 3~'d - -1 + T + ~ 
d'" d'z '3'z 

J2 =II{; (t.--'-.2 - k ,_ y_ - 4. "-.:;__ - 44 kJ + Ot +F 
d"" '311 '¢z> 6 18 

.1-e.._r +24£ '1 ~ ~L) 
d'" "Ju. )13 d/3 + )1.> (z> 

(3.2.15) 

J3 !p ( J _;;.d - ;·) (3 .2 .16) 

It should be stressed that the formulas for J 1, J 2 and J
3 

in case of they 

boundary cannot be derived from (3.2.11 - 3.2.13) by a simple substitution. we 

notice that the leading logarithmic terms in the ln 82 r ln e and lny agree when 

we replace €,.. 1 ~ 
2 

/4.by y. But the nonleading terms are completely diffe-

rent. 
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The result (3.2.14- 3.2.16) may lead us to introduce a now scale for .~ s· For 

example if we change O(s(q~l in (3.2.10) into 

term in J
2 

and J
3 

O(s (yq1 l we absorb the following 

11 ') " I - <GNc - JN£ lny 8 (y13'y23 

This way the O( e( 21 correction is diminished by a large term for small enough y. 
s 

Of course, the resulting e< s determined from some experimental data now will be 

larger, but it is the o<s for a smaller scale. The choice of the scale is more 

or less arbitrary. For the "optimal". scale one demands that ()( s and the higher 

order coefficients are small. One possibility could be to choose the scale of 0( s 

in such a way,that the higher order contributions vanish. Then all higher order 

contributions are absorbed in o<s. This defines the so-called "low-order" scheme. 

Usually this low-order scheme, defined in connectipn with a specific physical 

quantity, here the 3-jet cross section, will lead for other physical observables 

to a "bad" perturbation theory in this coupling, so that there is no advantage 

employing this particular scheme. We shall make use of this scheme later on in 

connection with a fit of experimental data to an abelian vector gluon theory. 

The o<s defined for different scales can be converted into the corresponding 

/\ values using 

- (1£Nc- fN;}A.-(17/p) 
-Z'lC' o<s C1'-) (3, 2.17) 

Then physically equivalent scales should procedure roughly the same 11 vales. 

Finally we remark that J
1 

in (3.1.14) agrees in the limit y12 ~ 1 with the 

factor of tXs CF in o3-jet (yl in (3 .1. 68) • This is a necessary condition. 

'""' Similar tests can be done for J 2 and J
3 

in (3.2.15) and (3.2.16) and the J 1 

for the Sterman-Weinberg cross section. 
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The dependence of (YO"') ~~s a function of }' is shown in E'ig. 3.42 for 

y = 0.04 and 0.01 together with the Born cross section for 0( = 0.16 and s 

Nf = 5 respectively. For y = 0.04 the 0( O(s 2J corrected xmax -distribution 

differs little from the distribution in Born approximation. Thus also for 

appropriately chosen y valuBs the o( s 2 correctJ.ons to the thrust distributior. 

are reasonably small. In sect. 3.1.7, in connection with the 2-jet cross section 

J.n O( C(s), we had found out already, that y should lie in tho:o interval 

0.03 ~ y ~ 0.05. The curve for y = 0.01, however, deviates appreciably from 

the lowest order curve. This means, that y "' 0.01 is already out.SJ.dn th<' runge 

of y values, in which we have a convergent perturbation theory, consist~nt with 

the statements made in sect. 3.1.7. 

We remark that the curve for y = 0.04 lies somewhat above the 0{~ s) curve for all 

xmax values in contrast to the ~. () = 0.2, 40° curve in Fig. 3.41, although 

~l~ Sl /4 = 0.04. The reason lies in the different nonleading terms J.n the two 

·formulas. It seems, that with the two definitions for jet cross sections, 6 , 8 -
or y-boundary, completely different regions of the 4-parton cross section are 

included in 3 jets. 

• d<s' 
The dependence of (!; d.X~ on y as shown in Fig. 3,42 is characteristic {or 

QCD, i.e. for a theory with a non-abelian gluon. It is completely different for 

an abelian vector gluon theory. In 0( 0( s) both theories lead to identical predic·· 

tions except that CF = 1, which means that the coupling C( A in the abel ian 

4 . 2 ~eery is related by O(A = '3 <Xs to the QCD coupll.ng. In O( O{s ) we have a 

different behaviour, since the results now depend on two constants CF and Nc. The 

predictions of an abelian theory follow from (3.2.10) if we substitute CF ; 1, 

Nc = 0 and Nf ~ ~Nf. The substitution Nf~ 2Nf comes from the fact that in QCD 

Tr (~ ~) = 1 which must be replaced by 1 in the abelian theory. The results 
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are s~own in Fig. 3.43 for three y values, y = 0.08, 0.04 and 0.02, o(A = 0.21 
4 dc-

d.nd Nf = 5. we see 'Chat 77 d.x......_lt' decreases much faster with decreasJ.ng y than 

=or QCD. The renormalization scheme is the same MS scheme as in QCD. This seems 

an interesting method to verify the non-abelian nature of the gluon and will dis-

cussed further when we consider comparisons of the theory with experimental data. 

The best way to confront the predictions inherent in the formula (3.2.10) with 

experJ.mental data is to compare with results of the cluster analysis. In this 

method, which \\'e explained in some detail in sect. 3,1,9, the hadronization 

effects are eleminated (at least to a large extent) and the cross section is 

the 3-jet cross section defined in the same way as in perturbation theory. The 

parameters C. , 8 or y, which were necessary to define the 3-)et cross section 

in o ( o£ 2) perturbation theory, were built into the cluster analysis ln an ana lo-s 

gous "''ay for separating 3- and 4-cluster events. With this viewpoint the JADE-

Collaboration at PE'l'RA has performed the cluster analysis, both with the Sternmn-

Weinberg definition of Jets ( €, S -method) and the method based on the invariant 

mass constraint y. 
Adfr 

and ;;= dXMAJC were 

4 ,.,.. 
(Bartel et al. /1982a/.) Their results, both for <r d..-.L 

O(s by fitting used to determin~ the coupll.ng constant 

(3.2.10/ to their data. One of their examples is shown in Fig. 3.44, where th~ 

' de " do-dat<~. for tJd-'1-.J... and for cr Qlxw.,~r withy~ 0.04 can be seen (the ymax in the 

figure is identical to our y). The curves are the 0( O(s) prediction (1st order 

contribution) and the prediction for first and second order with the coupling 

constant o(s.., 0.16. For determining O(s only the range xmax ~ 0.85 

(xmax '"' x
1 

in the figure) and x.J. ).::. 0,30 was used, in order to elirr,inate data 

points which could be influenced by 2-jet contributions. The fitted values are: 

~s = 0.16! 0.01 (x 4 -distribution) and o<s = 0.16 ! 0.015 (xmax distribution). 

These values are somewhat smaller than the values fitted to the Born cross section 

C( = 0.20, see Table 3.1). Since the shapes of the curves in 1st order and in s 

' 
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1st + 2nd order are very similar. Both give a good fit to the data. The ~/DF-values 

are almost equal for both cases (the 15
t order curve in Fig. 3.44 does not fit, 

because O{s = 0.16). The 0(
5 

values derived with the (e., S )-method are almost 

equal: 0(
5 

= 0.175! 0.012 (x~ -distribution) and 0( = 0.170 ~ 0.010 
5 

(xmax-distribution) written down in Table 3.1. It is very reassuring that the 

~s values obtained with the two algorithms for defin~ng jets are so close. The 

mean value from all these fits is: c< s ~ 0.165 ~ 0.015 (stat.) ! 0.03 (syst.l. 

The systematic error of 0.03 has its origin to a large extend in inaccur<J.d(·}: 

of the cluster analysis, in particular that one relies on some input frorr1 frag-

mentation models which are not well enough known. This was discussed already 

in sect. 3.1.9. 

The data of the JADE-Collaboration have been compared also with an abclia.r. vecto.~;· 

gluon theory. Such a theory is, up to the strength of the coupling, equal to 

quantum electrodynamics, which is a U(l) gauge theory in contrast to the SU(3/ 

gauge theory QCD. The U(l) gauge theory does not have the gluon self coupling, 

which is characteristic for QCD. As we emphazised already, in order 0( both 
5 

theories give identical predictions. The formulas for the qqg final statE-s and 

for <Y"tot are the same, if the quark-gluor. coupling of QCD: CF o(s is replaced 

by e<A, the coupling of the abelian theory, which We shall call QAD in the 

following. Actually such a theory disagrees with experiment already in Zt,>roth 

order,if we keep the number of flavours the same as in QCD. Since the quarks 

would have no colour the R value would be a factor of 3 lower. To compensate for 

this one increases the number of flavours by a factor of three. Only in this . -version of QAD all experimental facts in e e annihilatior. can be made to agree 

with theory in the order o( A by adjusting o< A. This is completely different, 

when we include also the O(~A2 ) corrections to the 3-jet cross section and to 

O"'tot• In order O(A2 the contributions of the 3-gl\.lon coupling in the virtual 

diagrams (Fig. 3.38-39) and in the bremsstrahlung diagrams (Fig. 3.37) is missing 
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and all other diagrams contribute with different weight now, since the gluon 

couples with the factor 1 instead of the QCD colour matrix ita/2. This has the 

effect, that all contributions proportional to NC in the 3-jet cross section 

(3.2.10)
1 

which appear in J 2 and f(x
1
,x

2
J1 must be Omitted. In addition, the con-

tributions proportional to Nf in J~ which originate from the quark loops must 

be multiplied by 6, a factor 2, characteristic for QAD and the factor 3 for 

the increase of the number of flavours. We have demonstrated already with 

Fig. 3.43 that. the pred~ctions of QAD for the 3-jet cross section differ appreci-

ably from those in QCD
1

because the terms proportional to NC are missing. This 

effect ~s increased further since now the contribution of the terms proport~onal 

to Nf is increased again by a factor of 3 to compensate the quark colour. Since 

both contributions J
1 

and J
3 are negative, the cross section for QAD is much 

smaller than that for QCD with y chosen equal. The J'ADE-collaboration considered 

the case e"' o.2, 8 ~ 60° instead of y = 0.04. In order to avoid overesti-

mating the effect of the quark loops the number of flavours Nf 3, since the 

contributions of heavy quarks to the inner loops is damped. They tried to fit 

the data points in Fig. 3.44 by varying o( A" However, they did not succeed. 

Independent of the O(A chosen, the theoretical curve was always at least a 

factor of 10 below the data points as can be seen in Fig. 3.45. The :ceason for 

thi~ b-;!haviour is chat che 0{0( 
2 J :::orret.:tions are already for· • £..;; J.2, d -= 60~ 

so strong negative that all theoretical curves lie always below a ma~imal curve 

obtained for 0( A=' 0.07 (see Fig. 3,45). In this comparison the coupling 0( A 

was defined in the MS renormalization scheme. In this scheme the total cross 

section expressed by R has up to o{O(A2) the following form 

7?, = 7(0 ( -1 + 3.:{a 
ifr.: -(3~ + 0.515'/lf)t~ t+···) (3.2.18) 

where R
0 

measures the zero-order contribution. The experimental value of R is: 
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= 3,93 :!: 0.10 (see sect. 2.1). From this we determine ( D( AlMS = 0.43 ± 0.22. 

Above, we have seen, that for no value of O(A, i.e. also not for this value, 

we can get a fit of the data of the 3-jet cross section. Therefore, we conclude 
4 de- 4 do-

that R and the 3-jet distributions C7 dxM.a-'K and (;= ;::zx.-- cannot be explained a. 
with the MS renormalization scheme of the abelian vector gluon theory, in 

contrast to QCD, where this is possible without difficulty. We notice, that the 

(O(A)MS deduced from R is rather large indicating that a "convergent" perturbation 

theory may not exist for the MS scheme. 

Now, the renormalization scheme is arbitrary, as will be explained in more detail 

in sect. 3.2.4. Then we may ask whether a scheme for the abelian theory exists 
4 dn- .., de-

in which the 3-jet cross sections ()"' dxmA-)t and (T ~can be fitted. One 

such scheme is certainly the low-order scheme. We learned in sect. 3.1.9 that 

both distributions are well described in lowest order with a QCD coupling 

o<s = 0.2 (see Table 3.1). This means that also in QAD a low order fit of both 

·distributions is possible, This scheme has also the advantage that the 4-jet 

rate
1

which will be the subject of the next section
1

can be very well described 

in the abelian theory. So far we have not made use of any higher order informa-

tion,which we have 

one data point for 

on R and the two 
4 dc­
C?~x·We 

distributions. For this purpose we fit only 

take the point at "max = 0.825 which is 
~ 1 dtr 

(r Ol"i=: = 0. 72 .! 0.07. From this we determine ·-· O(A = 0.24 ! 0.02 which is 

now·the value of the coupling in the low-order scheme. With this adjustment of 
.( do-

one data point for o- dv _ to the low-order formula, clearly it does not 
....... 4 de-

follow automatically that the complete -o:- ;::zx:: is given by the low-order 

""'' formula. But the whole distribution in the low-order scheme can be deduced from 

(3.2.10), It is shown in Fig. 3.46 compared to the data points of Fig. 3.45. 

