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Preface

In the last ten years our understanding of the nature of the strong interactlon
force has changed considerably. Toc a large extent this has its origin in our
belief that with guantum chromodynamics (QCD), the gauge field theory of quarks
and gluons, we have now available a solid, well defined, theory. In the sixties
Theory of Jets in Electron-Positron Annihilation 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 wéy for QCD, presum-—
ably we would consider: (i) the discovery of the scaling hehaviour of deep
irelastic lepton-nucleon scattering and its interpretation through the parten
model, {ii) the discovery of additional quark flavours, the charm and the bottom
quark, and the interpretation of corresponding hadron states in terms of simple

G. Kramer

IX. Inmatitut fOr Theoretische Physik der Universitit, Hamburg, Germany petential models based on the confinement hypothesis and (iii) the discovery of
guark and gluon jets in electron-positron amnihilation into hadrons. On the
theoretical side it was important to recognize that non-abelian gauge theories
are renormalizable and that quantum chromedynamics is asymptotically free. These
two properties opened the road for the applicaticon of perturbative theory which

' was so sucessful in gquantum electrodynamics. Furthermore the originally apparent
contradiction, the guark-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 and gluons inside hadraons, as revealed in deep inelastic 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, Geep inelastic lepton-
nucleon scattering, u+u'—production in-hadron—hadron collisions (Drell-Yan process)
and production of particles with high transverse momenta and of jets in hadron-
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hadron cellisions.



We can distinguish two fields for applying QUD perturbation thecry which are
only indirectly connected. Cne is predicting the evolution of structure .
functions of hadrons {or decay function‘s of guarks and gluons} in deep-inelastic
lepton-nucleon scattering and in hadropn-hadron collisions. This {* evoluticon
essentially followé from summed perturbation theory in the leading logarithm
approximation. The other field consists of the theoretical analysis of iet
phenomena in teyms of QCD‘ pe:i:urbation theory at fixed ordey, For the first sub-
ject, the theory of structure and decay functions many reviews exist. We mention
a few: Altarelli /1982/, Buras /1980/, bokshitser, D'yakonov and Troyan /19807,
Ellis and Sachrajda /1979/, Field /1978/, Marcianc and Pagels /1978/, Petermann /1979/
Pennington /1983/, Politzer /1974/, Reya /1981/, Ross /1981/, Sachrajda /1982/.

55ding and Wolf /1§Bl/. In some of thesé reviews alse jet phenomena are considered.

It seems generally agreed upon that e+e"—annihilat‘.ion into hadrons is the best
laboratoxy to investigate the production of hadron jets. In e+e--annihi1ation 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 hadrons in the initial state (with mere or less known structure fu_.nct:ions)
producing beam and target jets which overlap with the perturbative QCD jets we

are interested in. Sco far most of the empirical information on jets comes from
eﬂe"-—am;ihilation experiments. But also on the theoretlcal side the analysis of
jets in e+e“—annih11ation appears to he very much advanced. Here, many results

on higher orders in QCD.per'turbation theory have been cbtained in the last three
years. Therefore, in this review we shall restrict ourselves toa representation of
the theoretical considerations for the analysis of hadron jets produced in ete -
“anpihilation. We hope that the prdcedures outlined for this particular process

may be useful also for the interpretation of jet phenomena in the other more com-
plicated reactions menticned above. Some earlier reviews of QCD jets are Hoyey /19807,

Kramer /1980/, Schierholz /1979, 1981/ and Walsh /1980/.
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1. Intreduction

1.1 Cuarks with Colour

Since Gell-Mann /1964/ and Zweig /1964/ introduced quarks as the elementary
building blocks of all hadrons our understanding of the complex hadronic world

of protcns, neutrons, pions, kaons and all the other strongly interacting particles
has increased remarkably. Quarks are spin 1/2 particles, so that a quarks g and

an antiguark g build mesons {(qg) and three guarks make baryons (gqq).

To explain the whole hadron spectrum as it exists to-day we need five guarks of
different flavour: u, d, s, ¢ and b quarks. They differ in their masses and in
their przperties concerning electromagnetic and weak interactions. Their quantum

numbpers I, I s, ¢: b, Q and B are listed in Table 1.1. The u, d guarks transform

3
as a dewvitlez under an almost exact SU(2) flavour group, the u, 4, s transform

as a triglet under an approximate SU{3) flavour group, u, 4, s, ¢ as a quartet
under a zrzxen 5U(4) flavour group and so on. The quark flavours, charges and
baryon suckers determine the flavour of all hadrons, their isospin quantum numbers
I, 13, their strangeness s, theilr charm ¢, their bhottomness b, their charge @

and their raryon number B.

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

near 150 ¥ev, of the ¢ quark 1200 MeV and of the b quark 5000 MeV. These masses
are not very well known. They are just parameters which quarks would have as

masses if they could be produced as free pagticles, Since this is not the case,
the masses cannot be measured directly and their values depend somewhat on the

more indirect definition of the mass parameters.

In additicn every quark u, 4, s, ¢ 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 gquarks must have ancther degree of freedom



in additjon to spin and flavour was revealed by the symmetxy problem of baxyon
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 quark§ depending
whether one considers the A++, A- or Q_ baryon, c;n be teotally symmetric
in their spin, spatial and flavour properties, as one expects for the grouhd
state and yet satisfy the Pauli principle, i.e. obey Fermi-Dirac statistics. The
antisyrmetry of the wave functicn comes from the colour wave function which is
the antisymmetric combination of a red, green and blue gquark 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
coléur singlets although each is huilt of celowred quarks. This construction
explains why mesons, being celecur singlets, behave as if made from just one

q§ pair and baryons as if made Ircm a qgg configuration. Further hints for the
colour of quarks come from the ctserved decay rate for o za’and the cross
secticn for e*e-—annihilation inte hadrons which will be discussed in detail in
chapter 2. These physical observables count the number “c of guarks of each

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

That the idea of guarks is more than a toocl for constructing hadrons was made
apparent by the expeximents 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 Wt or 2, hitsa nucleon (Fig. 1.1). If its
momentum i high enough its wavelength is smaller than the size of the nuclecon
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
accurs in such a way as if there are constituents - parteons - inside the hadron

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

Bjorken and Paschos /1969/) These partons are found to have spin 1/2 and all

the other properties of guarks. Therefore the lepton scattering can be described
such that the virtual photon, Wt or Z with squared mass q* € 0 scatter on the
quasi-free quarks bound in the mucleon. The final state consists then of two jets,
the current jet which i3 the quark (g) jet and the target jet equal to the
digquark (gg) jet. But, however, hard the quarks inside the nucleon are hit, the
quarks never appear asymptotically as free particles. The quark and the diguark

jet must fragment into hadrons which then are cbserved in the detecteor.

The fact, that quarks never seem to come out as free particles whereas hadrons
do,is in aécord with the colour assignments discussed above. Only colour neutrals,
i.e. hadrons, are asymptotic states. All colour non-singlets, i.e. quarks,
diquarks etc., cannot apcear asymptotically. They always must be bound into
hadrons, iZ.e. they are c¢ornfined. This means that quarks are strongly bound in-
side hadrons. What is responsible for this very strong binding? Evidence that

a nu¢lecn contains not just three quarks came from the experimental fact that

in deep inelastic lepton scattering the charged constituents of a nucleon carry
only half of its momentum. An electrically neutral parton carries the rest. This
is identified with the gluon. Quarks are assumed bound by exchanging gluons.

Por example a red quark interacts with a green one by exchanging a red-antigreen
glucn. These glucns are flavour neutral and do not participate in the électro-

weak interactions.

Sinte guarks have three colours, there are nine types of gluon. All éx<ept one

- the singlet gluon - mix under colour transformations, The singlet gluon may
have a coupling to guarks 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 gq. This leads us directly to quantum chromodynamics, the gauge

theory of guarks and glucns.



1.2 The Lagrangian of Quantum Chromodynamics

Quantum chromodynamics (QCD) (Fritzsch and Gell-Mann /1972/) is the theory which
describes the interaction of a triplet of coloured guarks with an octet of vector
gluons by a Yang-Mills gauge theory {(Yang and Mills /1954/). The quark fields

are spiners qc(x) which transforming as the fundamental representation of SU(3)
have colour quantum numbers ¢ = 1, 2, 3, The gluon fields A:(x) transforming
according to the adjoint representation have a = 1, 2, ..., 8. The SU({3) colour
transformations are generated by 3x3 matrices ™ fa=1, 2, ..., 8 (Ta = %-;ta,

wherve the ?La'é are the well known Gell-Mann matrices (Gell-Mann /1962/)). They

soey the commutator relations

abec
[ Ta; Tb] = 2 f 7° (1.2.1)

with fabc being the structura constants of SU(3). The Lagrangian density for

OCD has the follcwing form

@

A A, — ' A -y ’
X =-Z ?.;cy s 4 7(‘}2«'3 - ””)? (1.2.2)
where the field strength tensor

a a a e pb 4
AR AR A S

and the covariant derivative

D

= 3* - 0“? 7‘“4:(*.) (1.2.4)

g is the bare coupling constant of the theory and m the bare mass of the quark

field q{x). The gluons are massless.Bysplitting {1.2.2) into a non-interacting
part and an interacting part one can read off the Feynman rules from which one can

caleulate gquark-gluon processes perturbatively in g.

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

formation defined by @ 2(x)
q) —> 4(x) + ¢ T0%x) 9(x)
Fle) —> Gex) - ¢ G000 T20%x) 2.5

a a abe A4 c 4 2
A/,., (x) —> }‘Z“ (x) - f @ (x-)/;.,.,(x‘) +g—§ug("')
The requirement of local gauge invariance leads to the unique Lagrangian (1.2.2}
which severely restricts the otherwise possible interaction terms between quarks
and gluons. This gauge inwariance is also crucial to make the theory renormali-—
zable (&' Hoeft /1971/} and so yields sensible predictions for physical processes

at high enerxgies.

Locally gauge invariant theories like QCD are difficult to quantize because the
fields AE(X) are gauge quantities and therefore exhibit extra non-physical degrees'
of freedom with must be dealt with. The most convenlent procedure for quanti-
sation is Feynman's path integral formalism. For review of this topic see Abers

and Lee /1973/, Zinn-Justin /197%/, Bechér, BShm and Joos /1981/ and Itzykson

and Zuber /1980/.