Compared to the QCD fit the agreement is somewhat worse, none of the other points 

for "max < 0.8 is fitted. But the quality of the fit would not justify to discard 

< 
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• do-
the abelian theory. The theory for 0: dxn~R.Jt deduced from (3.2,10) gives us 

also a relation between 
.., de-

the coupling orA in the low-order scheme (defined by 

a fit to (T dXm.a.K 

~ 

at x max 

0(-4 
7E" = ~ 'fC' 

0.825} and the ME-coupling O(A 

- t-
2J.z ('*-) (3.2 .19) 

~2 
WJ.t.h this we are able to calculate R up to O(C(A ) in the low-order scheme, The 

result for Nf = 3 is: 

'R = 7<0 (-t+ 
~ 

3~ 
'fr.:- + -ts:~ (~t + --.) (3.2.20) 

For """ItO' 0.076 we obtain R = 4.21 in disagreement with the measured value 
~ 

·3.93 ! 0.10. We notice that the 0( A-scheme produces a relatively bad pertur-

- 2 bation series for R. The coefficient of 0( A is :rather large. 

From this analysis we conclude, that it is not possible to explain both the 

3-jet distribution and the total cross section with an abelian vector gluon 

theory. In the MS scheme R can be adjusted
1
but not the 3-jet cross section, 

whereas in a low-order scheme the jet distribution can be described, but not R, 

After this detour we come back to QCD. So far, the comparison of the higher 

order corrections with data was based on the cluster analysis. This is not the 

only possibility. Another way is to take 3- and 4~jet contributions together. 

An example for such 3-4-jet inclusive distributions is the acollinearity 

distribution also called energy-energy correlation, defined in sect. 3 .1. 5. 

In higher order QCO this includes the correlations originating from 3- and 

4-parton production which depend just on one angle?(. From the energy-energy 
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correlation one can derive the asymmetry cross section defined in (3.1.43) in 

sect. 3.1.5. This asymmetry cross section is not sensitive to inclusion of 

2-jet contributions, which are present in the energy-energy correlation already 

in lowest order. As an example, we show the asymmetry cross section as a 

function of cosX in Fig. 3.47. It includes 3-jet contributions of order 0(
5 

~nd 

0( 
2 and the 4-jet terms. The curve is calculated for s €."" 0.2 and d = 30° 

with c<s = 0.14. The theoretical prediction (Schneider, Kramer and Schierholz 

/1983/) is compared to the CELLO data shown earlier (Behrends et al. /1982b/, see 

Fig. 3.36). These data are corrected for radiative and other effects but contdin still 

the effects of fragmentation. We estimate the influence of fragmentation to in-

crease ~s approximately by 0.01 for the independent fragmentation models of 

Ali et al. and Hoyer et al •• Therefore we quote from this fit 0(
5 

= 0.14! 0.02, 

In order to take the fragmentation of quarks and gluons into account, one starts, 

as in low-order, from the formula (3,2.10) for the 3-jet cross section d'~ /dx
1
dx

2
• 

This formula includes the 0(~ 2
l corrections, and it is used to calculate the s 

probability for the production of 3 jets. From here on one proceeds as it was 

done in low-order described in detail in sect. 2.4 .. The eq. (3.2.10) includes 

the contribution of 4 partons inside the resolution criteria given by ( C, d l 

or y parameters. Of course, the 4-parton contributions outside the $ , cr or 

y-cuts, which produce genuine 4 jets and which are not contained in (3.2.10), must 

be added explicitly. In these contributions q, q and the two g's (in qqgg) and 

the two q's and q•s (in qqqq), respectively, are supposed to fragment independently 

into hadrons. This way all hadron distributions of interest can be calculated. 

The parameters which are more or less free in the fragmentation model, like ~· 

a, r etc. introduced in sect. 2.4, are adjusted simultaneously with 0( s to the 

data. Such a model based on the 3-jet formulas (3.2.10) with C.= 0.:£ and 

S"' 400 has been developed by members of the TASSO-Collaboration (Wu /1983/) 
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and compared to their experimental data. They used for fragmentation the Eoyer 

model with fra~entation of 4 jets added. In this model 3 (or 4) partons fragment 

~ndependently according to the Field-Feynman model with quark and gluon frag-

mentation assumed to be equal (see sect. 2.4. ) • We show three examples of their 

curves. In Fig. 3.48 the sphericity distribution is plotted and in Fig. }.49-SO 

we see the pla:1arity distribution where planarity is defined as P = Q2 - Q
1 

(see 

sect. 2.3 for the definition of the Qi) and the <"PT1 out). distribution, where 

pT out is the average transverse momentum out of the event plane. The resulting 

second-order (f~rst-order) c<s is 0.168 ~ 0.003 (stat.) :·o.OJ (syst.l 

(0.194! O.OOS (stat.) :!: 0.03 (syst.)). The parameters of the fragmentation 

model can be found in the paper of Wu /1983/. We see that the event shape 

distributions are well described by either first order or first + second order 

theory. The resulting values of O(s are not the same, the first + second order 

result being 13% lower. These results agree nicely with those of the JADE-

Collaboration (Bartel et al. /1982a/) although the twc methods of analysis are 

quite different. 

The test of the theory as performed by the TASSO-Collaboration based on measured 

hadron distribution is certainly an alternative to the cluster analysis. A similar 

analysis has been done also by the MARK J-Collaboration at PETRA (Adeva et al. 

/1983c/). They fitted the first and second order theory to the measured acollinearity 

distribution and the asymmetry correlation. For distinguishing 2, 3 or 4 jets 

they used the Sterman-Wein·nerg parameters S. = 0.15 and L 26". They have per-

formed many checks on, the cut-off parameters, e and 6 , and found that the 

results are insensitive to the variation of these parameters in the range 

~ = 0.15- 0.30. By fitting only the JcoSX/ < 0.72 region they are explicitly 

insensitive to the 6 cut over a wide range. In contrast to the CELLO-Collaboration 

study mentioned in sect. 3.1~ they found also very little dependence on the 

fragmentation model used. By fitting the QCD asymmetry prediction to the data for 
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/coSXI < 0.72 they find ((s = 0.14! 0.01 for Lund fragmentation and 

0( = 0.12 ! 0.01 for the Ali model. This fit, together with the data, is s 

shown in Fig. 3,51. The curve ~ithout fragmentation, but O(s = 0.13, is 

plotted also. The data are not corrected for photon radiation and acceptance. 

These are taken into account in the theoretical curves instead. We see that the 

second order corrections reduce the value of C(s again. The result for O(s 

is somewhat lower than obtained by the JADE- and the TASSO-Collaboration. 

In Table 3.3 we have collected the results for ~s obtained from fitting QCD 

distributions up to 0( 
2• The average value is 0{ = 0.15 ! 0.015, This can s s 

be converted into a value of 1\ <MSJ using the second order formula (3.2.38) 

£or 1\ (Nf = 5). The result is 1\MS = (0.30! 0.17) Gev. This is in very 

good agreement with the 1\ values obtained recently from analysis of deep 

inelastic lepton-nucleon scattering data. For example, Abramowicz et al. /1983/ 

~tained from the analysis of their neutrino-scattering data (CDHS-Collaboration) 
··A + 0.15 
1\ MS = (0.25 _ 

0
_
10

> GeV. Deveto, Duke, OWens and Roberts /1983/ report from a 

combined analysis of nucleon structure functions obtained in neutrino , electron 

and muon scattering experiments 1\ MS = (0.35 ! 0.10) GeV whereas Barker, Martin 

and Shaw (1983) conclude from an analysis of all available neutrino xF
3 

data 

AMs = (0.30! 0.13) GeV. 

In this approach we must ask the question to what extent are the values we have 

obtained for O(s really independent of the choice of the parameters£, ~ or y 

respectively, for separating 3 and 4 jets or is there more or less a unique 

choice for these parameters. Let us discuss this problem in connection with 

the y parameter first. 

We remarked already that in the cluster analysis this problem does not arrise1. 

since the separation parameter y in the evaluation of the perturbation theory 

has its equivalent in the cluster analysis. In the discussion of 0{ 0( s) 

• 
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perturbation theory we noticed already that exclusive jet cross sections, like 

2- and 3-jet cross sections, have reasonable values only, if y lies in the 

vicinity of 0.05. This applies equally well to the jet distributions <{o'3·Ji:'JJ/d.T 

and de-~- ie:t( 'J) / d.T • Also in these cross sections the expansion parameter 

is essentially CF ~ ln2 y (see for example (3.2.14 - 3.2.16) as in 2-jet cr (yl. 

Therefore CF ~ ln2 y should not be too large which bounds y to~ 0.02. In the 

1nclusive distribution d ~-jet(y)/dT • d ~-jet(yl/dT, in which 3 and 4 jets 

are not distinguished anymore, the "large" logarithmic terms proportional to 

~ ln2 y and ~ lny cancel (in agreement with the Kinoshita-Lee-Nauenberg 

theorem) and we would expect that the inclusive jet distribtuion is independent 

of y. Unfortunately this is not the case. In order to show this we define for 
i drr 

the inclusive 3 and 4-jet distribution ~>~r the function A
1 

(T) which is the 

O(ct 21 contribution of this distribution as a function of T (Gutbrod, Kramer s 

and Schierholz /1983/, Kramer /1982, 1983/): 

1 
O'(L) 

dc­
d-T 

C>(s 
::::: 7(;" AJT) +(';;)'A,(r) (3 .2.21) 

In Fig. 3.52 A
1

{T) is represented for two y values 0.04 and 0.001 together with 

A
0 (T) as a function ofT. A

1{T) increases by almost a factor of 2 if y is de­

creased by a factor of 40. Therefore, for y = 0.04 the 0{0( 2
> correction of the s 

inclusive thrust distribution is approximately 50% whereas for y = 0.001 it is 

~. 
approximately 90\ ( ~: 0.05). Thus, we must conclude, that A1 (T) depends still 

on y, and it is essential for which y the inclusive thrust distribution will be 

used in the analysis. The dependence of A. (T) on y (in figure it is y-l) for some 
' 

T intervals: 0.900 ~ T ~ 0.915 etc, is shown in Fig. 3.53 together with asymptotic 

values for y = 0 obtained by Ellis and Ross /1981/. We see that A1 (T) approaches 

-4 this asymptotic value already at y = 10 • The results, shown in Fig. 3.531 

have computational errors caused by the Monte-Carlo integration of the 4-parton 

.. 
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contributions outside they cut-off. For y = 10-4 we have given this error ex-

plicitly which results from a 1% error in the Monte-Carlo integration. Th1s 

error is increased at small y since A1 (T) is computed by adding the large 

A1(T) 4_jet with the correspondigly large negative A1(T)J-jet' 

A sin:ilar study was made for the E., J -case (Gutbrod, Kramer and Schierholz /1983/, 

Kramer /1982, 1983/). To reduce the problem. to a one-parameter problem 

€. = ~(1-cosS) was assumed, so that with decreasing E. also S bcco:n<'s smaller. 

The results are shown in Fig. 3.54 • For C~o the function A1 {'l') appro<tChC's 

the same asymptotic values as in Fig. 3.53 for y-? 0, taking into accm:r:t that 

the Monte-Carlo errors are somewhat larger now. This comparison of the dsymptotic 

Al (T) for y-+ 0 or S , s~ 0, respectively, could certainly be improved by 

applying better numerical methods. But since the asymptotic value is not of 

particular interest for the data analysis this has not been done. The asymptotic 

values for the energy correlation and the asymmetry cross section h<IVC b•~cn COl~;'UtC'~~ 

by Ali and Barriere /1982/ and by Richards, Stirling and Ellis /1982/. 