The structure of QCD is similar to that of Quantum Electrodynamics {QED), the
only successful field theory we have. In QED, which is an abeljan gauge theory,
the right hand side of (1.2.1) vanishes and the charged matter fields transfozm

under gauge transformations by simple phase trasformations, i.e. U{1) transforma-
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tiens. In QCD, being a non;ahelian generaljzation, the guarks transform under This Lagrangian is complete, It centains also the gauge fixing term proportional
the more complicated SU(3) colour group and the vector bosons, the gluons, now ’ to M , familiar from QED, which is reguired to insure a proper guantisation
carry c<olour charge toco. ' procedure, M = 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,

The Lagrangian (1.2.2) is written in terms of the so-called unrencrmalized . .
however, contain$ too many degrees of freedom for a physical massless vector

fields qi(x) and Aa(x) . The calculation of scattering matrix elements or other . .
" ) rarticle. So it includes an unphysical scalar component which must be removed.

physical quantities yield finite results only if the theory is renormalizeg.
To remove these unphysical states is achieved by adding a Fadeev-Popov ghost

This means, the infinities of the theory are absorbed into the basic constants a :
term involving frl (x). These occur at all places where there are gluon loops.

of the theory such as coupling constants and masses which are renormalized to
. The propagator of the ghest field is also read off from (1.2.7) as well as the

their finite physical values. Therefore these coupling constants and masses must .
cocupling of the ghost field with the glucon field. The ghost field has the re-—

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

. normalization constant 3
perturbative QCD is well known from QED, The fields are multiplicatively re- ’
normalized, i.e. ¢ne defines renormalized fields q_ and Afl In gmomentum space the frea propagatoxs have the following form
e T .
)
9 =2Z,*q - > 2 W
Fa r quarks propagator — — Yab

@ o™ (1.2.6) M 4 b nf P
_ .2, ) .
qu - Za ’4/"';'" glucn propagator WW‘I z S 5:53 (-?ﬂ_p +V%f"-&%%

- a
£ @m*
a b Py 4
22 and 23 are renormalization constants of the quark and the gluon field re- ghost propagator — == = = — — —y —z {1.2.8)
4 27 #

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

following form The gluon and the ghost are massless. COf course the ghost field does not appear

4 Z‘ 2 ‘4‘1 9 4“)2 s Z (3&/44,)2' as an external particle. The vertices, i.e. the guark-guark-gluon vertex, the
£ =-3 3(/"-’/% Z <3 (% sn ’

three-gluon vertex, the four-gluon vertex and the ghost-ghost-gluon vertex are

~ £ abe @ b i G
+ 23 (?qfaa:?a)r — Z5 g f (/4/“ /41.! 2 A ’ ” also obtained from (1.2,7). They are represented in momentum space in Fig. 1.2

' b’ , ~ 1, b \ together with the fundamental vertex in QED for comparison. This figure shows
2 prabe pabc’ b AC Amb pPc 2 1(“”‘ ) '
—é:- ZJ f f (/4/",4}) ;4 ,4 i i +Z '23 g /- 4.7cjr that the structure of interactions in QCD is much richer than in QED. Because
- . Z Z% ( _ qu4¢ of the non-—a.l?elian nature of the gauge interaction even the thecry without
+ZL (7 (‘fl’“a“, - M) ?)" + ? ’a 3 ? LT ? r fermions has interaction, the three-gluon {ggg) and the four-gluon coupling (gggy).

(t.2.7



The gquark-gluon coupling (&qg) is similar to that of QED, It contains in

a
addition only the colour matrix T® = 3 - Given this coupling by gTa, gauge
invariance requires the ggyg coupling to be proportional to the commutator

g[Ta,Tb] and it is related to g fabc

. It is essentlal to recognize that all
vertices contain the same coupling constant g. With the propagators (1.2.8}

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

- a
The vertex qT ”uazq is renormalized with the renormalization constant 21 such

that the renormalized coupling 9, is

g = 22,2 "4

v 2%3 1 (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 9, can be defined

alse 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—l) the
terms in (1.2.7) without interaction are isolated. The"terms‘pfépo;tiénal.to
(zi-l) determine the subtraction terms which cancel the ultraviolet divergent
parts cf the Feynman diagrams. For reviews on thé renormalization of gauge

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

It is generally assumed that QCD is responsible for the strong force which binds
quarks and glucns in the hadroqs. This must be a very strong interaction, seo
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.

1.3 The Coupling at High Energies

If the QCD Lagrangian (1.2.2) is evaluated in perturbation theory, f.e. by a
power series expansion in g, it describes a world of coloured quarks and gluons
with free guarks and gluons at t=» 100 | gince free quarks and gluons are ;ot
cbserved 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 q* are scattered on quasi-free guarks and gluons which exist inside

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

on an almost free quark is interpreted as the zeroth orxder approximation (g®} in
the gquark-gluon coupling constant. The next higher order in g leads tc the
enission of an additional gluon or to the scattering of an almost free gluon with
the production of a gq pair (see Fig. 1.3). How should we interpret this per-
turbation theory in g knowing that the coupling of quarks and gluons is so large
that it produces confinement? At this peint we remember that g is not uniéuely
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 cowupling 9, {this point will be c¢onsidered in more detail in
chapter 3). This parameter pu can be chosen such that the perturbation series,

for example for the precess in Fig, 1.3, converges best. In deep inelastic
scattering this parameter is chosen p? = ¢*, where g° is the squared momentum
transfer. Of course this makes sense only if g1/4f¢' = U(s(q’) is sufficiently

small, In QCD this is the case for large enoughg® which we shall discuss next.

In guantum electrodynamics we are used to consider the fine structure constant
) .
- S /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

T .
vertex with all three particles on the mass shall }%‘ = p’h2 =mn} and g = (r:—p&)z =0
{see Fig. 1.2a). This is only one of many possibilities to define the renormalized

charge. Any other values for the momenta pl, Py ©X q cduld be chosén. Suppose

2

we are interested to work with the coupling & which is defined for pl? =-p22 =m,

but for arbitrary ¢* # 0. This coupling o (q®) is related to the usual coupling & ,

which we denote 0(0 = (o) , by the following expression - considering only the

lowest order term in an expansion in &, and assuming g’>> m*:
2) = o (A . 2o /&.(‘?z/ &))
x(qt) = % ir e (1.3.1)

This relation is obtained from the vacuum pelarization contribution te the photon
propagator in Fig. 1.4a. Calculating also the higher order terms in “o , shown

in Fig. 1.4b, in the leading logarithm approximation’ we obtain terms proportional

”
2
to (O(o &V(q/ﬁé'»«hich can be summed with the result

o,
xKC9?) = > (1.3.2)

o 2
1= 3 (V)

In QED the summation of the series in the form (1.3.2) is not essential since
0(° = 1/1.37 is very small so that even for very large ¢* the first few terms
of the series in «o are sufficient which, of course, are taken into account in
. e ; L 7% +)x4, .
the higher order radiative corrections, For 3"’ Mg [= the approximations

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

of Kig?) for « -»o0 can be made.

2
In OCD the behaviour of the renormalized coupling ¢onstant “s =9 /4m as a
function of ¢ = (p-p"')z is completely different. The reascon are the additional
1

interactions of the gluon which are absent in QED. Suppose the QCD coupling has
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been defined at the scale p, where the renormalization has been performed. Then
the relation between “s(q’), 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° the relation between O(S(q’) and 0(5(11’) is
2
Ascq*) = 0(5(/'"")[4 + ﬁi’:(ﬁ'-“ +%*4*{f)’d‘“(?//“z)] (1.3.3)

2
The terms in the bracket in frontof 1n3 /u* correspond to the three diagrams in

fig. l.4¢c. For Nf & 16, where N_ is the number of quark flavours, the sign of

£
2

the factor of 1nY /u* is negative, opposite to the QED case. This sign change

ccmes from the second diagram in Fig. l.4¢, the 2-gluon c¢ontribution with two

transversal gluons. Then summing all higher order contributicns in the leading

logarithim approximation yields the result (Nc = number of colours)
o (2 ¢ 5]
- () -z 9 a.]
AsCq%) = “s(}u‘)[/f + v (3—/14: 3/]4-‘) (//{") (1.3.4)

Since the coefficient of ln.q: /u* is positive, the limit for ¢ -»9® can be
taken with the well known result O(S(q=) ~» 0, This means, that if in a

process a scale ¢’ appears which is sufficiently large, then the coupling
constant X s is small. This property of QCD is called asymptotic freedom

and was dexived the first time by Gross and Wilczek /1973/ and by Politzer /1973/.
For 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 encugh energies perturbation theory may be sufficiently convergent.
Zow large q* should be depends on the proper scale, i.e. on the value of O(s

Tor a particular g' = u* which must be determined by experiment. Furthermore only
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afi:ex higher order corrections for a process have been computed’ it is known
how the kinematic variables of the process are related to the effective o
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 “s is defiped by the formula

oo (a*) 4
s(q = o 3 z (1.3.5)
- 2

(4. - $4) 4 (1/02)
This formula contains the same infoxmation as (1.3.4) concerning the q* depen-
dence of O s Only the boundary conditions are different, in {1.3.5} & s = GO
for ¢ = A? whereas in (1.3.4) 0(5 = O _(*) for ¢ = u'. The parameter A
gives us the measure for the value of & s Of course (1.3.5) is useful only
for ¢ D A ? since nonleading terms in the leading logarithm approximation

are neglected. Later we shall see that A % 0.5 GeV, so that O(S becomes

small for ¢ P> A ‘eg 0.25 GeV"

Using ds(q’) instead of O(S(u’) as perturbative expansion parameter has the

effect that specific contributions are summed up to arbitrary oder in & s(u»‘).

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

vanish, Therefere in this limit the results of perturbative QCD approach the naive
parton model, But we must keep in mind that ds(q’) Is effective only for the
elementary scattering process in terms of quarks and glucns and not for the
transition processes quark or gluons &P hadrons. The idea therefore is, that
only this elementary scattering process can be calculated in QCD perturbkation
theory and the decay functions of gquarks and gluons or the structure functions

of hadrons must be supplied by other means, The calculation of such transition

amplitudes hadron £ quark or gluon can be done nonperturbatively only since

it helongs to the confinement region with small effective g*, i.e, large o 8"

It is jmportant te 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 mechanism for the production of jets
in e’e” annihilation are calculable in QCD 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 epergy jet phencomena:

(i} quarks with spin E/Z exist as colour triplets
(ii) gqluons with spin 1 exist as colour octets
(1ii} the coupling ggg exists

{iv} the couplings ggg and gygy exist

{v) the coupling constants in (iii) and {iv} are egqual

T (vi) the effective universal coupling g decreases with

increasing energy scale like lng®.
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2, Electron-Positron=-Annihilation inte Hadronjets.

+ -
2.1 e e ~Annihilation in the Parton Model

The notion of jets in e+e- annihilation is closely connected with the discovery
of Bjorken scaling in deep inelastic electron-nuclecn scattering in 1968 at
SLAC. As was already mentioned in the in the introduction, the experiments.re—
7ealed that the inelastic electron scattering proceeds in such a way as if the
zpacelike (g* ¢ 0) virtual photon interacts with peintlike constituents of the
~ucleon, the partons, now identified with u and d quarks inside the proton orx

~eutren {(Feynman /1972/).

The .eguivalent process with a timelike (g* » 0) virtual photon is the e'¢” anni-
milation inte a quark-antiguark pair: e & - a3, 45 shown in Fig. 2.1. in this
simple model the virtual photon, produced by the annihilating leptons, creates

a quasi-free guark and antiquark, which have the tendency to move with opposite
directed but equal momenta away from each other, This is prevented by the con-
Zinement forces, so that at much later times (t & 1 Gevul) the quark and anti-
guark transform with unit probality inte hadrons. These hadrons should come out
roughly with the momentum direction of the original quark and antiquark, so that
wwo distinct particle jets with oppesite directed momenta evolue, This simple
picture (Drell, Levy, Yan /1970/ ; Cabibbo, Parisi, Testa /1970/: Berman, Bjorken,
Togut /1971/) had its early support from the fact that the total annihilation
cross section for hadron production is given by the sguare of the quark charxges

2

2

4"'“2' A fZQ; (2.1.1)

6" (efe” —> 99 —>Aadrons) = =

where the sum 'f£' is over all active flavours which come in Nc colours, Dividing

. - -
ty Flee — u+u } we obtain the famous ratio R
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i for f=ud,s
_ c‘(e*c'—-yz-f) z /%Q for f =1¢,d,s,c
" cy‘(efef-a7u§h7)

I
0
M
ML
i

4‘%[. ﬁr f:u,d,g}c,é (2.1.2)
L for fruascbt

A recent eomplicatizn of all measured R values is shown in Fig. 2.2 where the
transiticns from r:zgyicns where the {u, &, s) quarks are excited to the (u, 4, s, ¢)

and to the (u, d, 5, ¢, b) regions are clearly visible. The largest deviaticn from

the values in (2. 1. ooours above the charm threshold, which might be due to
avstexmatic measurs-snt errors. A recent R value for 7.4 S W { 9.4 GevV is

- . . 1
2 =3.37 % 0.06 7 0,13 (Niczyporuk et al. /1982/) in good agreement with 0/3.

An averzge R value Zor PETRA energies (30 € W < 36.7 HeV) is (Wolf /1982/):

R(W = 24 Gev) = 3.96 ¥ 0.10 (2.1.3)

Wnen comparing this R with {2.1.2) we must take into account that for large W the
nattral currents ¢S the weak Lnteraction, i.¢. the Z-exchange, alse contribute
to e'e”—3 g, which is not contained in (2.1.2). At W = 34 GeV this amounts to
AR = 0,03 if sin‘67f= 0.23, which must be sgbtracted from {2.1.3) if we want to

ccopare with (2.1.2;, {see Wolf /1982/).

We see that the exgerimental results for R are remarkably consistent with (2.1.2}.
This not only shows the consistency with the standard charge assignment, but

also reveals the ntbher Nc of colouxs in equal to 3.

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

telds in quantum chre nanics in the limit W' @0 | Therefore it provides not
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=cly a test of this underxlying theory of the quark-gluon interaction but it
serves also as a demonstration of renermalization-group-improved perturbation

<neory {Appelquist and Georgi /1973/; Zee /1973/; Politzexr /1974/),

Sther presumed properties of the simple parton medel are: (i) The produced
tadrons Lave a limited transverse zmomentum By relative to the direction of
zcmentuxn 5f the origimally prezzuced guarks, This means, the produced hadrons
zcme out as jets. (ii) The inclusive cross section as a function of the hadreon

—cmentum p scales according to

ax W

(2.1.4)

do’ ot 2 A
= "'z % & Df(r)

+ - .l
wrare (in the e e center-of--zss frame g = O)

x = P/P?M = A/O/W (2.1.5)

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

Samctions Fl(x) and Fz(x) in deep inelastic lepton scattering. The function

o)

B

{x} measures the probability of finding a hadrpn of type h emerging from a
Tzark with flavour f. A comparison of single charged hadron spectra for energies
=p ta 34 GeV can be seen in Fig., 2.3 (Felst /1981/). In the comparison we notice
3eviaticns from the scaling property (2.1.4). This means that D?(x) depends also
oW = . This secaling violation should be seen in analegy to the scaling
Tiolation in the structure fupctions Fl(x,q’) and Fz(x,q‘) observed in inelastic
Zepton-nucleon scattering. Of course the scaling (2.1.4) or its weak violatijon is
o he expected only towards the boundaries oé phase space, i.e. for larger x
values. This is the guark fragmentation region in contrast to the so-called

current fragmentation region near y & 0, where y is the rapidity variable. This

kS ¥
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is defined with respect to the momentum direction of the originally produced
quark-antiquark pair giving the longitudinal momentum from which y is ¢alculated.
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 (Weolf /1981/).
From this, i.e. no increase cf (1/u'}d°’/dy near v & 0 with increasing W, it
would follow, that the multipiicity would grow only legarithmically with W as

in ordinary hadron collisons at low enexrgies. Fig. 2.4 shows clearly that this

is not the case. The plateau near y= O rises with increasing energy. Therefore
the multiylicity muet xise stronger than lng®. Recent analysis show that the

. + - s : .
average —ultiplicity of charzed particles in e e annihilation hehaves like

<n_. P =2-2.21ng" - 9.18 (lng*)? (2.1.6)

ch
The dererndence of the multizl:-city <fnch:> as a furction of W = V?; is shown
in Fig. 2.3 compared with sc=e other model predicticns (see figure caption)
(Wolf ;1931/). But the strcnysr increase than a + b lng® is clearly seen in

agreement with the increase =f the rapidity plateau near y2 O.

2,2 First Experimental Evidence for Jets.

Although the production of jets in efe” annihilation as a manifestitation of the
process e+e_—ﬂ> qa was suggested by Bjorxken and Brodsky /1970/ it was not earlier
than 1975 that they were discovered experimentally, when high enocugh center-of-
mass energies W became available at SLAC's ete” storage ring SPEAR. At low
energies it was not possible to see  jets because the two jet cones were too
bracd. Let us suppose that the transverse momentum Pq with respect to the jet

direction (which, theoretically, is the momentum direction of the promoxdial quark)
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is limited and that the =ultiplicity grows only log;rithmica-ily as in (2.1.6)
the jet cone becomes narrower and narrower with increasing energy W. Let £n)
be the average particle multiplicity, <pT> ang

- W

—_ S22

<Ppu> = <p> PN

the average transverse anid longitudinal hadron momenta, then the mean half angle

<8> of the jet cone (see Fig. 2.6)

2,2.2)

8> = SPr> o <prd<ny
W

A
<p> W

This means that the jet cine opening argle decreases wizh increasing total
2" energy W like 1/W. Tnus, for example, for W = 4 GeV the measured charged
oultiplicity if roughly + i(see Fig, 2.5), giving a total multiplicity of nearly 6,

sc that with <PT> = Q.32 GeV we get
<E> = o4% X 30° (2.2.3)

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

aven at W = 4 GeV each of the two jet is broader than 8C° in average.

Jets were first seen in e‘e- annihilation experiments at SPEAR with the MARK II
Jetector 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 earxly work the jet axis was defined in terms

of sphericity introduced by Bjorken and Brodsky /£970/ which is
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S IR
> Ip”

men

<
i
J

(2.2.4)

' -»>

In {2.2.1) the Pjp Axe the transverse particle momenta of all particles in an
event relative to an axig which is chosen in such a way that the numerator in
(2.2.4) iswminimal. Comparing (2.2.4) with (2.2,2) we see that the sphericity S is

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

~ 3 <pr> <n>”

(2.2.5)

<S> X 33 < 8>

The first experimental data for the mean sphericity are shown in Fig. 2.7. They
come frocm the SLAC-LBL grecup (Hanson et al. /1975, 1980/) and represent the first
evidence for jet formation in e*e_ annihilaticn. The mean sphericity is xoughly

+ -
constant as a function ©f the total e e energy Ec o

1

W up to 4 GeV and then
decreases with increasing Ec.m. . The solid and dashed cuxves show the Monte Carlo
results for a jet model with <pT> = 315 MeV and for a simple phase-space medel.
At lower energies ( _{ 4 Gev), where <{py> is of the same order of magnitude

as {pT) both models predict the same average sphericity. Bbove 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.B we show a

recent complication of experimental data for § > for energies up to 36 GeV
{Wolf /1982/). We see how <5 » decreases with increasing W. The decrease of

&£ 8> is, however, much less than predicted by (2.2.5),which is < s> "‘-1/Wz .

1
The data decrease more like <S> ~ /W!/2, since <3 is a measure of the
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square of the half jet opening angle Sintroduced in{2.2.2) {(£s5> = -3— (J‘))

(see (2.2.5}) according to Fig. 2.8 < &> decreases from <&> 2 30° at
W=5GeV down to <& = 17° at W = 35 GeV. That <&D 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 <§*>  because of (2.2.5).

In order to disceover the two back-~toc-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

. doy
energy. If, instead, one studies dPr at an already large, but fixed energy,
the 2 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 shown for
W= 7.4 GeV together with the data,which, of courxse, are well described by the

model with & limited transverse momentum P+

A similar comparison is shown in Fig. 2.10. Here the measured sphericity
“
distribution ¢$ at 3.0, 6.2 and 7.4 GeV is compared to calculated distri-

buticons of the jet model and the phase-space model. At 3.0 GeVv

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 low S favoring the jet model over
the phase space model. But the distributions in § are still very broad and to

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

possible via direct éomparison with model predictions,

These findings were confirmed later with the DORIS ring at DESY with somewhat
higher energies near the T resonance (Berger et al. /i98la/, Miczyporuk et al.

1981/7) .

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 which was produced at W = 31.6 GeV is reproduced in
Fig, 2.11. The small transverse mcmenta with respect to the jet axis are easily

visible.

Other tests of the guark-parton model, as for example, 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 gquark structure of the jet in
e+e_ annihilation is the —easurement of the angular distribution do’/dcose of
the jet axis with respect to the beam direction. Xt is well known that the
distribution for the preduction of massless spin 1/2 particles is (see for

example Gatto 1965/}

FA
do’/ﬂ&cos@ ~ A+ @37 (2.2.6)

+ - -
The formula (2.2.6) applies also to e e --» qq 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.

Bll experimental measurements 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 beams. This makes the determination of
the 9 -distribution more feasable at these low e+e_ energies. With transverse

polarized beams the angular distribution has the following form

dofyg ~ 4 + %050 + & RP sml cos2¢

(2.2.7)
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In (2.2.7) Cf is the azimuthal angle of the jet axis with respect to the
storage ring plane and P+ and P_ are the polarizations of the e+ and e beams
respectively. The n;easured 45 distributions (averaged over é ) for 6.2 and
7.4 GeV 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 coszqﬁ behavicur. From this

measurement the value & = 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 Ceollaboration 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 @ -aistribution at higher ener-
gieé 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 walue of & (Elsen /1981/}:

& =1.04 ¥ 0.16 (2.2.8)

does not have a better accuracy than the SPEAR 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 nature of the guarks produced in e'e” annihilation is
analogous to the verification of the Callan-Gross-relation (Callan, Gross /1969/)
in deep inelastic lepton-nuclecn scattering: Fz(x) = ZxF1 (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+eh anpihilation It is clear that there exist alsc
ﬁode!.s with other input which would describe the data, For example, the {1+cos* @)
angular distribution could be explained via the production of two rescnances

with opposite normality {= parity - (—1)5, where § is the spin ¢f the rescnance),
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like 7!:'(4)’ Uﬂz ets. (Kramer and Walsh /1973/). But in such a model, with
increas.ac 2nergy, always new resonances with the same property must appear

which iz rather un’:-kely, Actually in the data of the SLAC-LBL-~experiment no

[
I

evidenc cr any structure in the mass distributien for three—prong, charge

=% jets, was foumd. Therefore we must conclude that there is no evidence

for cozz:its rrzdusz-=on of rescnances which could lead to jet structure in the

majority I The evsIts.

We conclLaie that ths results of the SLAC-LBL experiment and the experiments at
DORIS ars iz genera® agreement with the predictions of the quark-parton medel

and its zs:szs Ihat no cther model of sufficient simplicity exists which could

It is clz=r tnat with the higher PETRA energies many more tests of the q& pro-

~zve been performed, We mention in this respect in particular

fragmenczziz= regit=s ¢f the two jets. (Brandelik et al. /1981/, see also

Peterson 1251},

For largs czough exsrgies new effects appear through interference of photon and
Z excharge. This oodifies the angular distribution by adding a term proportional
to cos @ wtcse strength depends on the charge of the produced guark. A recent

reference is 3chillsr /1979/.