The increase of A1 (T) with decreasing y has it origin in the fact, that A1 (T) 

1s the sum of two distributions in which the variable thrust is def1ncd differently, 

E'er fixed y the thrust T in d oY-jet (y,T) I dT is c;alculated according to 

T = xmax = max (x1 ,x2,x3 ) where the xi are the energies of the 3 jets1and in 

d~-jet(y,T)/dT it is calculated from the moment·a of the 4-parton final state, 

This means that in the 3-)et part T is calculated from other contiguratiOns th<!.n 

in the 4-jet part. How the formula for T depends on the number of particles in 

the final state can be seen in (2.3.4) of sect. 2.3. Of course this would not 

cause any problem if experimentally 3 and 4 jets can be separated from each other 

so that the thrust distribution ('YC")~lfor b~th classes of events can be 

measured and added. This route is taken 1n the cluster analysis, and we have seen 
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that the parameter y for separating 3 and 4 jets has its correspondence in th~ 

clust'.:!r analysis. This means, in the cluster analysis A
1 

(T) is mcast:.red {after 

subtracting the A0 (T) part) for a particular y, which is compared with the 

theoretical predictions for the same y. Concerning the 0( 
2 corrections these 

s 

two parts, 3 jets and 4 jets, have for 'i 0.0~ ar.d y :o 0.01 t.he structure. <:.5 

sho"'n ~n Fig. J.SS. For y " 0.04 the A
1 

(T) is mostly 3 jets and much less 4 jets 

... ,:hel~as at y = 0.01 t.he j )ets give already a negative contribution and A
1 

(T) 

i~ ~cstly 4 Je~s . 

The sum of these two contribut~ons changes withy as seen in Fig. 3.53. 

This should also be borne out in the experimental data. But it has not been 

tested yet. Thus, if y is changed, the inclusive distribution , 1.e. A
1 

{T), 

changes, since part of the final states, which for larger y contribute to 

d ~-jet{y,Tl, are shifted to d~-jet(y,1'), when y is decreased. Since the T 

values for these t'v.'O event classes, 3-- and 4-jet, differ, the sum changes. 

.tt seems, that terms proportional to ylny with relatively large coefficients 

arc changed in d ~-jet(y,T) \\'hen 4 partons are combined to 3 jets with sub-

~e~uent calcul~tion ofT. Suppose,we have chosen y ~ 0 for the calculat~on of 

A
1 

(1'!, Uten we have included the maximal amount of 4 Jets, no matter how soft 

an lndividual parton may be, or how collinear a parton may be. For this 

situatlon the notion "bare jets" and "bare thrust" was introduced by Gottschalk 

/1982/ in contrast to "dressed jets" and "dressed thrust" for the case of a 

nonzero y. Thus, Fig. 3.53 and Fig. 3,54 tell us, how A1 (T) changes, if the 

resolution of dressed jets is varied and how it approaches the limit for bare 

jets. This lim~l of the bare thrust distribution has beer. calculated by Ellis 

and Ross /1981/, by Kunzst /1980, 1981/ and by Ali /1981/ based on the work of 

Ellis, Ross and Terrano /1980, 1981/ and independently by Vermaseren, Gaemers 
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and Oldham /1981/~ Originally it was thought, that the results of Fabricius, 

Schmitt, Schierholz and Kramer /1980/ and those of Ellis, Terrano and Ross 

/1980, 1981/ and Vermaseren, Gaemers and Oldham /1981/ are in apparent conflict 

with each other. This controversy is now solved. Ellis, Ross and Terrano and 

other authors, who based their calculations on this work, evaluated the jet 

variable distributions for "bare jets" whereas Fabricius, Kramer, Schierholz 

and Schmitt calculated the shape distributions for "dressed jets". Later 

Gottschalk /1982/ has shown, on the basis of an abelian gluon model, that the 

results of Fabricius et al. could be recovered from the theory of Ellis, Ross 

and Terrano by imposing an additional jet resolution criterion a la Fabricius 

et al •• Figs. 3.53, 54 now demonstrate this for the full QCD by starting with 

a finite jet resolution and considering its approach to the limit of bare jets. 

This dependence of inclusive distributions (sum of 3-jet and 4-jet) on the 

parameters,that define the resolution of 3 and 4 jet& is to be exp~cted also 

for other distributions and not only for the thrust distribution. The extent 

of this resolution dependence may vary from distribution to distribution. un-

fortunately these effects have not been studied yet in great detail. In Fig. 3.56 

and Fig. 3.57 we show results for two other quantities, the energy correlation 

function (3.1.35) up to order «s2,which is expressed in the form (in analogy to 

(3.2.21)} 

1 d.Z. 
<T(,r.) d.cos '/. = «'s 

11: 
C{co~X) 

£ +(':;) ])(cos;() 
(3 .2 .22) 

and the asymmetry distribution {see (3,1.43) for the definition) which is written 

as 

' 
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AS(cosX) = {# A{cosX) .,.. ({;)"B(cos'X) 
(3. 2.23) 

(Schneider, Kramer and Schierholz /1983/). The higher order contributions D(cosX) 

and B(cosX) have been calculated for tW"o cases of ( S. ,0) values: a large one 

(£,,$) ""(0.15, 15°) and a rather small one (€.,[;) = (0.05, 5°). D and B contain 

th~ 3- and 4-jet contribution to the energy correlation and the asymmetry corre-

lation respectively. We see from Fig. 3.56, that D{cosX) changes by more than a 

factor of two when S and d are varied in this rather small region. This occurs 

for all angles X between 0 and 1ri. The asymptotic value of D(cosX) for e , d + 0 

is even larger, approximately a factor of two above the (e..,f} = (0.05, 5°) 

curve1if we compare with the results of Ali and Barreiro /1982/ who calculated 

the limit of D(cosX) on the basis of the Ellis, Ross and Terrano approach. There­

fore the 0( s
2 

terms ~n the energy correlations show the same resolution depen­

dence as the inclusive thrust distribution. In this comparison we must take into 

account, however, that the lowest order contribution, i.e. C(cosX), is alread~ 

resolution parameter dependent. As we remarked earlier, the energy correlation 

function, as defined in section 3.1.5, contains also the contributions corres-

pending to 2 jets in the qqg final state. If this contribut~on is subtracted 

the cross section is reduced. The amount of reduction depends on the e.., ~-

parameters chosen to separate 2 and 3 jets. In Fig. 3.56 we show C(coSX) as a 

function of cos')( for (e,Sl = (0.15, 15°) (lower curve) and W"ith the 2-jet 

r_egion included, i.e. €., £ = 0 (upper curve). This. latter curve is equal 

~/ 
to the cross section in Fig. 3.9 except for the factor /~. As can be seen 

the omission of the 2-jet contribution changes the energy correlation function 

already by 40%. Of course, when comparing to experimental data, it is very im­

portant to know how much of the 2-jet contribution contained in e+e-~ qqg 

is included in the data. Another observation is, that the ratio of the 0( 2~term 
s 

•, 
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to the 0( 5-term, i.e. D(cosX)/C(cosX) is only of the order of 4 (for 

(&,61. (0.15, 15°)). This is much smaller than the ratio of Al (T}/A
0 

(T) 

for y = 0.04, which is obtained from Fig. 3.52. This means, that the higher order 

corrections in the energy-energy-correlations are smaller than in the thrust 

distribution. The situation is very similar for the asymmetry cross section. 

B(cosX) changes approximately by a factor of two between (£,SJ , (0.1~, 15°) 

and (£,81 = (0.05, 5°). If compared to the results of Ali and Barreiro /1982/ 

the curve for (£.,S) = (0.05, 5°) gives already the results obtained in thE' 

limit (e. ,S ) -)o- 0. So in the asymmetry cross section the asymptotic value is 

reached already rather early. Furthermore the ratio B/A is only near four, 

so that the effect of higher order corrections is ~educed here also. Thus it 

seems, that for the energy-energy correlations and the asymmetry cross section 

the convergence of the perturbative series is better as in the thrust distribution. 

The only problem which still has to be solved is the choice of the parameters ,£., S 
.and y1 respectively1 in such model calculations, in which fragmentation is added 

to the primordial production of quarks and 9luons. The same problem arose in 

connection with the fragmentation of 2 and 3 jets based on O(O(s) perturbation 

theory. Obviously the parameters e Is and y for separating 3 and 4 jets 

should be of the same order as the parameters used for separa·i'.ing 2 and 3 jets 

in O( t(. ) , i.e- S.:::! 0.2, d::::: 40° and y ::::! 0.05, resepct.ively. \ole have seen 
' 

already, that y = 0.05, for example, yields reasonable results for jet multipli-

cities. Furthermore it would not make much sense to choose y much smaller than 

fhe nonperturbative jet spread caused by the fragmentation. At w = 30 GeV this 

width lies between 0.05 and 0.1, as the model result for 2 jets in Fig. 3.4 

indicates (y = 1-T). Experimentally the width ~s very well represented by the 
~ 

distribution of 1;w2 the mass of the narrow jet shown in Fig. 3.58, which 
~ 

also yiels i1 ( 1;w2 ) ~ 0.05. Of course, these considerations do not fix these 

. 
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par~~eters uniquely. They give us just the order of magnitude. Therefore, in 

the fragmentation models .£., d or y must be considered more or less as free 

parameters, which must be determined simultaneously with the other free para-

meters of the model through the fit to experimental data. Then, the fragmentation 

paraneters are supposed to change with varying y. A change of the fragmentatior. 

parameters occurs already when comparing first and second order fits (Wu /1983/). 

we olso note that for T ~ 0.82 the variation of A1 (Tl with <iecreas~ng y or s.. 
is c.oderate1 if y (or £ > and & >) are changed by less than a f<1ctor of 2 as 

can be seen in Figs. 3.53,54. Therefore the influence on determinations of o< s 

is not so large. o£ course, it is desirable to have physical observables which 

depend only very little on these resolution parameters. 

3.2.3 Evidence for Four-Jet Production, 

·As remarked in the previous section, in order c<s
2 

final states with four 

+- - +- --partons, e e ~ qqgg and e e ~ qqqq, can also be produced, which should 

appear at high enough center-of-mass energies w and under the right kinematical 

conditions as four -::learly resolved jets, Their production rate is expected 

to bt: reduced by the factor of t<s compared to the 3-jet rate. The discovery 

of these 4-jet events with properties as predicted by QCD perturbation theory 

may serve as further evidence for the realization of QCD in nature. Studying 

4-parton final states can also be useful to distinguish abelian and non-abelian 

vector gluon theories,as is evident from the existence of additional diagrams 

with the 3-gluon coupling in the case of QCD (see Fig. 3.37). We shall see later, 

that it is not a simple matter,to verify the full gauge structure, i.e. the gluon 

self-~nteraction, in 4 Jets alone. 
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The 4-jet cross section is determined from the two groups of diagrams in Fig. 3.37 

which lead to the final states 

e+(P+> + e-(p-) ---+ <j(f.) + 'fCf"-) + 3Cf3) + JCp,) (3.2.24) 

and 

e•{p•> + e-(f-) ---:> C!(p.J "~-'iCP..> +- 'l(f,) + fcp4> 
(3 .2.25) 

The differential cross section is calculated from 

'* ,. cf.a',. e .{ J 1(d3 . M " ,.,.., (1:n:f~'l'!Vs f+,fJ-'1"" !:(. -.t/:: 8 '{p.+f--t/'-) 7{ 

(3 .2 .26) 

"1fith q"" p+ + p_ and { p+,p-~ is the well-known lepton tensor. The hadron 

tensor ~ contains the complete information about the final states 

(3.2.24- 3.2.25). Ns is a statistical factor depending on the number of 

identical particles in (3.2.24) and (3.2.25). The complete fo~ulas for 

+- - +- --e e ~ qqgg and e e ~ qqqq were first calculated by Ali et al. /1979, 1980/. 

They are explicitly written down in Ali et al. /1980/, in KOrner, Schierholz 

and Willrodt /1981/ and in Ellis, Ross and Terrano /1981/. Some early studies 

+ - - -about e e ~ qqqq can be found in De Grand, Ng and Tye /1977/. 

The differential cross section (3.2.26) depends on 5 independent variables which 

describe the position of the four jets in phase space. They can be chosen as 

!\i ·= .ttl! 
w ) 

z,::-1,~,3 t>-noL 

... -+ = Z/p,;t-fi/ ,;J-:1'- 13 
W I ' ' 

!t,j· 

• 

(3 .2.27) 
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In addition d(j"" depends on two angles 8 and?(, wh.i.ch determine the orientation 

of the 4-jet event wl.th respect to the e·--beam direction similar as in the 

3-jet case. Details about this dependence can be found in the work of Ali et al. 

/1980/ and Clavelli and von Gehlen /1983/ where also the effects of z exchange 

are considered. 

In principle the hadron tensor ~ has a very rich structure which can be ex­

pressed in various multi-dimensional distributions and angular correlations. 

Because of the limited statistics only one-dimensional distributions, integrated 

over angles 8 and~, have been studied experimentally. For such a distribution 

acoplanarity is a very useful variable since 4-jet events stand out against 

2- and 3-jet events by having a non-vanishing acoplanarity A. Thus dcrjdA is 

the canonical quantity to analyse,as it allows one to cut-off the dominant 

2- and 3-jet events experimentally. Variables similar to A like the aplanarity Ap 

(see sect. 2.3) can be chosen as well. 

Distributions like dO"'/dT are less useful, since they receive contributions also 

from the infrared singular region of phase space. Therefore the thrust distribu-

tion can be defined only
1
if the singu~ar regions are cut-off by boundaries in 

the invariant mass, i.e. by y, or by 6 , ~ cuts. Such distributions can be 

compared only with events which have been identified in the clu~ter analysis 

as 4-jet events. Otherwise we can consider the thrust distribution for a 

superposition of 3- and 4-jet events as discussed in the previous section, 

~or which, as we know, the 4-jet contribution is rather small (say, for y = 0.04). 

In this sense it is rather unique to :study the acoplanarity distribution first. 
1 do-

The distribution q-a>dA is represented in Fig. 3.59, normalized to the 

zeroth-order cross section crJ 2) for W = 40 GeV ( o< 
s 

+ -0.20) and for e e ~ qqgg 

+ - - -and e e ~ qqqq separately. The total distribution is obtained from the sum of 

these two components • 

. 
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The differential cross section do--/dA diverges for A..,.. 0. For e + e-~ qqgg 

the leading logarithm behaviour is: 

1 d<r 
cr(L) dA 

" "'o<s'- 1 I IJ =- c,(-)- 4A 
.:~. 11:' A (3 .2.28) 

as A+ 0. The leading log formula can be seen to give a good description of the 

differential A distribution up to rather large A values. The equivalent formula 

+ - - -for e e ~ qqqq is: 

4 dc­
o-1)-) dA = 

1 z.( ,/,.; 
46 Cr~c~) ; /4-AI" (3.2.29) 

So the leading log behaviour is one power in ]lnA/ less than for e+e-~ qqgg. 

+- -- +- --The contribution of e e ~ qqgg dominates, e e ~ qqqq is 10 times smaller 

over most of the region of A. For four mass-less final state particles A is 

bounded between 0 and 2;3. The maximal A value occurs for the configuration, where 

the four momenta point from the center of a tetrahadron (with side length 

1 1/2 2 . 
(~~) ) to its four corners which give A= 3 accord~ng to (2.3.6). we see that 

dOjdA decreases strongly with increasing A so that events with large A are rare. 

Because of the singularity for A+O (see (3.2.28- 3.2.29)) the differential 

cross section is not integrable over A. As we discussed in sect. 3.2.1, this is 

to be expected because of the infrared singularities associated with emission 

of soft and collinear quarks, antiquarks and gluons (3.2.24 - 3.2.25). These 

singularities cancel against the corresponding one- and two-loop virtual corrections 

in Figs. 3.38, 39 so that the total cross section to order 0( s 
2 

becomes finite. 

Due to the singular behaviour of do-/dA as A~ 0 the differential distributioi, 

should be considered to be reliable only for values of A above some cut-off A • 
0 
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Integrating d~/dA from 
2
;3 to A one obtains a cut-off dependent 4-jet cross 

0 

section O'""(A ) , shown in Fig. 3. 6 0 for e + e--+ q(igg and e + e-~ q(iqq separately. 
0 . 

The ratio to cr' 21 
measures the 4-jet multiplicity in these two channels. 

A cut-off value for which (j(A0 )/ 0"'(2):::: 0(
5

2 ::::::' 0.04 should be considered a 

reasonable choice, above which a perturbatively calculated d~/dA can be trusted. 

From Fig. 3.61 this corresponds to A
0 0.07. Of course, these considerations 

are analogous to the 3-jet case and the cut-off's y and T
0

. We also show in 

Fig. 3.60 the ratio of 4-jet to 3-jet production as a function of A
0

• The 3-jet 

cross section is computed in O(O(s) with a thrust cut-off at T
0 

0.9. we see 

that this ratio is quite large if the A cut-off is chosen in the vicinity of 0.1. 

One of the aims for studying 4-jets is to see how large the influence of the 

three-gluon coupling is. In some sense this is an ill-defined question since, 

on the one hand, the relative contribution of the three-gluon coupling depends 

on the gauge choice and on the other hand theories with only global SU(3) symmetry 

·are not renormalizable (although for tree-diagrams considered in this section 

renormalization is not relevant). Therefore we compare to the abelian gluon 

theory with the number of quark flavours multiplied by 3, already considered 

in the previous sect~on and denoted QAD. It turns out that most of the distributions 

normalized to cr( 2) remain more or less unchanged if the QAD coupling OC:::iO(, 
A 3 S 

i.e., if O(A is adjusted to the same 3-jet cross section as in QCD (Gaemers 

and Vermaseren /1980/, Nachtmann and Reiter /1982a/). However, the partition of 

the cross section for the two final states (3.2.24) and (3.2.25) is different 

in QAD. For A
0 

= 0.05 and the same zeroth-order total cross section , •• .<2> 
~ we 

have 

o-(GAZ>, 'l'i9~) "" o.z cr(Q.c]), 'f'i9~) 

cr ( G.AJ) > '!if'l'i) 8 o-(e.cD, 'lif'lif) (3 .2.30) 
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so that in the abelian theory the final states qqgg and qqqq are produced roughly 

With equal probability. In QCD this ratio is approximately 10:1. In case one 

would be able to distinguish quark and gluon jets the dominance of the qqgg 

channel could be established. Unfortunately this is still very difficult (see 

however Bartel at al. /1983/), so that QAD could not be excluded by four-jet 

studies alone up to now. If both channels are added we have 

cr(GAIJ, 't'i'i~ + "''i'f'iJ z 1.3 o-(O.cll1 'ff~~ + 'ff't1) (3.2.31) 

which means that the integrated 4-jet cross sections are roughly equal in QAD 

and QCD if the same cut-off A
0 

is applied and C(A:::: to<.s. We made us of this 

fact in the previous section by stating, that in QCD and in QAD the 4-jet rates are 

equal, if ~A is adjusted to the low-order 3-jet cross section. 

As our next point we study
1

how d~/dA is changed by the fragmentation of quarks 

and gluons into hadrons1and how large the background isJoriginating from qq and 

qqg final states. The comparison with do-/dA for non-perturbative 2-jet production 

calculated in a Field-Feynman model is presented in Fig. 3.61. This distribution 

which includes also weak decay effects of c and b quarks (Ali, KOrner, Kramer 

and Willrodt /1980b/) is still rather broad at W = 40 GeV. The input Pr for 

the Field-Feynman model was chosen as oq = <PT> 112 
= 0.25 GeV. (Actually, 

according to our present knowledge aq should be larger, oq =: 0.3 GeV, which 

make"s the distribution even broader.) The average A for this non-perturbative 

2-jet distribution is calculated to be <A> t "'0.04. The dependence of 
non-per . 

this <A> on W is shown in Fig. 3.62, together with the averages< S''). 
non-pert. 

and <t-T > (Kramer /1980/). We see that <A> decreases slowly· with 
non-pert. 

increasing w. Compared with the perturbative <A> calculated from the perturbative 

distribution in Fig. 3. 59
1 

which is also shown in Fig. 3.62, <A;> t is non-per • 

still larger than <A> even at w = 70 GeV. So for energies as low as 40 GeV we 
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expect d~/dA from qqgg and qqqq production to be larger than the non-perturbative 

oo-/dA from qq production only for rather large A. Additional background comes 

+ - -from fragmentation corrections to the 3-jet cross section: e e ~ qqg. Although 

this contribution is reduced in magnitude by a factor~ 10, if compared to the 

2-jet contribution, it is broader than the 2-jet contribution, The 3-jet contri-

bution is calculated with a thrust cut-off T
0 

= 0.9 motivated by demanding 

cr1qqg) j(r(2) ~ ~- Instead to compare with the tree-graph prediction of Fig. 3.59 

the 4-jet contribution is supplemented with quark and gluon fragmentation based 

on the independent fragmentation model of Ali et al. (see sect. 2.4). The result 

for an acoplanarity cut-off A
0 

= 0.05 is shown in Fig. 3.61 also. We notice the 

big change of the perturbative distribution caused by the fragmentation of quarks 

and gluons. At small A < A
0 the distribution is reduced by the cut-off. In 

this region it is replaced by the qq and the qqg contribution. At larger A th~ 

distribution is enhanced. The normalization of the three curves in Fig. 3.61 

is such1that the area under the sum of the three contributions is one. The 

relative normalization of the 2-jet, 3-jet and 4-jet cross sections is 0.83, 0.13 

and 0.05. Fig. 3.61 shows that A must be larger than 0.3 before the 4-jet contri­

bution exceeds the background from qqg. Therefore this would be the region, where 

the perturbative 4-jet contribution can be tested, i.e., where genuine 4-jet 

events o~iginating from qqgg final states can be discovered. In this region 
1 

( /cr(
2

))dCTjdA decreased by two orders of magnitude. Thus high-statistics experi-

ments are needed to see the 0( 
2 

term. However, applying a restrictive thrust 
s 

cut would eliminate almost the total 2-jet signal without losing any 4-jet events. 

For example, considering only events with T ~ 0.75 leads to 

o-2-jet 
' 

o-3-jet o-4-jet = 0.02 0.66 0.32 so the the 4-jet term is 

very much enhanced. 

/ 
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Results of an analysis aimed at showing evidence for the production of genuine 

4-jet events has been published recently by the JADE-collaboration, Bartel et al. 

/1982bj.The A and D
3 

distributions which they obtained for w = 33 GeV arC shown 

in Fig. 3.63. n
3 

stands for tripodity which was defined in sect. 2.3 ~nd which 

was invented by Nachtmann and Reiter /1982a/ to isolate contributions with th~ 

3-gluon coupling (D
3 

> 0). The experimental data which are based on the momenta 

of measured hadrons (not partons) are compared with two models. The model L
234 

consists of q(i, q(ig, q(igg and qqqq final states which all fragment into hadrons 

according to the Lund scheme. L23 contains only qq and qqg contributions, we see 

that the model L234 describes the data much better than L23 . For A > 0.25 and 

o
3 

;> 0.1 the data points lie more than a factor of 2 higher than the predictions 

of the model L
23 

in agreement with the expectations based on the results in 

Fig. 3.61. 

The results presented in Fig. 3.63 are not a speciality of the Lund fragmentation 

·model which is based on strings. (For the implementat~on of the string picture 

in 4-jet production see Gustafson /1982/.} Comparisons with an independent 

fragmentation model, like the Ali model, lead to the same conclusions. Furthermore 

the authors investigated in detail
1 

'tlhether the large tail of the o
3

- and A­

distributions can be explained by varying the fragmentation parameters in the 

L
23 

model, in particular in the fragmentation of h~avy b quarks. This could be 

ruled out1 if one demanded that the distributions at small o
3 

and A remain un­

changed. The same analysis was performed at W ~ 22 GeV. It was found, that at 

this energy the data could be well explained by the L23 model. This means, that 

the backg~ound coming from qq and qqg is, because of the non-perturbativc jet 

broadening, is still too large at larger o
3 

and A, to see the contribution of 

4-parton final states hidde~ in the tail. 
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The amount of genuine 4-jet production was also dete~ined. Introducing the 

contribution of qqgg and qqqq with a free normalization parameter ~ into 

the ~odel it was found that this JL was definitely unequal zero. In particular, 
I . 

th~ data in Fig. 3.04 yield )L ~ (8.2 ~ 1.2)% with a A cut-off of A 
0 

0.05 

introduced in the 4-parton cross sections. This has to be compared with ::\... "' 5't 

mentioned in connection with the theoretical curves in Fig. 3.61 which were 

c.,lculated with o<. ~ 0.2 . • 
So we conclude that genuine 4-jet contributions of the form qqgg and qqqq, as 

pred1ctcd by QCD, have been discovered at W ~ 33 GeV with a rate consistent 

with a coupling constant O(s = 0.2 known from lowest order 3-jet production. 

For studying further properties of 4-jet final states certainly eVen higher 

statistics and/or higher ener9ies are needed. Proposals for such measurements 

can be found in the literature, for example, in the work of Ali et al. /1980/, 

KOrne~, Schierholz and Willrodt /1981/, Chandramohan and Clavelli /1980, 1981/, 

Nachtmann and Reiter /1982b/ and Clavelli and von Gehlen /1982/. 