2,3  Orn Jet ¥easures,

In sect. 2.7 we have seen already that it is important to have variables which
measure the -etsiness of an event or even more complicated measures which allow

to say whether a had-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 considexr some other jet .
variables which will appear at variocus places in this review. Actually sphericity
appears in a more general context if we consider the sphericity tensor S"‘,G

(Bjorken and Brodsky /1970/})

3 P Pis
S - S

(2.3.1)

In (2.3.1) the index i runs over all particles of an event and By pﬂ are the
momentunm components of a particle (%, ﬂ = 1, 2, 3). The mcmentum tensor S“/‘
can be transformed into diagonal form. This way one obtains the principal axes
> > > )
‘nl, Rys Ty with corresponding uigenvalues Ql, Q2 and Q3. The Qi are ordered,

-i : s
Q! < Q2 £ Q3, and normalized so that Qt + Q2 + Q3 = 1, Then ny is the axis

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

the sphericity as defined in (2.2.4) is

=3 -gp =3 2.3.2)
s = 3” 93) B 2(Q1 * Qz’ N N . (2.
and the sphericity axis is equal to ?\'3. 8 = 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 91 + Q2 + Q3 = 1 only two of the eigenvalues are needed

to characterize an evint., For example one can take S and the so-called aplanarity

Ap

- F
A 3 3 . % /P’“T': 0“'*/
f) = z a,’ = —2: Migs Z }-7)-.& )
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The aplanarity Ap minimizes the transversal momentum I:'T'out with respect to a
plane. Events with small Ap are almost planar events. }?1 is normal to this

plane, in which -nz and -:3 lie, The variables of an event given by its values

for Ql’ Q2 and Q3 can be plotted inside a triangle 2s shown in Fig. 2.14 where
events obtained by the TASSO-Collaboration at PETRA are plotted. In this triangle
blanar events are found in the strip with small Ap values, 2=jet events have in
addition also small $. 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 T rescnance, has the virtue that the eigenvalues Qi angd the princi-
pal axes .:i and from this § 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 determinastion of § and Ap. Also it is not jinvariant
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 ‘9°-)1t’*'7t_:
©or by fragmentation, for instance g g' + meson,into twe 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 inf;:ared safe. These quantities are all

nade out of linear sums of momenta, The best known examples are

" % /ﬁ:[_j

Thrust 7— = X p— (2.3.4)
: 3 pef
&
> XL
/ 4\* . Z. /P‘:r/
4
Spherocity ) =(‘E) mih = {2.3.5)
2 1Pl
¢
—» 2
. Z /P(:T out/
Acoplanarity /4’ = 4 Mim £ ! (2.3.6)

bl
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For thrust, which was introduced by Brandt, Peyrou, Sosnovski, Wroblewski /1964/
and rediscovered by Farhi /19774 the thrust axis?: is defined in such a way, that
the longitudinal m?menta P;r, withrespect to this axis are maximal. Thé values

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

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

for spherocity 5° the ‘;;T’ is minimized. Itlies between 0 and 1 for confi-
surations from cellinear 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
s

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

zetween 0 and 2/3.

Ia conpection with the' analysis to verify the existence of 4 QCD-jets in Chapt. 3,
+ o~ - + - - —

i.2. contributions e e —» qqgg and e & —¥ gqqq , we shall enccunter the variable

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

fined by

2 Ifiy | =553, fi)

D, = 2 max
S 1pd

3

(2.3.7)

-
In (2,3.7) the P, are the projections of the particle mcomenta p; on a plane
-
rerpendicular to the thrust axis and n is a unit vector in this plane, fixed in

such a way, -that the quantity in brackets is maximal. Thus D, measures the momen-

3
tum distribution of an events in a plane normal to the thrust axis. For a symme-
trical momentum distribution in this plane we have D3 = 0 because of the odd

>
power of cos-& (n,ﬁIT) in (2.3.7). Therefore for 2~ and 3-parton final states

O3 = 0. In the 4-parton final states we have two separate classes. In the first

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

- 3f -

respectively. Then D = 0. for this ¢lass because of the.symmetfic'distribution.

3
In the cther ¢lass one high energy parton is on one side of the plane and the

three others come out on the other side, so that D, » O (in general © £ D3 £ 0.323),

3

Varicus other jet measures have been constructed, For.example, a generalization
of thrust to three clusters instead of two, called triplicity (Brandt, Dahmen
/1379/), or jettiness (Wu and Zobernig /1979/). Fpr algorithms to determine some

i these guantities and the problems involved on'sﬁould read Brandt, Dahmen /1979/.
For an algorithm to detect four jets one should alse consult Wu /1981/. See alsc

Bopp /19797

2.4 Fragmentaticn of Quarks and Gluens,

2.4.1 Fragzentation of Quarks.

Even at the highest PETRA energies achieved so far the angular width of jets
caused by the finite transverse moRentum of roughly 350 MeV is still of the

order of zé? = 400, In'order to infer the momentum of the primordial quark

frzm experimental nadron distributions, or the other way around, to compare

the predictions of zerturbkative QCD with measured hadron cros; sections one needs
prencmenclogical models which similate this jet broadening, i.e. describelthe
fragementation of guarks and glueons into hadrons in a as realistic way as possible.
Tie hadrconizations effects are supposed to fall off with increasing energy W like

1

VW, but with a coefficient that implies a rather important modification of per=-

turbation theory predictions at presently accessible energies.

Ir this section we want to describe briefly the fragmentation of gquarks, We
encountered 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



authors of this paper described the gquark jets in terms of a limited-transverse
ocmentum jet model (van Hove /1969/}. In this model the phase space was modified

by a matrix element squared of the form
-+ 2\
z .
M = ex?o{-._ (%‘: Per )/.2,5‘} {2.4.1)

where ;;T is the momentum perpendicular to the jet axis for the i th particle and
o 15 a parameter chosen torreproduce the average transverse momentum of 350 MeV
ohse!véd in therdata. The sum is over all produced particles. The assumed jet
axis angular distribution was of the form (2.2.8). The generated events had only
pions with the charged and neutral multiplicities given by separate Poisson
Zistributicns. $Similar models have been werked our and applied to the interpre-
tation of e e high energy data by Satz /1975/, Burrews /1979/, Eichmann and
Steiner /1973/, Engels, Dabkowski and Schilling /1980/ and Clegg and 5onnachie

1982/,

The model which is the most frequently used in data anﬁlysis{ however, is the
fragmentation model of Field and Feynman /1978/ which we shall describe in some-—
what moxe detail. This model is more flexibel than the modified phase space model
Zescribed above. In particular different quark flavours, all sorts of particles
and the fragmentation of gluons can be inceorporated guite easily, Furthermore

its phencmenological constiuction rests much more on intuition kased on quantum

chromodynamics than the uncorrelated jet model.

Quarks and antiquarks in a hadron (meson = qa. baryon = qqq) are usually considered
as relatively free to move around in a region of the size of a hadron of

1 fm = (0.2 Gev)-l. In the process efe qd, where g stands for u, d, $, ¢,

Se € quark an e antiquarks aquire a large momentum - , Su cien
b quarks, th k and th iquark i 1 *¥/2, sufficient

to escape frou the troaduction point. This would result in the appearance of
fractional charged particles, which, however, are not cbserved. This is usually
expained by stating that the quarks are confined in the hadron, i.e. the forces
(V{x) ~ r cxr F ~ccnst.) prevent the escape of the guarks and are responsible

for sorting ocut guatTum numbers so that only colour-singlet objects appear in the
final stare. Zecause of confinement, which is certainly & nonperturbative
phenomenszrn, a strirg 3f gluon fields develops between quark and antiquark. , which
at later ti—es Drez«s u1p into further quark-antiquark pairs, which then transform

inte mescns =& bharvons and their antiparticles. The final result is the trans-

formaticn “or fragmsxtation) of the quark into a jet of hadrons. Thus the
appeararze 22 hzdrin -ets (as orposed to free quarks) and their properties is a

cemrsequencs oI puare

onfinement and cannot be described by perturbative QCD, In

Terturbaticn theory we can predict only the distribution

the fracewsrx 22 QC
of gquarks,

distances

N + - - .
antigquarks and glucms into hadrons observed as final states in ¢ e annihilation.

In the Field-Feynmam model the jet formation proceeds through a succession of

fundamental crezkups 2f the form

quark =M mesen 4 quark (2.4.2)

in which the meson ~sztaining the original gquark and a new quark jet is formed
which breaks up in the same way. The first quark a9, with momentum P, is combined
with an antiguark &1, which together with a quark 9 is produced cut of the vacuum
{equivalent to breaxur of the string), to a meson (= qo&1) with momentum Po leaving

the quark a9, with momentum Py =P

o " Po behind, which then breaksupin an equiva-

lent fashion. This is shown schematically in Fig., 2.15. At each step the quark
zomentunm Jecreases. when it falls below a critical value ¥ Ny the process stops

and the last z:ark =as nc momentum left to escape. Then the jet is complete.
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P,
i co ok
One assumes that the distribution ¢of the relative momenta z = /pi is inde—

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

completely phenomezclogically by the ansatz

f{z} =1 -a+3a (1 =-2z)? {2.4.3)

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

(E ~2,)
2= ———t meson (2.4. 0

(B -2y )quark

This way rapidity distributions at different jet energies can be compared zcre
easily. The transverse momenta piT of the quarks in the c¢hain are calculated

from the gistributicn

{(2.4.5}

2
- pr/ec*

in such a way that the transverse momenta of q; and ai compensate each other. The
transverse aomentiumm PiT of the mesons follows from the sum of the transverse

>
2
momenta of the built in quarks and antiquarks and has the average value ‘:'72}_:>
. .
= 203",
7

Further free paradeters in the Field-Feynman model are the ratio for the spins

of the g pair in the meson, which is

pseudoscalar mesons (2.4.6)

pseudoscalar + vector mesons

(resonances with higher spin than § = 1 have not been taken into account yet)
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and the ratic of flavours for the sea gquarks Gyr Dyr oene which are chosen
according tou : d: 5 : ¢ :b=2:2:1:0;: 0. The parameters a, a& and

r were fixed in the original work of Field and Feynman by fitting inelastic
lepton=-nucleon scattering data. For applicatiens te e+e— annihilation these
parameters are fitted again. The resulting values differ somewhat from the original
Field-Feynman parameters a;d are: a = 0,5, cﬂa = 0,33 Gev, r = 0.5. It is im-
cortant that these parameters are determined from lower energy data (W < 22 GeV)

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

thase space where 2-jet production dominates,

Recently the fragmentation of heavy quarks, ¢ and b quarks, has been investigated
in some detail from the theoretical (Bowler 1981/, Peterson, Schlatter, Schmitt
and Zerwas /1983/, Jones and Migneron /1983/, Anderson, Gustafson and Séderberg

‘1983/) and the experimental side [Althoff et al. /1983a/, Adeva et al. /1983a/).

2.4.2 Phenomenclegical Models for Quark and Gluon Fragmentation.

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

into hadrons starts with the preduction of a quark q, and an antigquark &0 with

a specific flavour 9, =u, d, 5, ¢ and b and egual and opposite directed momentum.
#hich flavours are excited depends on the center-of-mass energies, Above W = 11 GeV
all five flavours c¢an be preduced (see Fig. 2.2 ). In the Field-Feynman model the
suark qo and antiquark ao fragment independently of each othexr in the way as
;escribed in section 2.4.1., The cascade ends, when the xemaining energy does not
saffice for producing one more pion or kaon. The colour charge and cther quantum
mumbers of the last quark are compensated with the last antiquark in the q° cascde

which then gives the last meson produced, so that the picture locks like Fig. 2.16.



In the production e'e —# cC and e'e” -~ bb the finite quark masses are taken
inte 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 (Behrendsetal. /1983/), so that the theore-
tical values can be revised. The lowest D and B mesons decay weakly. The decays
are also built into the Monte Carle programs, either on the basls of empirical
information (Particle Data Group /1982/) or using model calculations based on
the weak decay of quasi-free quafks, in particular for the weak decays of b
quarks b-» c +a +d, ¢ + ¢ + s etc, including semileptonic decays (All /1979/,
Ali, Koérner, Kre;me: and Willredt /1979 a, b, ¢, d; 1980/). In more recent appli-
cations the fragmwentation of qo and ao into barvons is also taken into account
on the basis of simple model considerations {Meyer /1982/). All this input is
built into the Monte Carlo program and complete final states giving all the
hadrons and photons with their momenta and guantum nusbers are produced. These
are ccrpared with experimental data and from this the free parameters like a,
o'q, r etc. of the fragmentation model are fixed {Brandelik et al. /1980a/).
With the complete event structure at ones disposal ome-can 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 ¢ and b quarks. (Hoyer,
Osland, Sander, Walsh and Zerwas f1979/, Kramwer /1980/). These T-distributions
vanish for T-—31 caused by the nonvanishing masses of the produced hadrons.
Purthermore they become narrower and narrower with increasing W as one expects

since

<A-T> = <_L_;>W<”> (2.4.7)

so that the width of the curves should go down like <n>/w. We should notice,
however, that for W = 10 GeV the width of the T-distribution is quite large which
Deans that at this low 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 qgg in detail.