We may ask, for what reason are we allowed to stop with 4 jets and not to establish 

the contributions of 5, 6, jets which certainly exist. as well. From our 

~ons~derations ~t should be clear1 that final states with more than 4 jets have an 

2ven larger background produced by fragmentation effects qq, qqg 1 qqgg and qqqq 

final states. To suppress this background one needs even higher energies or very 

lar9e statistics in order to detect these multi jets. 

A second point concerns the problem of calculating the genuine 4-jet rate from 

the tree graphs of Fig. 3.37. For a complete calculation it is necessary to add 

the two-loop contributions and the infrared singular contributions of 5-parton 

states qqggg, qqqqg of order ~ 3
• This is connected again with parameters y s 

or S. , 8, respectively, to separate 4 and 5 jet final states. These parameters 
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should be chosen of the same magnitude, as we did it for the separation of 3 and 

4 jets or of 2 and 3 jets, respectively. In this case we expect that the 4-jet 

rate differs only very little from the rate calculated in Born approximation, 

i.e, in order « 2 • This means, only with such a choice of resolution parameters s 

we can interprete results for multi jets obtained in tree approximation without 

the necessity of going to higher and higher orders of perturbation theory. 

3.2.4 Renormalization Scheme Dependence. 

In sect. 3.2.2 we emphasized that the higher order correction for the 3-jet cross 

section is calculated for the MS renormalization scheme. In this section we 

shall explain in more detail how these different renormalization schemes are 

defined and how they are related. Furthermore we want to understand, why some 

schemes are more sensibel than others. 

To perform the renormalization properly
1
it is necessary to introduce a regulari-

zation procedure into QCD. For perturbation theory the dimensional regularization 

of 't. HoOft and Veltman is the most convenient one1since ~t respects gauge in-

variance and makes it unnecessary to introduce extra counter terms for recovel:ing 

gauge invariance. In n f 4 dimensions the QCD coupling constant g has a dimen$ion 

E. 
which is factoreci out as lJ. 

1 
so that. the remaining coupling becomes dim<ens~onl.css; 

g -+ u8 g (2C. = 4-n). This way an arbitrary dimensional parameter, the scale IJ., 

~s introduced into the theory and g becomes dependent on ll and we write g = g(fl~ l 

and O(s = C\8 ()l2 ). In lowest order of ()(s this sca:le remains undefined. This 

meansr in this order it is not known for which 11 the 0( s determined from ex­

perimental data is obtained. Only in higher orders 0( C( 
2

> the scale 11 is fixed s 

in the way as we have explained it with the 0( 2 corrections to the 3-jet cross • 
section in sect. 3.2.2. 
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If one goes to higher orders of perturbation theory the quark-gluon coupling g 

must be renorma!~zed. Let gb be the bare or unrenormalized coupling and gr the re­

normalized coupling then both are related by 

~r 
~ -1 -e 

= Zs "'(s,r> Z2-{s,r> z~ {e,rJ /" gh (3 .2.32) 

In (3.2.32) z
1 

is the renormalization constant for the quark-antiquark-gluon 

vertex, z 2 for the quark field and z
3 

for the gluon field. These renormalization 

constants are calculated from corresponding Feynman diagrams. Assuming that quarks 

and gluons are on their mass shell (p2 = OJ the result of the calculation depends 

whether n ).4 or n < 4 For the renormalization only the pole terms in e 

which occur for n < 4, i.e. which come from the ultraviolet divergence of the 

integrals, are of interest. These are the pole terms in euv· The oth~r contri­

bution is obtained for n > 4 and the complete result can be written as (Jones 

11974/, Caswell /1974/, Fabricius, Kramer Schierholz and Schmitt /1981/l 

z1 "' -1 

z ... : --t 

23 = 1 

~rz. 
lt.n;" 

.i/ 
/&, 1i: '-

+ .J./ 
!~tr:-<. 

( " -( t1{; 1- C,) Euv s:R) 

Crc ( c:v .£:R) 

( [A{ - ~ ~) ( c:v c:J 
In the minimal subtraction scheme only the pole terms proportional to 

(3.2.33) 

-1 e uv are 

absorbed in the coupling constant so that the following relation between gr and 

gb follows from (3.2.32}: 

( [ 
a_~ (1'1 L ) " } -e @.- Ms,rJ = 1 + ..!l!:_ -3 Nc- 3 Nj-.- 1<- :1" 
~~~ ~euv (3.2.34) 
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The second term in (3.2.34) determines the subtraction term in higher order 

<t - - tJ s e e ~ qqg which is proportional to the O(O(s) matrix element B + C B 

(see (3.1.62)). From (3.2.34) and the condition that gb is independent of 1.1 the 

well-known renormalization group equation (Stueckelberg and Petermann /1953/, 

Gell-Mann and Low /1954/) for gr(l.1) is derived 

!"-
d.ffr{j<-) 
dr = -/3. <J)rr> 

where 

A -~(11 2.) ,-o - 1t.w~ 3 ~- 3~ 

Integrating this equation we obtain the scale dependence of O(s 

the form (3.2.8) or with the boundary condition gr{l.1 =J1l = 00 

form 

CJ,.'{'fL) 
4 

(3. 4- (<t~ .. ) 
= 

(3.2.35) 

(3 .2.36) 

g' 
r /41{;" in 

in the well-kno\'m 

(3 .2.37} 

which defines the scale parameter /1 in the one-loop approximation. Taking also 

two-loop contributions into account (3.2.37) is replaced by 

.. 
~ ... {'f'') = 

where 

1 

(3. 4. ('l)A .. ) + & g._,t:.,_('f/!J,.) 
13· 

(3 .2.38) 

(31 =-1-
(1t,??/' ( 5'1 1/:- ....!2. Nc.~ _ ;, c;<tV;:) = ~ ft•z- ~~) 

3 v 3 £5{.1( (3.2.39) 
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In case g~(q;) is known for a given q2 we can instead of g~ state the value 

of /\as we have done it at the end of sect. 3.2.2 which enable us to compare 

coupling constants obtained at different q'. The relation (3.2.34) defines the 

renormalized coupling for the minimal subtraction scheme {MS). The 

from such a defined coupling g (MS) is the corresponding A s· 
r M 

;\ calculated 

Obviously this definition of the renormalization of g is not unique. It is 

possible to abso:::ol:l arbitrary finite terms (for & -+ 0) in (3 .2.34) in the 

definition of gr. For example, 1t was discovered1 that it is advantageous to 

absorb the constant ln(4~)- J( . This means, in t3.2.34), we must replace 

- ~ C:uv cuv 
4 4 

+ ( .4..{~'1:)- i') (3.2.40) 

The constant ln(41C")- O is an artifact of the dimensional regularization 

withou~ any physical significance. Therefore it makes sense to absorb it in 

the coupling {Bardeen, Buras, Duke and Muta /1978/). The relation (3.2.34) with 

(3.2.40) defines the MS renormalization scheme which we used in sect. 3.2.2. 

A completely different renormalization method is the so-called momentum subtraction 

sct.e:r.e, first. 1n~roduced by Celmaster and Gonsalves J l979a/. In tnis scheme the 

vert~ces and the coupling are fixed for a space-like momentum point p• : - ~·. 

This determines the renormalization constants z1 ( €. ,!J.), z2 <e ,ll) and z3 (£.. ,).d for 

momentum subtraction. Unfortunately this is not unique since there are several 

possibilities for choosing vertices: (i) ggg-vertex (Zlg(€,1.1)) 1 

(iil q(ig-vertex (Z 1 F(C,~)) or (iii) GGg-vertex z1G(S..,I.1). Here GGg is the 

ghost-ghost-gluon vertex appearing in covariant gauges (see sect. 1.2). These 

three possibilities define the so-called MOM-, MOM'- and MOM" renormalization. 

In addition the renormalization depends on the gauge
1

for which the Zi are cal­

culated. This gauge dependence is absent in the MS-scheme. 
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For each of these possible renormalizations the coupling «s(q~) can be deter­

mined by fitting cross sections calculated at least up to O(~ 2> with these 
s 

renormalizations to experimental data. From this the corresponding J1 is ob-

tained via (3 .2. 38) • Since the 0( s will differ for these various schemes, also 

different A's will be deduced which are distinguished by AMS' A MS• !\MOM' 

A MOM' and AMOM". Relations between these different J\ 's have been deduced 

by Celmaster and Gonsalves /1979/. These relations are valid to all orders of 

perturbation theory under the condition that in the integration of the renorma-

lization group equation (3.2.35) (extended to higher orders) identical assumptions 

about the integration constants are made. As an example we have given th0 con­

version factors between the /\ 's for the renormalizations MS, MS, MOM, MOM' and 

MOM~ in Table 3.4 for Nf = 3 and 5 and for two gauges, the Landau- and Feynman­

gauge. we see that the various J\ 
0 

's are approximately a factor of two larger 
M M 

than 1\ MS • The exact value depends on the gauge, the Nf value and the vertex 

chosen for defining the momentum subtraction. With the help of this table the 

/\_. 
MS 

300 MeV obtained in sect. 3.2.2 can be converted into the MOM-scheme. One 

obtains 1\ MOM = 555 MeV for Landau-gauge and AMOM "' 453 MeV for the Feynman­

gauge and Nf = 5. 

As our last point of this section we shall study the influence of changes of the 

renormalization of C(s on physically measurable quantitites, like cross sections 

etc .• Of course, such physical quantities should be independent of the renorma-

lization convention used. But this can be expected only if the perturbation series 

Were known to all orders. In practive, however, one can calculate the first two 

or three orders of the expansion. The truncated series therefore differ from each 

other by terms of the first uncomputed ordering, so that the result becomes 

scheme dependent. For selected physical quantities this dependence is somewhat 
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less pronounced in some special schemes than in others. In the literature one 

can find criteria which allow to find the "optimal" renormalization scheme for 

a specific physical quantity (Stevenson /1981/, /1982/, Pennington /1982/, Kubo 

ana Sakakibara /1982/, Duke and Kimel /1982/). This is a wide field and has not 

been applied yet to jet physics. Therefore we shall not consider it here. More 

as a pedagigical example we shall study, how the renormalization conventions 

MS, Ms, MOM and MOM' etfect. the perturbative prediction for ~ot or R, re­

spectively. 

The leading perturbative result for R is (3.1.71).The next-to-leading order terms 

have been calculated by Dine andSapirstein /1979/, by Chetyrkin, Kataev and 

Tkachov /1979/ and by Celmaster and Gonsalves /1980/so that 

7?. = {LfG.t)( 1 + o<s(<t2J 
7c-

+ 1< (1?.5} («;;'I) t + .... .) (3 .2.41) 

The coefficient K(RS) depends on the renormalization scheme (RS). Its derivation 

will be considered in the next section. The results for the various schemes are: 

K(MS) . 7.36 - 0.44 Nf 

K(M'S) . 1.985 - 0.115 Nf 
(3.2.42) 

K(MOM) . - 4.64 + 0.74 Nf 

K(MOM') . - 2.19 + 0.16 Nf 

We see that only in the MS scheme the higher order correction is large/whereas 

in the three other schemes the series appears satisfactorily "convergent". Let 

us assume, that the (fictitions) measured value of R = 3.86 at W2 = 1000 GeV2 

~ccording to sect. 2.1 the experimental value is R 3.93 ~ 0.10 at w = 34 GeV) 

is used to determine Q( s(MS) from (3.2.41) together with K(MS) in (3.2.42). The 



' 
- 148 -

result is 0( (MS) = 0.136 which yields 1\ = 0.166 GeV according to (3.2.38). s MS 

From this we find with the help of Table 3.4, assuming Nf = 5 and Landau gauge 

the 1\ values for the other schemes MS, MOM and MOM' . From these we obtain 

coupling constants ¢(
5 

according to (3.2.38) and with them the R values in these 

schemes from (3.2.41) and (3.2.42). These results can be found in Table 3.5. 

They show that R differs very little for these four schemes. The difference 

in R is less than 0.5% although the couplings O(s in these schemes change by 

almost SO% and the A 's by more than a factor of 5. The change of D( s in the-

various conventions is to a large extent compensated by the change of the 

coefficient K in (3.2.41). Thus R is independent of the schemes considered in 

this exercise. 

That R changes very little when we adopted another scheme certainly is caused by 

the fact that the coefficient K(RS) and also O(s (RS) /n:' for all schemes RS are 

very small so that the higher order corrections K(RS) o<s(RS) /'IC' produced only 

·a small shift of R for all schemes RS (compare third and fourth column in 

Table 3.5). From this we conclude quite generally, that only such renormalization 

conventions should be adopted, which produce small contributions for the higher 

order corrections of all, or at least, as many as possible, phy~ical quantities. 

Of course this "fastest apparent convergence criterion" is not very quantitatlve 

but seems to work as well as more sophisticated convergence criteria (Pennington 

/1982/). 

the scheme in which the higher order corrections vanish is the so-called low-order 

scheme: Let us consider a physical quantity, like R, and let us shift o< s by a 

change of the renormalization scheme into 0( ~' where O(s and 

by 

"' - o<s "'C-.,.- == o<c' ( rf + ik-o(c
1 

+ ·---) 

ex; are related 

(3.2.43) 
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This causes a shift of R since K in (3.2.41) is changed into 

1<_ I = 1<. + ;;e_ 
(3 .2.44) 

If we choose ~ = - K, then in the new scheme K' = 0, i.e. R is fully deter-

mined by the lowest order term R = (3fe>/l<l+ 0( ;> . For our example in 

Table 3.5 the corresponding o<s is C(
5

(low) = 0.166. This docs not mean, that 

other physical quantities are also given by the lowest order perturbation theory. 

The contrary may happen, other physical quantities may have large higher order 

corrections in this particular low-order scheme. In this case the low-order 

scheme deduced from the R value is not useful. 

In connection with the abelian gluon vector theory discussed in sect. 3.2.2 we 

had introduced such a low-order scheme for the 3-jet cross section <
1
/cr)dOjdT. 

With this we could fit the 3-jet cross section and find the corresponding O{A 

from measured data. But the perturbation theory of R in this scheme was very 

bad (see (3.2.20)). 

3 .2.5 Total Cross Section up to O(a5
2). 

1t would by very instructive to calculate the total annihilation cross section 

~tot by s~~ing the 2-, 3- and 4-jet cross section. This is not possible yet,since 

the 2-jet cross section has not been calculated up to the order 0( 
2• However, 

s 

Citot can be computed more easily by summing over all final states from the be­

ginning. crtot is related to the imaginary part of the vacuum polarization or 

the inverse photon propagator. Thus by computing the inverse photon propagator 

up to O(t<' 
2

l one can deduce cr' t(q1 ). Th~s was done the first time by Dine s to 

and Sapirstein /1979/, Chetyrkin, Kataev and Tkadov /1979/ and by Celmaster 

and Gonsalves /1976/. 
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In the following we shall outline the calculation of the inverse photon propagator 

T}c.v (q) up to O( O(s 
2

> but in lowest order of C( ~(q) depends only on the 

momentum of the virtual photon q and has, because of gauge invariance, the following 

decomposition 

r; .. c 'tl = (- 3""" + 'l-'f" /<rt-) 7Lc 1 .. J (3.2.45) 

First 

yields 

1';-c,_,(q) is calculated for space-like q 2 < 0 which by analytic contin\:.ation 

'JC"<q2
) for.time-like q2 > 0. o;_ot is obtained from the imaginary 

part of ~(q2 ) by 

O'tot ('fL) = 4">t>< 
'12. 

I"" 7C( '!'') (3 .2 .46) 

The computation of 1i<q2
) can be simplified with the help of the renormalization 

.~roup. 7[{q2
) has the naive dimension 2. Therefore we have for the scule dcpen-

dence of Jl'<q') the following renormalization group equation (Callan /1970/, 

Symanzik /1970/) 

( - L + P.(e)}_ + f1,(f! )2_ + 2 + y.,.) 7[('!') =0 q t ,- ue r 'O<J • 
(3 .2.47) 

1 -ql 
where t = 2ln ( fu•) . ~(e) and j3<gl are the {!-functions which determine 

the scale dependence of the electromagnetic coupling and the quark-gluon coupling 

(see (3.2.35) for g). J'¥ is the anomalous dimension of the photon. The solution 

of (3.2.47) is 

t 

7[(1•-) = (- 1~) e><J>[ J ctt' JY { e(t'J1 ff(t'J)} (3 .2.48) 

• 

< 
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The t-dependence of 9<tl is known through (3.2.35) which has the solution (3.2.8), 

whereas the t-dependence of e(t) will be neglected, since we restrict ourselves to 

the lowest order in « .·Therefore 7Z(q2 ) is fully known, if the anomalous 

di.I:lension d, has been calculated. tfl' is related to the renormalization 

constant Z¥ of the photon propagator by 

JT = .e.:... /" ~k z~ 
e.-H u;v 

(3.2.49) 

ZJr is calculated with n-dimensional regularization so that 4-n 2e. as before. 

Let us demonstrate the calculation with the simplest example, the one-loop 

graph in Fig. 3.64. For this diagram zJr is 

zo = 1 
ez 

1-211:2. 
( 3 fJ~/) 1 

c 
(3.2.50) 

·Qf is the charge of the quark with flavour f and e is the renormalized electro­

magnetic coupling constant e(ul, which depends on u. The unrenormalized coupling 

-1 s eb = z~ u e is independent of u, from which with (3.2.49) and (3.2.50) we 

obtain for Jrr 

d¥ = 
e'-

671:'" 
:L 30" 
f 

This is substituted into (3.2.48) with the result 

ft("/~) =. (-12-) ( 1 .:!!!... -1: X. 3&"-) 
311;' f '/ 

" 

(3.2.51) 

(3 .2.52) 
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In (3.2.52) t = ln(-qz /u2 l is continued to time-like q 2 > 0 and the imaginary 

part is taken, from which with (3.2.46) the well-known formula for ~ot(q2 ) 

follows 

O"'wt ("fL} = 4rr:-«' 
31" 

z_ 3QL 
f- 'f 

(3.2.53) 

We see that for calculating Jr~ and ~ot we need only the simple poles in e 

of the loop graphs in Fig. 3.64. This constitutes a tremendous simplification. 

In the next order the contributions to ~ are of order g 1 (t) which are calculated 

from the two-loop diagrams in Fig. 3.65. The result is 

J;-= 
e& 

&.,-< 
f 3Qt ( -1 + lli ,_ ) 7i? 3 (-&) 

This is substituted into (3.2.48). Then the integration overt' yields 

(3.2.54) 

7{('[") = (-"!-"){1- Let. (L.f 3Q'f'-)[i: + ~ i!..{~+J!:?. -g'M)] 
371:' -t.f. 3,;"-