In order to establish the existence of a third jet, the gluon jet, one needs a
oodel 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
oxdel of Ali, Pietarinen,: Xramer and Willrodt /1980/ and the model of Andersson,
Gustafson and Sjdstrand /1980/. These three models, which have been used quite
extensively for the interpretation of high energy e*e_ hadren production will

De designated as Hcyer, Ali and Lund model, In the following we -shaJ.l describe

these models in soce Zetail in order to understand differences in the inter-

]

pretation of experizenral data.

the basic formulas,Zrom which the contribution of the quark, antiquark and gluon

intermediate state {3gg) to the hadrom final state is calculated, will be considered

. in the next chapter. There we shall show, that the qag 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 achievedby introducing a
thrust cut-off 'I'o = 0.95. This means, that only for thrust calues TS ‘I‘o, where

T is the thrust of the qag Statef the q, <_1 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 qgg phase space with 'ro ¢ T £1 it is assumed that it is part

of the 2-jet contribution which is calculated from e+e—-—-)- qc-; 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 multipljcity is of the order of 30%, In some appli-
cations the qqg contribution is reduced further by demanding that each parton

has at least an energy of 2 GeV (see also Odorice /1980/).

In particular, in the Hoyer model some further simplifying assumptions are'made
for the fragmentation of the gqg State, The gg part in the g3y state fragments

in the same way ;s the q& state in e+e_-—}-q§ aceording to the Field-Feynman model
except that the momenta of q and & are different and are determined by the cross
section for e+e_-—¥-q&g. Furthermore it is assumed that the gluon fragments inde-
pendently like a single quark with f£lavour neutrality achieved by selecting the
.right mixture of quark flavours. The fragmentation parameter a in [2.4.3) for

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

the quark as one éxpects it.

The model of Ali et al. differs from the Hoyer medel mostly in the gluon frag-
meéntation. Here the glucn splits intc a gq pair g —> qq with the splitting

function

fg(z) = % (z2 + (1-z)%) (2.4.8)

which is motiv;ted by perturbative QCD (Altarelli-Parisi splitting function,
Altarelli and Parisi /1977/). Then the gg system produced by the gluon fragments
according to the Field—Feynﬁan model with Og 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 corigirating 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. Purthermore the contribution of 4 parton preducticn:
e+e_-q>q§gg and e'e"=—p gggq was taken into account. These contributions were
allowed to fragment in the same fashion as the q&g state. Similarly to the q&g
state only those parts of the q&gq and q&q& intermediate state wére included
which produce genuine 4 jet final states, This was achieved by Intreducing a

cut-off in the acoplanarity A, which was A = 0.05. This way the infrared and

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

In the model of Anderxsson, Gustafson and $jdstrand the gluon fragmentation is
based on a consequent application of the string picture. Between the produced
quark and antiquark the Zield lines of the gluon field are squeezed into a string.
Mesons and baryons with sheir masses and transverse momenta are produced by
breaking up this string. The gluon in the q&g intermediate state is considered

as a local transversal excitation of the string, which is connected with g and &
via gluon field lines. This local excitation breaks up by erissionof a fast mescon
in an antiguark a" and 2 quark g' which take over the rest of the gluon momentum.
&" and q' are connected through gluon field lines with the original quark g and
antiguark q so that two new strings q&" and q'a are formed, They break up into
mesons (or baryons if considered) in their respective center-of-mass systems.

The fragmentaticn, in particular the limitation of the transvere momentum, follows
the field lines between <g'' and aq' but not directly between g and g. This way
the produced particles have their momenta lie along hyperbolas between the three
jets, gg, gq but not gg, as is shown in Fig. 2.19, After the fragmentation the
momenta of the produced particles are transformed back from the gg'' and ggq'
center-<f-mass $ystems to the e+eh center-of-mass system. This choice of a
different coordinate system for the fragmentaticn has the effect that more

particles are emitted in the direction of the quark and antiquark momentum and
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less in the direction of the gluon momentun compared to the other two models
(Hoyex et al. and Ali et al.} where quarks and glucns fragment completely inde-
pendently of each other. (See also Montwvay 1979/ who considers a completely
arbitrary coordinate system.) This effect increases with the masses of the
produced hadrons, For massless particles, i.e. practically also pions, the
Lorentz tfransformations between the two zsnter-of-zass systems have less effect

than for particles with larger masses lice kaons znd protons.

The limitation of the 3-jet multiplicity iz achieved in the Lund medel somewhat
differently than in the Hoyer and Ali medzl. The parameters for the calculation
of the 3-jet rate are based on the strinz picture znd are such that the 3-jet
rate lies near 60%. Furthermore in the cr:oginal work the longitudinal fragmen—
tation is not given by (2.4.3) zut by c¢znzr dore c:cplicated functions which are
justified by one-dimensional QCB and the siring pizture {Andersson, Gustafson
and Peterson /1979/, Andersson and GustaZscrn /1987 7, Andersson, Gustafson and
Sjdstrand /1982/). In most of the analysss with the Lund model done by experi-

mentalists these functions are again replaced by (2.4.3).

In all three fragmentation models one basic ingredient is the impulse approxi-
mation, This means that the probabilities for thé emission of mesons and baryons
calculatéd on the basis of given distributions like (2.4.3) and (2.4.5) are

added togéther and not the amplitudes for the production of particles from primor-
dial quarks and gluons asthe laws of quantum theory demand it. Presumably the
effect of neglécting interference texrms is small for the production of a large
number of particles. But this has never teen checked. The summation of probabili-
ties can be justified for the emission of soft glucns in the leading logarithm
approcimation of perturbative QCD, Whether this approximation is relevant for the

hadronization of gquarks and gluons is still zn open suestion. Several authors have
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developed hadronization models on that basis: Odorico /1980/, Mazzanti and
Odorice /1980/, Fox and Wolfram /19807, Rittexr./1982/, Field and Wolfram 71982/,
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 phencmenclogical models. For the QCD motivated models which axe

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 us

3.1.1 Introduction

In this chapter we shall consider all Feynman diagrams which contribute to - ¢ross
sections for the annihilation of e'e” into quarks and gluons, i.e. ete"—» qq,
q&g. qc_igg and q&qc-;. We shall explain how the contributions <f all these diagrams
should be interpreted, in particular, to which jet multiplicity they belong

and how the c¢ross sections for a specific number of jets look like.

We start with the diagrams which contribute in the order g* where g is the
q‘uax;k—gluon-coupling constant and (Xs = v /4%°. These diagrams are represented
in Fig. 3.1 a,b. The graphs in Fig. 3.la represent the virtual corrections to
the amplitude e+e_-> q&. They are Of O(S) and are multiplied with the amplitude
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{ds) results, The diagrams in Fig, 3.la, there-
fore, determine the O(NS) corrections to the 2-jet cross section e+e-—> qfi.

As is well known each ¢f the diagrams in Fig. 3.la is ultraviclet divergent, i.e,
the integrals over the virtual momenta k diverge for k—p00. This divergence
cancels, however, if the contributions of all three diagrams are added. This must
be sorsince the electromagnetic charge of the quarks is not renormalized by the
quark-gluon interaction, Th.e three diagrams remain divergent nevertheless because
of the behaviour of their integrands fox k=3 0, which is the well-kpown infrared
divergence caused by the masslessness of the gluen. Such infrared divergences

appear in perturbation theory for all theories with massless vector particles.

These infrared divergences cancel if one adds those contributions from the process

ete™—p qqg which have also these infraved divergences. This will be discussed

later. Because we shall assume, that also the guarks 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 divergence. This singularity comes about
because the virtual gluon (with momentum k) in Fig. 3.ta can be collinear with

the outgoing quark (with momentum Pi) 50 that the invariant scalar product

24p, = 2 ;2//,5:/ (7 - cos9) (3.1.1)

#hich appears in the denominator of the quark propagator vanishes for 0+ 0.

To controll 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 Hooft and Veltman /1972/ (see also Bollini and Giambiagi /1971/). 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 o s
are the well-known gluonbremsstrahlung diagrams in Fig. 3.1b. From these the cross
section for e+e_—) gqg in lowest order 0(5 is caleulated. qag is now a final

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, Gaillard and Ross

/1976, 1977/. In the following section we shall give the results for various

, + - - X s
cross sections for e e — qqg and shall derive several distributions of interest

from it.

n »



3.1.2 Cross Section for e'e” + Gqg.

+ - -
The kinematics for e € = qqg is the same as the kinematics for the decay of a
virtual photon of mass W into three massiess particles. Let us denote the four
vectors of q, g and g by Pyr Py and Py 'respectively. The virtual photon has momen-

tum g, so that q = Py + Pyt Py in particular, in the e*e” center-of-mass system

2
O P - _ ez ~» _ ~
Py * Py v Py =0, Pig * Pyg * Pap = 4, = Wig® = w') and Ipil = p;, for mass
less quarks. Instead of pio we use the dimensionless variable

2p io

x /W, i=1, 2,3 (3.1.2}

i

Then x, + %, + Xy = 2and 0 £ Xy £ 1. Only two of the ®; axe independent. Let

1 2 ~
us take ®y and Xy The kinematically allowed region is the triangle 0 £ xy £1
-and 1-x1 £ x, £ 1 in Fig. 3.2. A1l qc]g events must be in this triangle, It

defines the Dalitz plot for the Jecay of the wvirtual photeon with mass W into
the three massless quanta g, q and g, a’—> qdg The line %, = 1-x1 belongs to

x3=1.

Since all three jets, q, a and g, fragment intc hadrons and only these hadrons
are detected experimentally, it is, without further theoretical imput, not
possible, to identify the jets as guark, antigquark or glucn jet. This means that
for a genuine 3-jet event only the three jet energies Xyr Xy and X, or the angles
between the three jet mowenta can be measured, In this case it is useful to
order the three jets in such a way that always x1 h- x2 > Xqe Of course, x1 does

not denote the energy of the guark jet anymore. It is the jet with the largest

enexrgy. With this ordering x, and X, vary only over the small triangle which is

1
marked I in Fig. 3.2 The other five triangles, II, III, IV, ¥ and VI correspond
to the other orderings x1 > Xy > Xy x2 > xy > xy etc,, which need not to be ’
considered anymore. In the triangle I we have near 2 & 1 those events where the
3 jets degenerate to 2 jets. In the upper corner, i.e. for xl‘.‘.' x

frd fod
o, = 1 (x3- o)

o ‘v
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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 peint Xy ~ 1 and x2"'—" %, so that

also 13“._’ —;-, jet 2 and jet 3 are produced collinear opposite in direction to
jet 1. Only near the point with x s Xq = *y x~ 2/3 lie the real interesting,
genuine 3-jet events. The cross section for the production of these events is
however, much smaller, as it will be apparent below, than for the degenerate

events near X, g,

In the e+e- center-of-mass system, i.e. in the laboratory system of the storage
ring, -q>= 0, the momenta of the three jets, g, c_{ an_d 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 the e+

{ox e )} beam direction.