(3.2.55) 

In {3.2.55) we have included also the zeroth-order term (3.2.52). [3 
0 

is defin<!d 

~ 
0 

= ~c- ~f. Through analytic differently than in (3.2.36). Here it is 

continuation to positive q 1 the well-known formula is obtained 

Oiot ('fL) = 411;o(1. { Z. 3~') {" + ?,-C., o{,;(?'-J) 
31" f ..,. ?/;' 

(3 .2 .56) 
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in agreement with (3.1.70) which was obtained from the sum of the 2- and 3-jet 

cross section. Since (3.2.56) is based on the renormalization group, it follows, 

that o<
5

{q') should be taken at the scale q 2 , the center-of-mass energy squared. 

For our earlier result (3.1.70) ,which was based on 0(« 5J perturbation theory, 

the scale ~ was completely arbitrary. So the renormalization group treatment 

adjusts the scale to the only momentum scale present, namely q 2 • 

As we know, up to O{g 2
) there is no renormalization of g. Only in order 0( 2 

s 

renormalization of g comes in and so crtot' calculated in this order, must 

depend on the renormalization scheme. This can be seen directly also when calcu-

late Z ( in higher order of g. Let us discuss this in connection with the MS and 

MS scheme. Quite generally z r has the following structure, assuming the MS scheme 

for renormalization first, 

Z
MS 

0 = 1 + 
"" £-'1 £ 

e:o Z:. ( 3~5 ) Z 
£;'1 ~;1 

Z -~ 
e--{ e 

J 

Changing now to the MS scheme, where in addition to the -I B term also the 

(3 .2 .57) 

, 
constant term ln(4te")- if is absorbed l.nto the renormalized coupling gMS (see 

\3.2.40), z7 has the following structure 

Z I<S 

0 = 
00 

1 + e:o L 
€=1 

(f_ 
-~<-=~ 

e-1 
( J~) exp{(£-1)e(~(4"1-.r)} 

Z.e-"-, c~ ) 
(3.2.58} 

The exponential facto~: e(l-1Je (ln( 41j;')-(l comes .lnto play only if 1 ~ 2 and 

' if there are pole terms I e. 1 • For 1 = 2 we have z2, _2 = 0 because of the gauge 
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invariance of the photon propagator. Therefore, only for 1 = 3, i.e. 1n order 

g
4

, a change of ~he renormalization scheme has an effect. Then the renormali­

zation scheme and also the J\ parameter can be defined. 

For 1: 3 we need the coefficient z3 ,_1• This is calculated from the three-loop 

diagrams in Fig. 3.64. Of course, this is a much more involved computation than 

the one- and two-loop diagrams. We take ~he result from the work of Chetyrkin, 

Kataev and Tkachov /1980/ or that of Celmaster and Gonsalves /1980/ 

z 3-1 
' 

1 1' 
= -(16rr'f 3 Z1,-1 k("1s) 

Here z
1
,_

1 
is the coefficient of the lowest order result (3.2.50) 

Z..,,., "' 
4 

12.'11:'-
L. 
f 

" 3Qf 

and the factor K is the following in the MS renormalization convention 

(3.2.59) 

(3.2.60: 

i<,(MS) = CF[- 3~Y, - ~ ft. ~ - .:: t¥: + ~~t l'lc + lt3 f.(e.-(4,.,)-y)) 

with ~3 being the number 

"" s-3 = Z 
~-.~.., 

1 
-n,3 

From (3.2.57) with (3.2.59) we obtain 

= /f.t.o.t1 

d; 11$ 

" 
:: ~ e.t- 4 

#i-tS 23•1 
' 

• • 

(3.2.61) 

(3.2.62) 

(3.2.63) 
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which is needed to calculate ~(q2 ) and from this ~ot' In the MS-scheme we 

start from (3.2.58) to obtain ,?; MS with the result 
J' 

d'aMS=-~e~~:s [ z3-1 +-<. (C ... (Itrr'J-y) ZJ;:z.] 
' 

(3.2.64) 

The coefficient z3 ,_2 is 

z3-2 = -A. 2..__1 
' 48n- ' 

(3.2.65) 

where 

z~-1 
' 

"' 3CF Zt-• 
3J.rc"- ' (3 .2.66) 

Therefore the term proportional to (ln(4rr l- ~ ) inK (MS) cancels and 

the same form as (3.2.63) except thatK(MS) is replaced by 

;;s 
O,r has 

1<.(MS) = CF (- 3~ Cp - 1 (53a - :: Af 

Then the final formula for (J" is 
tot 

(T~ot {_ 11(.) = 4,.0( z 

31" 
f AfcQ/ [ 1 + _Jc, c<sct'l 

7T: 

+ 4.t:r. lYe. ) 
ilL 

(3.2.67) 

+ 1( CJ(sfi''l+ -- 7 
(3.2.68) 

In this formula K is given by (3.2.61) for ~ot in the MS-scheme and by (3.2.67) 

for the MS-scheme. 
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From (3.2.68) we obtain the result (3.2.42) and the result for the abelian 

vector theory used in sect. 3.2.3 if we substitute c = 1, N = 0 and Nf_,. 6Nf 
~ F c 

in the coefficients of ~and (~}in (3.2.68). 

we remark again that the coefficient K is of the order of 1 in the renormaliation 

schemes MS, MOM and MOM', so that in these conventions the higher order contri-

butions to ~tot(q~) are very small, of the order of 0.5% for O!s .,.,. 0.05 • 

From the average experimental value of R in the energy range 30 ~ W ~ 36.7 GcV 

which, as reported in sect. 2.1, is equal to (with weak contributions subtracted/ 

R(W 34 GeV) 3.93 ~ 0.10 (3 .2.69) 

we can calculate the O(s values for this energy in the three schemes MS, MOM 

and MOM'. The result for Nf = 5 is: 

(O(s)MS 0.206 :':: 0.074 

(C(s)MOM 0.243 :':: 0.104 (3 .2. 70) 

(O(S)MOM' 0.254 :':: 0.119 

The value for { 0( sl Ms is consistent with the values we obtained from the 3-jet 

cross s&ction. Although the error of R is less than 3% the error of O(s deduced 

from R is still large. 

This completes the section on O(o<s
2

) corrections to jet cross sections in QCD. 
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•• Summary and Conclusions • 

For the summary it seems appropriate to remember the characteristic features 

of QCD which we have collected 1n sect. 1.3 and to ask which of the points (i) 

to (vi) we can consider verified through the perturbative analysis of jet 

phenomena in e~e- annihilation. We saw, that the spin 1;2 nature for quarks 

follows from the angular distribution of the jet axis and Nc = 3 results from 

the measurement of R. {ii), the existence of gluons and their vector character 

together with (hi) the coupling of gluons to quarks is well verified by tht• 

analysis of three-jet finai states. The quest1on whether the three- and four-

gluon couplings exist has been answered by showing that theories with abelian 

vector gluons can be excluded. What remains is the question concerning the 

universality of all couplings in the Lagangian and the verification that the 

quark-gluon coupling changes with the scale ql in a characteristic fashion. To 

investigate the latter problem one needs higher energies in order to see how 

·Oecreases with increasing ql . This will be difficult since at high energies 

C( 
s 

more and more jets will be produced and also the influence of the Z propagator 

will be stronger at these energies. 

In this review we restricted ourselves to a presentation and interpretation of 

perturbative results in fixed order up to O(O( 
2
). This seems the most natural s 

strategy 
1 
since there is a relation between the number of jets possible and the 

pert:.urbat1ve order. Now all Jet cross sect.1ons are knowr, up to order C( 
2

. Thes(' s 

results have been used t.o dete:t·mine the strong coupling constant O(s employing 

various methods of analysis. This way one 1s able to obtain ~s in a specified 

renormalization scheme and to compare with results coming from analysis of other 

processes. The value is 0(
5 

= 0.15. This corresponds to fl M.S = 300 MeV which 

compares .,.,.ell with determinations of 1\ MS from deep inelastic lepton nucleon 

scatt~ring exp~riments. 
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A consistent interpretation of jet phenomena in the framework of QCD perturbation 

theory requires an appropriate definition of jets due to the infrared properties 

of QCD. This is quite analogous to the perturbative treatment of QED. For this 

definition of jets one needs resolution parameters which determine the jet 

multiplicities. They must be chosen in such a way that the jet rates diminish 

with increasing number of jets with the power of C(s· 

A quantitative analysis of experimental data requires still fragm~ntation mod~ls 

as input. They are more or less phenomenological. It is conceivable that in the 

future these models can be improved and can be put on a more solid theoretical 

basis. Going to higher center-of-mass energies will have the effect that more 

than four jets will be produced. This requires the computaion of higher orders 

in perturbation theory, a difficult task. A way out might be the calculation 

of these higher order terms in the leading logarithm approximation and to use 

the results of order OC 2 only in the appropriate kinematic reg~ons. This marriage s 

-of leading log and perturbative results might also allow to replace the phcnomeno-

logical hadronization models in particular kinematical domains. 

,, ' 
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Table Captions: 

Table 1.1: The five quarks and their flavor quantum numbers: isospin, 

strangeness, charm, bottomness, charge and baryon number. 

Table 3.1: Strong coupling constant 0($ in first order and first and second 

order QCD as obtained by the JADE-Collaboration from cluster 

analysis. 

Table 3.2: Strong coupling constant 0(
8 

obtained by various collaborat~ons 

by fitting their data with the independent fragmentation or the 

string fragmentation model to jet distributions and energy-energy 

correlations in first order QCD. 

References: Behrend et al. /1983/, Bartel et al. /1982/, Ml\C /1982/ I 

Schlatter et al. /1982/, MARK J/1982/, Berger et al. /1980/ and 

wu /1983/. 

Table 3.3: Strong coupling constant o<s obtained from fits in first and second 

order QCD. 

References: Bartel et al. /1982/, Adeva et al. /1983/, wu /1983/. 

Table 3.4: Conversion factors for I\ 's between MS, Ms, MOM, MOM' and MOM" 

renormalization scheme for Landau and Feynman gauqe and Nf = 3 

and S. 

Table 3.5: Results for R in the renormalization schemes MS, ~' MOM and MOM' 

and corresponding I\ and ()( values. s 
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Figure Captions: 

Fig, 1,1: 

Fig. 1.2: 

Fig. 1.3: 

Fig, 1.4: 

Fig. 2.1: 

Fig. 2.2: 

Fig. 2.3: 

Fig. 2.4: 

Parton model diagram for inelastic electron-proton scattering 

e- + P ~ e- + u-quark + (ud)-diquark. 

(a) FUndamental vertex in QED, 

(b) Fundamental vertices in QCD, 

Parton model diagram for the basic processes: 

(a) e-+u-t-e +u, (b) e-+u--1--e-+u+g and 

(c) e + 9-+ e +uil(dd+ ••. ). 

(a) One-loop contribution to the photon-electron coupling in QED, 

(b) multi-loop contribution to the coupling in QED and 

(c) one-loop contribution to the quark-gluon coupling in QCD. 

"Coulomb" and "transv." denote gluons with this polarization 

in the Coulomb gauge. 

Diagram for e+e-~ qq describing hadron production in the 

parton model and zeroth order QCD contribution. 

The ra~io of the total cross section for e+e- annihilation . -into hadrons to the ~ ~ production ~ross section as a func-

tion of the total e+e ~nergy w. 

One-particle distribution 

energies w : V$ from S to 

sd~ /dx for charged hadrons for em 
p 

34 GeV. {a) Shows data from TASSO 

at PETRA, SLAC-LBL at SPEAR and DASP at DORIS. {b) Shows data 

from CELLO and JAPE. The full lines are drawn to guide the eye 
dcr and correspond s /dxp = 23 exp {-8xp) ~b GeV~. Feist /1981/ 

Rapidity spectrum 1 /~ dfl""/dy for charged l1adrons {pion mass assumed} 

measured by SLAC-LBL at 4.8 and 7.4 GeV {Hanson et al. /1982/) 

and by TASSO between 13 and 31.6 GeV {Brandelik et al. /1980d/) 

y measured with respect to the sphericity axis (SLAC-LBLJ or 

thrust axis {TASSO). Th~ insert shows 
1
;a'dcr/dy averaged over 

o. 2 ' y ( 1 as a function of em energy w. 

Fig. 2.5: 

Fig. 2.6: 

Fig, 2. 7: 

fig. 2,8: 

Fig. 2.9: 

• 
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Mean charged multiplicity as a function of em energy w = (:$ 

compared to various model p~edictions: straight line labelled 

qq is for qq model with subsequent fragmentation, straight line 

labelled qqg is for qq + qqg model With fragmentation. The curve 

labelled (A) is the best fit of the form <nch> = n
0 

+ aexp (b{ln5/A! 
predicted in leading log approximation to QCD. Curve B shows the 

d(!pendence <nch) = 2.3 s 1/4 (s in GeV2
). 

Hadron emission by quark and definition of jet cone. 

Observed mean sphericity 

(solid curve) and phase 

Hanson et al. /1982/. 

vs E e 
c.m. 

space model 

w for data, jet model 

(dashed curve), 

Average sphericity as a function of em energy w as measured by 

JADE, PLUTO and TASSO at PETRA. Dashed curve is model prediction 

for e+e-~ tt with 2;3 charged t quark. 

Observed single-particle p~ ( pT in the text) with respect to jet 

axis with three or more detected charged particles for 7.4- GeV 

data compared with jet model (solid curve} and phase space-model 

{dashed curve) predictions (Hanson et al. /1982/) • 

Fig. 2.10: Observed pshericity distributions for data, jet model {solid curve) 

and phase-space model {dashed curve) for {a) E = 3.0 GeV, c.m. 
(b) E = 6.2 GeV and E = 7.4 Gev. c.m. c.m. 

fig. 2.11: Momentum-space drawing (a-cl of two-jet event in each of three 

projections: (a) = n2-n3 plane, (b) = n1-n2 plane, (c) n1-n3 plane. 

Fig. 2.12: Observed distribution of jet-axis azimuthal angles from the plane 

of the storage ring for jet axis with /cos I ~ 0.6 for 

(a) E = 6.2 GeV and (b) E 
c.m. c.m. 

7.4 GeV. (Hanson et al. /1982/) 

Fig. 2.13: Angular distribution of sphericity axis w~th respect to beam 

direction of the form 1 + 1.04 cos~e fitted to JADE data 

(Elsen /1981/). 

Fig. 2.14: The sphericity plot (a) location of events fo different character, . - -(b) prediction for e e -). tt (Mt "' 15 GeV), (c) prediction for 

qq + q(ig, (d) data from TASSO (Brandelik et al. /1980b/). 
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Fig. 2.15: Hadronization cascade of a quark in the model of Field and 

Feynman. 

Fig. 2.16: 

Fig. 2.17: 

e+e- 7 qq with subsequent fragmentation into stable and 

decaying hadrons. 

Thrust distribution 

and 90 GeV based on 

(
1

/c:r)d<::r"/d'l' fo:t: em energies W"' 10, 30 . - -
e e ~ qq and Field-Feynman fragmentation 

witho~t weak decays (Kramer /1980/J. 

Fig. 2.18: (a) Independent fragmentation of qqg as in Hoyer and Ali model and 

(b) fragmentation along strings as in the Lund model. 

Fig. 3.1: 

Fig. 3.2: 

Fig. 3.3: 

Fig. 3.4: 

Fig. 3.5: 

Fig. 3.6: 

Fig. 3. 7: 

Feynman diagrams for {a) qq and {b) qqg production in the order Q( • 
s 

+ •. -
Phase space diagram for e e ~ qqg with regions ordered according 

to magnitude of x1, x2 and x
3

. 

Definition of Euler angles 9 , "X and cf> • The event lies in the 
~ -> 

x,z plane. The thrust axis is along Oz and ox points in the 

direction o£ the second m(!.lst energetic jet. 0 ~ $ S 7C'" , 

o~ X~ 21('", ando~<f ~ 21["'. 

Thrust distribution-( 1/(rldcrfdT at W = 30 GeV for e+e-~ qqg in 

the order o{ 
5 

( <x.s "' 0. 2) compared to nonperturbative thrust . - -distribution for 2-jet production based one e ~qq (q ~ u, d, 

s, c, b) including broadening caused by weak decays of c and b 

quarks. 

Cross section dependent on polarization of virtual photon: 

U: (l/<;r) dcTUjdT, L: (1 /0'")dO"""LjdT, I: (l/(7'"') ( .... <io""I/dT)J 

dtrT/dT = -
2
1 dO""L/d'l\ fo:r: W = 30 GeV and OC. c 0.2. 

I s 

Plot of coefficients b( (T), (3 {T) and j"{T) as a function 

of T for vector and scalar gluon theory in order Cl( s. 

Definition of x~ in qqg final state. 

,, 

Fig. 3.8: 

Fig. 3.9: 

Fig. 3.10: 

Fig. 3.11: 
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Distribution < 1 /~)d~/dx4 as a function of x~. 

1 do- + -The O(o(s) cross section ( /~) /dcos'X fore e -+ qqg 

as a function of cos')( for O(s = 0.2. 

The 

for 

. - -0( o<.s) asymmetry cross section for e e ---?- qqg as a funtion 

cos')( for O(s = 0.2. 

Three-jet kinematics. The 

convention for the angles 

event lies in the (x,z) plane. The 
-> e ' 'l( and "Z is as follows: Oz is 

along the direction of the fastest: of either quark or anti­

quark jet, and the second most energetic quark/antiquark jet 
' -> 

lies in the half-plane >: > 0. The noxmal Oy to the event plane 

is in the direction sign(x
1
-x2> !p1xp2}. 0 ~t)~Tr, 0 ~ X~hr 

and 0 ~ 1<£_ ~ ?(;", 

Fig. 3.12: The asymmetry parameter R form; {;.2 
"" 0.25 and various thrust 

values T as a function of cos e 12 • 

Fig. 3.13: qqg phase space expressed in terms of y
13 

and y
23 

with boundaries 

for 2-jet region. 

Fig. 3.14: 2-jet and 3-jet cross section as a function of y in units of 

~2) for ~;'~ = 0.05. Dividing by (1+ ~trl yields jet 

multiplicities. Dashed (dashed-dotted) curve gives 3-jet (2-jet) 

cross section divided by cr(
2

} in leading-log approximation 

summed to all orders. 

Fig. 3.15: Thrust distribution(1;cr)dcr/dx
1 

for W = 30 GeV obtained from 

cluster analysis of PLUTO data compared to vector and scalar 

gluon theory. o<s = 0.15, x
1 

;: T is the thrust of qqg final 

state. 

Fig. 3.16: Distribution of the maximum jet energy x 1 (= parton thrust T) 

at w = 33 GeV measured by TASSO compared to QCD { C(s = 0.17, 

full curve) scalar gluon theory (dashed curve) and constituent 

interchange model {CIM, dashed-dotted curve). 
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1 do- -Observed distribution ( /o-) /dcos (!) i~ the region x
1 

( 0.9 

as a function of the Ellis-Karliner angle ~ • The solid l1ne 

shows QCO + fragmentation model prediction. The dashed line is 

the prediction for scalar gluon model with fragmentation, dashed­

dotted line is for scalar model on the parton level. 

Fig~ 3.18: Observed distribution of the MARK J data as a function of the 

variable x3
2
/<x 1

2 
+ x2

2
J. The solid line shows QCO- fragmen­

tation (Ali-) model prediction. Dotted line is for scalar gluons. 

Fig. 3,19: Momentum-space drawing (d-f) of three-jet event in each of three 

projections: (d) = n2-n3 plane,(e)= n
1
-n

2 
plane, (f) = n

1
-n3 plane. 

Dashed lines show calculated jet axis. 

Fig. 3,20: 

Fig. 3.21: 

Experimental data for thrust distribution of hadrons (JADE) compared 

to qqg thrust distribution with 0( "'0.18. s 

Observed thrust distributions of the JADE collaboration for 

W = 30 and 35 GeV compared with various models (a) and (c): 

qq model {dashed curve), qq + qqg according to Hoyer et al. 

(full curve), (b) and (d): qq + qqq according to Ali et al. 

(dashed curve) and according to Lund model (full curve). 

Fig. 3.22: a) Observed (TASSO) sphericity distribution for various energies 

compared to Hoyer model with 5 and 6 (dashed-dotted curve) 

quarks. 

b) Same as a) for thrust. 

Fig. 3.23: Observed thrust distribution (MARK J) for highest PETRA energy 

compared to Ali model with 5 and 6 quarks. 

Fiq. 3.24: The coefficient o( (X) cf the angular distribution 1 + 0( (x) cos'S 
+ - -for single hadrons calculated from e e _. qqg compared to non-

perturbative contribution (dashed curve) with <P~ > = (0.3 GeV) 2
• 

Fig. 3.25: Experimental data for o({x} from ~ASSO for various energies com­

pared to prediction from Fig. 3.24. 

Fig. 3.26~ Kinematics of jet broadening caused by gluon emission. Dashed 

line represents jet axis. 

• 
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Fig. 3.27: Higher-twist contribution to e+e- annihilation into hadrons. 

Fig. 3.28: Double differential cross section d
1

0"""' /dxp~ for various x values. 

Fig. 3.29: The average squared transverse momentum ~p~(x)> of hadrons 

measured by TASSO (Althoff et al. 11983/) compared to QCD 

model based on qqg final state. 

(a) 22 GeV and (b) 34 Gev. 

Fig. 3.30: Average squared transverse momentum <;p~(Z) > as a function of 

the normalized hadron momentum z = ZP;w (Zpb = W) for wide eam 
and narrow jet. (a) low and (b) high energies. In (b) the full 

curve is for gluon fragmentation Dq(x) ~ x~ + (1-x) 1 and the 

dashed curve is for Dg{x) ~ x(l-x). In the lower figure the 

curve are for two different couplings o( : ;\ = 0.2 GeV (full s 
cuxve)and /\= 0.8 (dashed curve)and D "'-" x1 + (l-x) 1 • Data 

g 
are from TASSO. Curves calculated with the Ali model. 

Fig. 3.31: Distribution of the mean squared transverse momentum per event 

with respect to the jet axis, normal to and in the event plane 

as measured by TASSO for W's between 12 and 36.6 GeV compared 

to ad-hoc jet broadening modelS without planar structure ((a) 

and (b)) and with QCD (Ali model) in (c} and {d). 

Fig. 3.32: (a) Diagrammatic representation of the folding of two momentum 

flow polar plots for the final state qqg to obtain a symmetric 

two lobe structure which recoils against the narrowst jet. 

(b) Momentum flo•"' measured by JADE showing two symmetric lobes 

at 180° compared to qq + qqg model (full curve), qq component 

leaking through and "qq" model ,.,ith long fragmentation tail as 

described in the text (dashed curve). 

Fig. 3.33: Variables for energy-correlation function. 

Fig. 3.34: Observed energy correlation function F((J) as a function of 

( 8.:, ?i;,'( in the text) at 34 GeV measured by CELLO. Dashed 

line gives qq + qqg prediction with Hoyer model ( o<s = 0.15) 

and dashed dotted line is for qq model with fragmentation. 
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Experimental en~rgy co~relation as a function of cos~ together 

with fitted QCD predic~ion qq and qQg fragmentation terms. Data 

from MAC-collaboration at PEP ring. 

Fig. 3.36: Asymmetry distribution AS ( ?( l ( f):- ')() at 34 GeV corrected to 

the level of final state particles (no decays) as measured by 

CELLO compared to QCD prediction with Hoyer model (full curve). 

Dashed curve is for qq component only. 

Fig .. 3.37: Diagrams with four partons (qCjgg and qqqql in the final state. 

Fig. 3.38: Diagrams with qqg in the final state to order c<. 2 interfering 

with the diagrams in Fig. 3.1b. 

Fig. 3-39: Diagrams with qCj in the final state to order o< s 2 interfering 

with the diagram in Fig. 2.1. 

Fig. 3.40: Three-jet phase space volume. 

Fig. 3.41: Three-jet corss section for <e,SJ = (0.2, 40°) and <e,dJ "'(0.1, 30°) 

with the Born cross section (O(«sl) as a function of xmax for 

O(s = 0,16 and Nf = s. 

Fig. 3.42: Three-jet cross section for y = 0.04 and 0.01 with the Born cross 

section (0(0(
5

)) as a function of xmax for tXs = 0.16 andNf = 5. 

Fig. 3.43: Three-jet cross section of abelian vector theory (Nc = 0) for 

y = 0.08, 0.04 and 0.02 together with Born cross section Q(O('A) 

as a function of xma:.c for (){A 0.21 and Nf = 5. 

Fig. 3.44: Data of the JADE-collaboration obtained with the cluster analysis 

with y = 0.04 compared to first + second order QCD prediction 

giving «
5 

= 0.16 t 0.01 (x~ -distribution) and 

O(s = 0.16 ± 0.015 (x1 = (xmax)-distribution). The dashed cu~ve 

is the Born c~oss section with O(s ~ 0.16. 

Fig. 3.45: Data of the JADE-collaboration obtained for (e,Sl = (0.2, 60°) 

cuts compared to abelian vector gluon theory in MS renormalization 

scheme for three different coupling constans O(A. 

,, 

Fig. 3.46: 
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JADE-data for <B,&l :o (0.2, 60°) co'llpared 

theory in the low-order-scheme defined with 

x
1 

= 0.825. 

to abelian vector gluon 
1tcr>d0Jdx1 for 

Fig. 3.47: Asymmetry cross section AS(cosX) as predicted by first and second 

order QCD with (S,Sl = (0.2, 30°) and C(s = 0.14 compared to 

CELLO data at W = 34 GeV. 'l'hese data contain still fragmentation 

effects. 

Fig. 3.48: Sphericity distribution from TASSO-Collaboration. Dashed and solid 

line are respectively results of simultaneous fits in first and 

first + second order QCD with Hoyer model fragmentation and 

( S., 0 l ~ (0.2, 40°) for 2-, 3- and 4-jet separation. 

Fig. 3.49: Same as Fig. 3.48 for planarity distribution. 

Fig. 3.50: Same as Fig. 3.48 for <P~,o\lt> distribution. 

~ig. 3.51: Asymmetry data of MARK J-collaboration compared with predictions 

at parton level (curve) for o( 
5 

= 0.13 and predictions for two 

fragmentation models (Lund, Ali; histogram) for the best fit 

values o<.s. 

2 
Fig. 3.52: The sum of three-jet (O(O(s )) and four-jet contribution to A

1 
(T) 

as a function of T for y = 0.04 andy = 0.001 together with lowest 

order contribution A
0

(Tl. 

Fig. 3.53: A
1

(T) for different thrust bins as a function of 1;y. The dashed 

lines are the asymptotic values of A1 (T) obtained by Ellis and 

Ross /1981/. 

Fig. 3.54: A1 (T) for different thrust bins as a function of 
1/E. (.S. = 1(1-cosf)). 

Fig. 3.55: Three- and fo~-jet components of A
1

(T) for y 

as a function of T. 

0.04 and y 

Fig. 3.56: First (C(cosX)) and second order (D(co~)) QCO prediction for 

energy correlation cross section as a function of cos' for 

<t.,O> = <o.t5, 1so> and ce,J> = co.os, so>. 

0.01 



,, 
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Fig. 3.57: First (A(cos~)) and second order (B(coslll QCD prediction for 

asymmetry cross section as a function of cosX for (e , cf)~ (0.15, 15°) 

and <C. ,Sl "' (0.05, 5°). 

Fig. 3.58: 

Fig. 3.59: 

~ 
JADE-data about narrow jet mass ( L/W2 } distribution. 

' 
Acoplanarity distributions ( 1/o- )da-/dA for e +e ... ~ qqgg (full 

+ - - -curve) and e e --). qqqq (dashed curve) together with leading log 

approximation (dashed-dotted curve) for e+e-~ qqgg. 

Fig. 3.60: Integrated four-jet cross section as a function of acoplanarity 
+- - +- --

cut-off A
0 

for e e ~ qqgg and e e ~ qqqq separately. Ratio 

0""'(4-jetl to 0'"'"(3-jet) as a function of A
0 

for T cut-off 

T
0 

== 0.9 in 0"(3-jet). 

Fig. 3.61: Acoplail.arity distribution (
1/o-J 0

0fdA for e+e- ~ qq (full curvei, 
+ .. - +- - --e e ~qqg (dashed curve) and e e -:)ooqqgg + qqqq (dash!?d-dotted 

curve) with fragmentation according to the Ali model. 

Fig. 3.62: Average je.:. measured < 1-T>, < S) , where S :c sphcrocl.ty and 

<A> for lowest order QCD without fragmentation compared to 

nonperturbative contributions from qq final state including 

effects of weak decays as a function of w. 

1 do- 1 dc::r; Fig. 3.63: Experimental distributions ( /crJ /dD
3 

(a) and ( /c;J /dA (b) 

for all events from the JADE-coll~boration. o
3 

and A are calculated 

from measured hadron mom!?nta. Histograms represent QCD predictions 

without (L23 J and with (L24 J qqgg + qqqq final states ( /L: 8t) 

including fragmentation. 

Fig. 3.64: Diagrams for vacuum polarization of the photon up to fourth order 

in g. The eleventh and twelveth diagram of the g4 diagrams contains 

also the contributions of the gho$ts and the four-gluon coupling. 

QUarks I 

u 1/2 

d 1/2 

s 0 

c 0 

b 0 
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r, s c b Q B 

: 
112 0 0 0 2/3 '!3 

- 112 0 0 0 - 1/3 1/3 

0 - 1 0 0 - 1/3 1/3 

0 0 1 0 2/3 1/3 

0 0 0 - 1 - 1/3 1/3 

Table 1.1 
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Collaboration a 
Jet Definition Variable •• (first order) a s (first and second 

order) 

s 

CELLO 0.14 :!: 0.02 ± 0.03 

x, 0.208 ± 0.015 0.163 ± 0.010 
Invariant Mass JADE 0.16 ± 0.015-± 0.03 

x.L 0.205 :!; 0.013 0.158 ± 0.010 

MARK J 0.13 :!; 0.01 ! 0.02 

Angle 6 x, 0.196 ± 0.013 0.170 :!: 0.010 

I Energy e: XJ. 0.195 ± 0.013 0.175 z 0.012 
--~~-

TASSO 0.168 :!". 0.003 .:!: 0.03 
L-_ __ 

Table 3.3 

Table 3.1 

Gauge Nf MS I MS MOM/ MS MOM'; MS MOM"; MS 

3 2.66 2.46 2.10 2.33 
Landau 

5 2.66 1.85 2.07 2.33 

Collaboration Indep. Frag. String E-E Correlation 
3 2.66 2.07 1.83 2.69 

Feynt::tan 
CELLO 0.155- 0.20 0.235 - 0.28 0.15 - 0.25 5 2.66 1.51 1. 76 2.76 

JADE o.20 ~ 0.015 ± 0.03 
Table 3.4 

MAC 0.20 ~ 0.01 ~ 0.02 

MARK II 0.19 7. 0.02 
; 

a " a 
Ren. Scheme A GeV s/"'11 _2. (1.,. K·~) R 1'! r. 

MARK J 0.16 w• 0.19 
MS 0.166 0.0434 0.0531 3.86 

PLUTO 
. 

0.15:!: 0.02 
MS 0.442 0.0524 0.0563 3.87 

~ 0.03 

MOM 0.817 0.060S 0.0570 3.88 

TASSO 0.194 :!: 0.005 

I ~ 0.03 MOlt.' 0.914 0.0623 0.0569 3.88 

Table 3.5 
Table 3.2 

,, • 
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