The calculation of the cross section for

Yea) > 4P + 9Cp) + 3(p3) (3.1.3)

starts from the Feynman éiagrams in Fig. 3.1b. The sum of the two dlagrams yields
the amplitude Tu’ where P 1s the polarxization of the virtual photon. From this

one cobtains the hadronic tensor

7{ = Z 7/:' 7;* ' o (3.1.4)

/41-’

S‘P:'ns, colours

The sum in (3.1.4} is over all spin and colour states of g, & and g which are un-

observed, The result of the calculation is (Ellis, Gaillard and Ross /1976/):
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= 4 & MG
[ {lb 2, P 3.}.‘,, {Pﬁ f’f‘fuu t {P "'I-)o"j/ou]

Py = Lpopbs +LPopfes]

+ B2 [l pipd, e lppls (k]

{3.1.5)

where

{P';;PJ-]/«» = P"/‘“PJ;; + /DJ/a- Piu — /'%/% Guo (3.1.6)

Qf is the quark charge with flavour f, Nc = 3 the number of colours and CI-‘ is
the Casimir operator which appear because of the A, matrices in the quark-gluon
coupling. It is

2
-2 3y =4t
« < A (3.1.7}

In (3.1.5) the ¢uark masses me = 0, From (3.1.5) all cross sections of interest

can be calculated. For this H/.p is contracted with the well-known lepton

o
tensor A for unpolarized electrons and positrons

= [P“) P_]'“u (3.1.8)

where e, and p_ are the momenta of the positron and, electron. respectively. Foz
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unpolarized initial leptons the cross section depends in general only on two
angles 9 and X. In addition it depends on the two scaled momenta xy and Xye
The 9 and X dependence is well-known and has the following form (Hirshfeld

and Kramer /1974/, Avram and Schiller /1974/)

2
O
,9‘ Y I d,

A% 3
U4 cos P
r‘:’ot'fcosﬁ dz"d"ad& ( )

0[0"7- _ 3 y 4%z 6{ (3.1.9)
’9cas£,'¥d ,dx,  2VZ Suntf cos 061"4de

In {3.1.9 9 is the angle between the incoming electron beam and a vector

determined by the final state, which will be specified below. X 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 finsz] state. As vectors, which specify

-
the event plane we can choose, for example, the momenta Py and—gz. Then either

Py is along the z axis and Py X Py along the y axis, this defines the helicity

-

system and 9 and X the helicity anqles,or we can choose pl X -pz as £ axis and

p1 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 G", G‘i. O’T and 0'; have the following interpretation.
a‘ut O"L) is the cross section for unpolarized transverse (lengitudinally
polarized) virtual photons with helicity axis Oz {see Fig. 3.3 where z is along
the thrust axis). O‘fr( o“I) corresponds to the interference of helicity + 1

and helicity - 1 amplitudes (the real part of helicity + ! and O interference).
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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, <_1 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 guark,antiguark or gluon. In
order to obtain the partial cross section do‘;c (X = U, L, T and I) for such a
special coordinate system we need the partial cross secticons for the three cases:
(1) -1.!:1 I 6’2-, (ii) -;?2 il g’z and (iii) ?3' B 53 The T was defined in (2.3.4 ).

For 3 massless particles it is equal to the maximal mementum, i.e.
T = max (xl, Hor x3) (3.1,10}

and the thrust axis is the direction of the largest momentum. Therefore if we choose
as variables Tl, T2 and T3, where the Ti denote the ordered X T1 > ‘I‘2 - T3
we need the cross sections in three kineamtical regions (see Fig., 3.2):

I+II:x1>x III+IV:x2>x1,x3andV+VI:x3> Xyr Ky In

2y %3
region I + ITI (IXI + IV) the thrust axis coincides with the direction ©f the
outgoing quark (antiquark) while in region V + VI the thrust axis corresponds

to the gluon momentum.

Of course, the sum of O"U and O"L which we denote by = O‘U + O"L must
be independent of the choice of the cooxdinate system. It is (Ellis, Gaillaxd

and Ross /1976, 1977/)

0(0’ - C'._ + )Q
dx, dx ax (4—— &) (1= Xe)

(3.1.11)

2 -
where d( ) is the gg cross section in zeroth order from section 2.1

o® = 4”"’( A Z@f : (3.1.12)
3q*

The other partial cross sections are (Kramer, Schierholz and Willrodt /1978, 1979/)

(i ':fl It 3::
4%
L o @ X5 Cr 2{@-x3)
Ax, dx, L X5
2
dzo'-r = 2 dO'Z
ax, dx, 2 dxy dxy
2 %
Aor - gw &[4 T" Kk
aAx, Ay 2r 2 (1= x1) (1- %) X (3.1.13)
(ii} ?2 loz = (1) vith x, € x, (3.1,14)
(iii) }2 i o
2
A9 _ 5@ A Cr i;”i
dr, dr_; 277 x\3
| 2
de 1 4T
dX‘f dx‘b < d)Cf dx},
z % .2 .2
A'ox _ = o) & [ - X3 ] X —Xe {3.1.15)
dx»f dxz’ 4?7[’ 4(4" Xof)(-/’—'k&) X}L

In these formulas the x; (i =1, 2, 3) are the scaled momenta for guark, antiquark

and gluon. Only the vectors which define the hadron production plane have been
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-3
chosen Zifferently, fox (i) ;’1 is along the z axis, ?;1 % Pq along the y axis,

I o > s
for (ii. Py and p, are interchanged and for (iii) P3 is along the z axis and

> >
Py X-py aleng the y axis. Note that it is the term proporticnal to cosx in the

angular cistribution ((3.1.9} which, being asymmetric in X =» X + % (i.e.

> >
Ox ~» - x!, makes a proper definit.on of X necessary.

It is a =zizple matter to derive from (3.1.11-15) the c¢ross sections as a function
of the Z=t variables T1, 'I'2 and '1‘3, where Tl is the scaled energy of the most
energetzc let {= thrust according to (3.1.10), 'I‘2 the scaled energy of the secend

most erzrgetic jet and T, of the least energetic jet. For example, for

3

ao == O"U +d O"’L this distribution in jet wvariables can be read off from

(3.1.1:¢  =and is:

2 2 .
i:dT = O‘a’ﬁic 2 7;2+7;, + 7;"‘+7; . 73-:.*7;:.
T ™ A-THUT) ~ (=To)1-5) " (a=T, )(1-T;)

(3.1.16)

Of course Tl and ‘1‘2 now vary only over the triangle I in Fig. 3.2. Expressions

for the cther cross sections can be found in the paper by Schiller and Zech /1982/‘.

The formulas {3.1.11-16} are derived with quark masses m = . The equivalent
resultzs for m # 0 have been derived by Kramer, Schierheolz and Willredt /1980/
and Laermann and Zerwas /1980/. These formulas must be applied for e+e——) ccg

+ = -
or € e =% bbyg near threshold where quark masses cannot be neglected,

The mcost important formula for the interpretation of experimental data so far
is (3.1.11). From this formula all distributions, which have been considered in

connection with the interpretation of 3 jet events as quark-antigquark-gluon
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production, can be derived. Up to now, mostly only one-@imensional distributions
have been considered, since the statistics of the data was not sufficient to test
two-dimensional distributions. The other partial cross sections 1ike dG’L,
d O'T and 4 O"I have not been measured yet., Some preliminary data for 4 O’L

exist which will be considered kelew,

Before we go on we would like te zcint cut that the cross section (3.%.:11} has
the most singular behaviour if x, znd/or X, “» 1. The singularity for *y and
*y =» 1 comes from the infrared :z:ngular bkehaviour (x3-h- 0} whereas the behaviour

for x, =» 1 or x

1 2—)- ! contains the mass or cellinear singularity. Purther below

we shall discuss how these singulzr contributions cancel against the singularities

in the virtual cdiagrams.

In the following section we shall Ziscuss some cone~dimensional distributions which

are derived from (3.1.11-15;,

3.1.3 Thrust Distributions.

Bs has been remarked already only cross sections for jet variables can be measured
since quark-antiquark- and glucn--ets cannot be distinguished, Such a jet variable
is the thrust T introduced in sect. 2.3 and which for the 3-particle final state
is identical to T1 = max (xl, Xy x3) . To cbtain the distribution in T = 'I.‘I we

must integrate over the second variable in the appropriate kinematfcal domain.

The easiest case is ./dT = u/d'r + ""/drwhich 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 variable. In I and II we have T = X, and
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2(1-1) £ x, £ T, in IIT and IV Xy and x, are interchargzed, i.e. T = x, and
2(1-1) £ x &£ T whereas in V and VI we have T = x; 2nd Z(1-7) £ x £7-

Therefore the thrust distribution is ohtained from The inzegrals:

4 oo -‘Xs o T+x},
B ol fun ot

2(1-T)
T 2 z
(2-T-%) + X
olx, L
(*%+T-1) - Xz) (3.1.17)
2(1-7)
The result of the integraticn is [(De Ruiula, Ellis, Tlsraztss and Gaillard /1978/)

1 do 2 (3r% 37'+z)/&b 27—
) AT 2w T T(7-T) 4-T

3(37=2)(2-7)
e (3.1.18)

{3.1.18}) is plotted in Fig. 3.4. We see that do"/cl’.‘ diverges for T = 1 and

2
decreases strongly with decreasing T. At the kinezatic bc.:ndry T = “/3 (which
is the boundary of I + II in Fig. 3.2) do_/d'l‘ vanishes, Thoe singular behaviour

for T-»1 is given by

4 2K 4
@ ‘&7 = - G A 11T (3.1.19)
o® dT T A =T
T>7

The singularity at T = 1 has its origin in the singilar ehavour of (3.1.11}

-» 1 andfor x_ -» 1.

which diverges for Xy 2

Since (3.1.11) was derived in perturbation theocry as the first term in an ex-

pansion in O(S the formula can be applied only for such regions of the kinematic

1

grated 3-jet cross section could come out larger than the total cross section

E
variables x, and %, for which a o‘/dxldxz is not too large. Otherwise the inte-

2
which is xoughly equal to OJ }. From this consideraticn cone obtains limits for

the variables x, and X,: X

1 5 1+ ¥g £ X, < 1 and similarly for T: T £ To < 1.

These limits, i.e. x and ‘1‘0. will be discussed later in cznnection with the 2-jet
and integrated 3-jet cross section. It should be clear =hat 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 xl, x2 =1and T = 1, respectively, In
this region, unfortunately the cross section is rather l:zw (see Fig., 3.3)}. The
region Xys Xg £ LN and T £ To‘ respectively, is the genuine 3-=jet region and

the integral cver this region is the integrated 3-jet crcss section. Of course

this cross section depends how the boundary is defined {either x Xy £ =

1! o

or T & T, or in other ways).

Whexeas da-;’d‘l’ is not finite for T = 1 and alsc cannot be integrated up to
= 1 mean values of (I—T)n, n=1, 2, ... are finite quantities. Por example,

the mean value of 1-T

L4
S o= T LT 2 r-T)
<=7 @ [/a adT ¢

(3.1.20)

with da-'/dT given (3.1.18) is:
« 3 /.3 — i falT ar-7 )
A-T> =32 Cef ~fdad g5 + 4 =

(3.1.21)

=//-05'—9—<§—
T
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) . -1 do”
In £1-T> as defined by (3.1.20) the singularity (1-T) = <¢oming from /ar

cancels. The remaining singularity for T = 1 is integrabel and a finite value
for <1-T> follows. Therefore one says Li-T> is an "infrared save"
quantity in contrast to the integrals over dc‘/dT up to T = 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 (3.1.20) is not the mean wvalue 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. Therefore (1—T)d°7dT in {(3.1.20) was
normalized with O'-(z), 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

a G"x (X =L, T and I} 1n (3.1.13~15) and integrate over one variable. To obtain
the thrust distributions one has to superimpose the cross sections from (i), (ii)
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 inktegration is
(Kramer, Schierholz and Willrodt /1978, 1979/)

q  do, . x 2 (87~ 3T%4)
o® AT T T 7

1 doy 17 1 do

o™ AT 2 o® AT

4 ‘a-r “3 C ("‘ )(2 P (3.1.22)
= 2 ~2T+2){= Var-1 ~

o™ AT - w F V(T 2T+ 2)(73 Vort ~ =

These cross sections have to be inserted inte (3.1.9) if one wants the full cross
3 a6, = 4o - ‘%’
section ¢ r/dcos& a¥% ar. Of course u/d?' = /Gfr %7.' The partial

cross sections (3.1.22)} are plotted in Fig. 3.5. We see that only %aé the

ol
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original infrared singular behaviocur for T ~»1. ‘/dris finite for T = 1 and
A5y e
in general is much smaller than uAﬂr :/41' is singular at T = 1. But.the

singularity is integrabel. In O(O(s} we have the realtion
ooy = 2 %yt ~
AT Z (3.1.23)

which follows from the same relation for the double differential cross sections

in (3.1,13-15),

The measﬁrement of the angular distribution (3.1.9) wifh the cross sections

do’l/dy‘ (X =0, L, T an‘d I) in (3.1,18) and (3.1.2;2) is a furtl;‘er 4inderpendent
way, to verify the existence of the qc_;g final state in jet production. This way
more details of the hadron tensor [(3.1.5) are tested. do-'/d'l‘ tests the trace of
H/,,u . Whereas %Z/aLT B wr/d,r and da}/drare connected with other pxo-

jections of K/“) .

The complete angular @istribution can be written in the form

2(9,%X) = 1 + «(T) cos’® +/3(7) sm% cosiX + Y (T) Suidf cosX

(3.1.24)

Because of (3.1.23) [S (1) is related to & (T}

pBr) = ::'(”" (7)) . ‘ (3.1.25)

0f course, this would be an important test. & (T), [5 (T) and J’(T) are plotted
as a function of T in Fig. 3.6 (Koller, Sander, Walsh and Zerwas /1980/) & (T)
approaches 1 for T = 1, i.e. the angular distribution approaches the characteristic
behaviour 1 + cos’e as for q& production. The deviation from the I + cos‘ﬂ

behaviour are most prominent for small T values near the lower boundary T = 2/3.
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The cross section dOZAg_ etc. and similaxly ©& (T} etc. depend on the quark-
gluon coupling O(S. Therefore the measurement of these cross sections yields
independent information on the value of O(S. The curves in Fig. 3.4 and in

Fig. 3.5 are calculated for W = 30 GeV and A = 0.5 GeV with Nf = 5 { corres-

ponds to “s = 0.2).

The ¢onspicuous and presumably simplest to be measured property of (3.1.24) is

the deviation of the 9 distribution from (l+cos'@ ) if T is decreased. Preliminary
data of the JADE-Collaboratien have been reported by Elsen /1981/. For T < 0.95

(T € 0.90} he found ™% = 0.68 * 0,34 ( & = 0.50 } 0.47). As we can see, these

results are consistent with 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 /i980/, Bopp and Schiller /1980/,
Johnson and Wu-ki Tung 1982/, If the interference with the Z pole is considered
alsc additioral terms appear in the angular distribution. The details can be found
in Schierholz and Schiller /1979/, Laermann, Streng and Zerwas /f1980/, Koller,

Schille.r and Walney /19827, Jersak, Laermann and Zerwas 1982/,

3.1.4 Xy ~Distributions

The thrust distributicen is not the only single variable distribution considered.
. e . z/ r-‘l .
A similar distribution is the one using the transverse momentum ; P_‘_ with
respect to the thrust axis as remaining variable. Instead of Z IP:’ we take
[

the scaled variable

2 Ipt
X = ;__P:{ (3.1.26)
Y,
where i runs over the particles of the final .state. This variable has the same
advantage as thrust. Since it is linear in mementum it is least sensitive to
infrared and clustering effects (Georgli and Machacek /1977/, Georgi and Sheiman

/1979/). For the qgg final state we have, if the thrust axis is aILonng?l (see

Fig. 3.7)

X, = Xysmb, = Xy S O

L (3.1.27)
1,
2 %
=1 (1-x,)(1=%2) (1~ 3) |
since
2 %
Sm B = [(”"‘f)(”“*z)(’{""':i)] (3.1.28)
J X, X

is the momentum of g,

9 , -> e e d
and .. 1s the angle between the momenta p, and p. lp
i3 i 3j 1

-> - -5 -
P, of q and Py of g} and similarly for the other two cases: thrust axis i By

—)
and thrust axis ! P3- In (3.1.27) ¥ = T. The x; distribution is calculated from
Tma.x Z
4 Ao 4 As”
_— = = AT (3.1,29)
o® dAx, o *! AT A%,
T raiae
&g - .
where /de.x_L must be caleulated from (3.1.11) by transforming the variables
%, and x, into T and x,; in the appropriate kinematic regiongI, II etc. in
Fig. 3.2. The limits of integration are T =1-x* and T ., , the solution of
max L min
2 4 z )
X, = ——'7..2_ (4"‘ T;m) (27:.,,;,"/] (3.1.30)
LT
where 2/3 £ < T < 1.
A min max v

Actually x‘J_ is nothing else than spherocity introduced in sect. 2.3. We have

the relation

X .
2 g /
X‘ — ——— S
i 7% (3.1.310)
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In general, the thrust and the spherocity axes need not be identical. However,
they coincide for a three-particle final state, both aligning with the momentum
of the most energetic particle, The double differential cross section da"-’/ch'lS'
has been computed by De Rujula, Ellis, Floratos and Gaillard /1978/ which c¢an

d'o~

easily be transformed into
2,
1 de
o® ATdxr

/dexi with the result:

C,r

4(+-T) (4 e-1)%

{ [ The ke, TR ]+ Q-T=X3) # oy
(-TV-x) — (A-T)(-% ) (T4 %pm1) (1-%20)

(2 T—X}-—) + X z_. JZ
(T’+ Xy ~1)(1 - %2-)

(3.1.32)

where

Xy = 1~ é‘f‘(4 * YA -x*/er-1) ) (3.1.33)

: . 1
x, varies in the interval & £ Xy S / ﬁ The Xy distribution is shown in

Fig. 3.8. although do'/de. diverges as x_L-) 0, moments <x.L n> of x, are

L

finite. For example, for the moment of xi we obtain (De Rujula, Ellis, Floratos

and. Gaillard /1978/)
<X‘_f> = C;: (—-—-—- + ‘4"5"23') 20"‘,’?% (3.1.34)

So in lowest order QCD perturbation theory 1nW? <x_Ln)- 15 independent of W?
2
since “s = 12"V/(?B--Zl*ilf) ¥ /A* 1in the same way as the moments of {(1-m"

(Hoyer, Osland, Sander, Walsh and Zerwas /1979/)
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3.1.5 The Acollinearity Distributions.

Another measurable quantity, which can be derived guite easily from thg basic
formulas in sect. 3.1.2,is the energy correlation as proposed by Basham, Brown,
Ellis and Love /1978, 1979/. See alsc Fox and Welfram /1980/. Experimentally twe
hadrons a and b are observed with energy fractions X, and x, respectively at an

b

angle X to each other. The energy correlation functicn is then

1
A Z _ > fdxq,dxb " a(o‘(e +a,bX)
AwsX  Oup ab Axy &x, oLcosX

{3.1.35)

Experimentally this is readily computed and has the advantage that no jet axis
has to ke determined as it was the case for dc'/dT and do_}dx_,_ . It is also easily
calculakle in perturbation theory, being infrared finite, at least for

cosX # I 1, in just the same way as da-'/d‘l' for T # 1 and dO"/de. for x; # 0.
Moreover there was the hope that {3.1.35) would be less sensitive to fragmen-
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 conservatién,
since a parton must convert all its momentum into hadrons in the process of
fragmentation (see for example Marquardt and Steiner 1980/ . V. This gives

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 xTi in the fragmentation are very small compared to the energy fractions

xi. Apparently this is not the case, at least for PETRA energies, and strong
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dependence of the energy coxrelation 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 corxe-

lations for the basic parton process of Fig. 3.1b. For this purpose we take

eqg. (3.1.11) and introduce instead of x2 the variable ¥ = %(1 - coselzl, where

912 is the angle between guark and antiquark mementum. The relation is

F—x
X, = _— 1 (3.1.36)
4 =% 5

and the transformed cross section becomes

1 A _ % [ Cr—xi)"+ x;’*(/f-x,s)"]
0P deosbpdey, 2w T a(-5)(1-x%3)°

(3.1.37)

In the same way we ¢btain for the cross section as a function of xI and

5 = %(l-cos @ 13.‘p , where Q i3 is the angle between quark and gluon momentum

and
4"‘ X.,
Xy = ————
ST 4-x% (3.1.38)
the expression
. 4L 2 % 2. 4
PR os ~ [R5 U-35)"+ (4+250-5)) 6 U-35) +(-5,)

o® deosby A% ECF 25 (1= 5%,)}(1=x;)

{(3.1.39)

The energy correlation function (3.1.35) for the correlations between quark,

antiguark and gluon follows from the integral

4
1 a4z g f [ A5 A& ]
= o, XK, e 2K Ky ——
o® dcosX 20% 3 Y[ % Y dcos G, dx, +<% 3 dcosB; Ay
(3.1.40)

where cos 9 12 and cos 9 13 must be replaced by cosx = 1—25 and x, and x3 are

substituted by (3.1.386) and (3.1.38).*)

The result of the integration is

4 Jéz 0{5- 3 ‘-2'3

o ®) odcosX T e T 5501~ 3)

[ 2(3-¢5+25% bati-5) + 35(2-35)]

{3.1.41)

The energy correlations are singular for 3'—) 1, which is X9 %~ and §- 0,

which is}( =» 0. The leading singularity is for the opposite side correlations

and has the form

4 Az =% ¢, 4
o® dCos'Xy_y’ 4 A-3 A-%

(3.1.42)
(Brown and Ellis /1981/).

*
)The angle X defined here should not be confused with the azimuthal angle
in sect. 3.1.2,
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The perturbative result (3.1.41) for the energy correlations are quite asymmetric
about X 3‘%. (S 3%) as can be seen in Fig. 3.9 where (3.1.41) has been
plotted as a function of cosX for “s = 0.,20. On the other hand the leading
nonperturbative contributions caused by fragmentation in the process e+e-—)- qc-z )
are expected to be even under the interchange X € W'~ X (54—}4"'5)
Thus, as the energy increases, the perturbative QCD contribution (3.1.41) is

expected to dominate in

4 [ dZ(~cosX) = AZ(coSX)
o® | dcosX oAcosX (3.1.43)

AS(cas?f)

1
with the nonperturbative corrections being of order /W, AS(cosX) is plotted in

Fig. 3.1J. It is large for ¥ £ 50°.

Concerning the nenperturbative contribution one must keep in mind that (3.1.41)
includes contributions where the parton, which is not det'ect.ed, 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 %, = 1}. This would make the result cut-off dependent and much more com-
Plicated. When compa'ring 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 9 and(fof the hadron
plane with respect to the beam axis. The full c¢ross 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 cbtained

after integration over? (P = X in (3.1.9))
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1 d'Z -
o® dcosX oecosd 3'11."

5 G 2-[AG) + cos’ B(5)]

(3.1.44)

where

Als) = - ,’_)[ % 5' “)&(f/—d*sf ii—+§z+ *z]

1 14 ¢, H_n x) 4 18 52,51 9.
B(S’) =2‘_(4:—55-[(5._5 - ‘5—4 + -s-‘;g'-- 51’)&@ 5-) +§¢ '?3"*?“5. (]

{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--—)- q&g only with unpolarized

+ _ _ .
e and e beams. One may ask whether polarized ¢* and e beams yvield additional

informaticn.

: . + - -
To answer this question we express the differential cross section for e e -3 qqg

as a product of the lepton tensor L,“p and the hadron tensor l;“y introduced

in sect, 3.1.2
do = A/“‘ 7//‘” dP | (3.1.46)

where dP denotes the phase space element. We split (3,1.46)} into contributions

from the symmetric an@ antisymmetric lepton and hadron tensor combinations
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& [ U]
do = (A £p-of ’L/[/;p} + A 7 [/‘”3)467’ (3.1.47)

In the cne-photon approximaticnthe antisymmetric lepton tensor can be seen to

receive contributions only from longitudinally polarized beams. One has

Z_[/w] = 5“?’% 8/“,3,,(5‘“.; S"’)??"' (3.1.48)

+ - : :
(+) and S( ) are covariant polarization vectors of the

where g = P, tP and S
pcsitxorn and electron beams respectively. In the center-cf-mass system it has

the sizple form

L[»’J‘] = 'L‘Eéj*‘ Ve (§:)+ E(:) (3.1.49)

with g;:' denoting the degree of longitudinal polarization of the electron and

-
pesitren beams and U is a unit vector in the electron beam direction, Thus to

. - -
detect e antisymmetric part HI}“& one needs longitudinal polarized e~ beams

with §;+)+ f:, #+ 0.

~uite generally, the hadron tensor depends on 5 structure function Hi (1 =1...95;

4 are proportional to symmetric and 1 to an antisymmetric tensor:

ylu.u = (725,«‘» - 7/“?9) H + P:,wfs‘w ’l/.z, t /‘!;4:“/62\:/ 2’13
+ (f;;/“fg" + /5;/‘/;;") 1/"‘ * (f;;/“/;‘:"— ﬁ'/’/a"’) 2/5 {3.1.50)

A
where B - q‘pu -p qqu. This decemposition follows readily from gauge invariance

ql'tﬂ/“,",J = 0 and the fact that only three independent four vectors are at our

disposal (we have chosend., P,

hermiticity of the electromagnetic current, we conclude that H

+ L 4
and p2) . Since we have H/.,p = H‘,/v from the
1 - H4 are
real and H_ is imaginary. Thus, H. is the only hadronic structure function

5 }{15##].

that contributes to ‘it}“PJ

In crder O(S the hadron tensor H}‘p is purely real. Therefore in this approxi-

maticn H. = 0 (as can be seen alsc by inspecting (3.1.5)) and there is no effect

5
from liqkﬁp] # 0. H. appears only in the approximation o(c{sz} and higher. One
needs final state interactions between g, a and ¢ in order to obtain a nonreal
contribution to the qgg producticn amplitude, The remaining four amplitudes in

the sizmetric part of H/‘y correscend to the four ¢ross sections dG‘l'], dd‘i,

dcf% and dcr} introduced in sect. 3.1.2. They all can be determined from measure-
ments of the angular distribution (3.1.8) with respect to the beam axis. Therefore,
transversal polarizatiecn of the inccming beams does not give any information in
addition to that which can be cohtainea from the angular distribution {3.1.9)
already. This fact is well known and is true for all fipal states (Avram and
Schiller /1974/). MNevertheless, with transversal pelarized beams it is much easier
to ceasure the coefficients ™(T), {3 (T) and K(T) in the angular distribution
(2.1.24) than without polarizaticn. 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 peolarize 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

should be possible to measure all sorts of angular correlation coefficients.
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+
Having e beams with general peolarization, transverse or/and longitudinal the
differential cross section for e+e'—> qag has the following form (Hirshfeld,
Kramer and Schiller /1974/, in this reference the formulas were derived for a
general 3-particle final state, see also Avram and Schiller /1974/):
WY
@n)” o o7
dcos@ AXdp drydx,
' “"’u 3 (142 -Xtt)) 9 2
2[(1+2) (14 cos'6) + X5 T2 + 2 (142 -X8)) om0 2%
axydx,

]

+§-{[@+Z) SmY + X(¢)(4+cas’9)]coszx + 2 Y(#) <058 J&LX};;‘%'L

~2[(1+2-X#)) cosb cosX = YGb) 9X ] s LT _

Ax, dx,
3 . . Z
2 Axs dx,
(3.1.51)
@)
The quantitites X, ¥, 2 and L depend on the polarization parameters §X LY, 2
’

X = (5750 - 5757 ) coszp + (KR4 5787 smtd

y(‘” - ({Mf ?'.;“ c-)) cos2d — (;—Cﬂ-);— ‘*’ "')SmZﬁ
z =17 5

+) &)
3.+

L

(3.1.52)

+) s i
§C are the e~ polarization vectors in the ¢orresponding rest frames, i.e.

) %) o)
x and §’ mean transverse and gz lengitudinal beam polarization.
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The labelling of the cross sections do"k (k = U, L, T, I) has been explained
already. d O"’H is the imaginary part of the interference between transversely

and longitudinally polarized virtual photons:

2
»
_‘if'_:‘f__ ~ L Ey(+1) l/'fﬂ 8/3(0) o,B=123
2 {3.1.5%)
A xq dX}'
This cross section is proportional to H. in 3.1.50). As we mentioned already

5

this can appear onrly in higher ordexr perturkatcive contrizutions, In lowest non-

. L} [ty it =0

trivial oxder Of KS) the cross section has th2 form (3.1.51) with X'd& .
. 2

The cross section doi/dr.aﬁxL (k =0, &, T, I) in D(O(S) can be found

in (3.1.11=-15) for three cases concerning ths Zefipiticn of coordinates axes

in terms of final state nomenta.

Actually O“H is particularly interesting fzr testing ICD since it contributes
toe order 0(32 and higher only, being propor=icnal t¢ the imaginary park of
the hadronic tensor, it must involve at least zne loop. Unfortunately O"H
is zero for massless quarks (K&rner, Kramer, Schierholz, Fabricius and Schmidt
/198)/). But a sizable cross section has been predicted for heavy quarks by
Fabricius, Schmitt, Kramer and Schierholz /13532/. Their result was expressed
in a special coordinate system which uses the normal to the event plane as
the z-direction for the hadron system with the special requirement that the

3> > -
z-direction points into the direction P, X Py if xy > x, and P, x Py if x, > *g,
respectively. This convention has been chosen since it should be relatively easy
to locate the heavy quark (antiquark) jets. Since sin 9 sinX = cos‘? P '2 being
the polar angle of the z-direction and the electron beam direction (Pig. 3.11)

equation {3.1.51) reduces for purely longitudinally polarized beams to:
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9 being the angle between the gquark and antiguark momentum to fix the 3-jet

12
A8
d o (4+2) (4 + S 42) % kinematics which are easier to determine experimentally. The predicted
ol cosn dx, dx, ol el m -
7 asymmetry depends quite strongly on the value of  / ﬁf’ as is to be expected.

. For the yet to be discovered top quark the effect should be measurable. For the
?’(41"2)(4""‘5‘ 2 ) l + 3(4.;.2)(44- S:m'tz)dx
1

bottom quark {m & 5 GeV) and 40 GeV center-of-mass enexgy the effect will seill

3 de' be on the percent level,
+ = L cosn _H (3.1.59
VZ ox, af'x4 . ‘ .
According to the two classes of diagrams contributing to O—H' those involving
and 0"1 drops out., the triple-gluon coupling and the QED-type diagrams {see sect, 3.2) R can be
written
The asymmetry in cos ’7 which is proportional to c"H has been calculated in
the form of a quantity R defined by -1 p| A
'fe_-—n(” 2 )pelr (28 24 2 )
: ﬁa' Z z /v 2 2 2 /&
2
2 — (3.1.53;
VZ dx, Ak, Ax, iy (3.1.57

. It was found that, apart from the edges of phase space, where R becomes ve
with the denominator approximated by the dcminant lowest order cross section. The £ ap g P i3 ' ry

small, r, & r_.. Noticing that the first trace in (3.1.57) is equal to (~2)
result for "/ {q_’ = 0.25, where m is the quark mass, is shown in Fig. .3.12. The ' e E g tha ( ) e (

and the second egqual to (- 2/9) ene obtains with the coupling constant relation:

coupling constant is ds = 0.2. Instead of the quark enerxgies ®y and %, the

‘which leads to equal ggg integrated cross sections ®, = g-o( a relation between
variables are thrust T qual 929 s A $ :

the R in an abelian vector gluon theory (R

QAD) and the R for QCD:

2
? = 2 4mYa, X2~ Amipn X L)
max (qu Zi 2 V:, /7 2 3)‘/,(11_4.”@:,4-1/&‘_ 4'"/;; ~ 4 :
rEaaD ~ = 'R@CD (3.1.58)

(3.1.5€)
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.

= zE’/V‘}'z ) Xg+Xp + X3 =2 and

O = 2x,- £x, +‘""")/ ) o e
cos 1:,"("'1"}.-’ X1-Lh * 27 [(x’_?;)(&-ﬁ,)
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3.1.7 Jet Multiplicities and the Total Cross Section,

We learned in the previocus sections that the 3-jet cross section is well defined
cutside the singular regicon Xyr Xy = 1. The same is true for the other cross

2
sections O'U, O'L, O"T, O"I and 0';] One may wonder howda’/dx,dx shoutd

2
be interpreted in such kinematical regions which include the singular regiéns

x = 1 and/for Xy = 1.

In the direct vicinity of Hys Xy = 1 the q&g final state is essentially a 2-jet
configuration, for which x1 = x2 = 1. For x1 =1 or x2 = 1 the quark or anti-
quark momenta are collinear with the g]:uon momenta, $¢ being equivalent to one
parton. For x1 = x2 = 1 we have the emission of a zerc energy gluon, so again

a 2-jet configuration evolves. The situation is familiar from QED. Take, for
example, the reaction e+e-—> u+u_3‘ with a very soft photon in the final state,
Here also, this final state is indistinguishable from a pure u+u_ state. In the
same way we must consider the q&g events with xl, x, 2 1 as 2-jet events and
mist consider them together with the pure gq 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 qc—;g phase space (see Fig. 3.2}

which imcludes fully the lines xl, X, = 1. The most simple boundary 1is

2
14-9 <% ¢ 1, 08X T
‘ {3.1.59)

1-5 < X & 1 0 & % £ 7177

Instead of the variables x,, X, it is more convenient to use squared invariant

masses of two parton pairs, i.e.

?o:,' = (P;'ff)j)z/?l- —~ .z/a.;ﬁ’-/74

{3.1.60)

-7t -

Expressed in ¥ 4 = 1 -x 1 =-x + Yy, = 1} the 2-jet phase

20 ¥a3 = 1 W3 ¥ Yo,

space (3.1.59) is shown in Fig. 3.13. Of course y <-% and we choose y <X 1.

This y0* is the upper limit of the invariant masses squared (p1 + ps)* and

(p2 * p3)2 formed with the gquark and gluon and antiquark and glucn momenta,
respectively. Here the boundary value y serves the same purpose asg the familiar

4 E in GED for defining the infrared photon region. The area near the origin in
Yyyr ¥y plane (y13, ¥o3 2 0,1 - Yi3 " ¥Ya3 2 Q) is the infrared region, whereas
the strips in the vicinity of y13 or ¥y3 = 0 are the regions of collinear singu-

larities.

Or course, the integral of dzd/dx,dxz over the region {3.1.59), i.e. over the

2-jet region of the q&g phase space, diverges because of the infrared and collinear
singularities, However, this part of integrated cross secticn 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. Cther 2-jet contri-
butions in O(Ks) 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 qgg over the strips in Fig. 3.13 together gives a finite

2-jet cross section,

To calculate this sum we proceed as follows. As mentioned already in sect. 3.1.1
we introduce the arbitrary dimension n = 4-2E in the integral to control the
divergences in the integral over the qc-;g differential c¢réss section. This
differential ¢ross section is in n dimensions

Ay S VL. L . 2 -e
Ayn sy o (‘7" ey a7 (95 76 ) Bl 30)

(3.1.6417

where

B3, 923) = B (s, J5) + € B (3, 3)

(3.1.62



2 - I, Im 2
B(?u,?ﬁ) ?23 + 713 + U 7&, {3.1.63)

Bsf?ﬂ,723)= ,;Z + ;33 +Z (3.1.64)

and

&
&) _ ) 47!'/“2') T-€) (3.1.65)
o - / = ( T (z-z¢)

(2)/ 0 is given in (3.1.12). p is an arbitrary mass, introduced to make the
E=0
1/2

‘couplingg = (41;‘0( } dimensionless in n dimensions. Of course (3.1.61) goes

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

grIt 054 = o @ (4np %@‘) " Tte)
(973) ( ) % e

The interference of the virtual diagrams in Fig. 3.1a with the zeroth order

+ -g- - 2,,4,.,? - 34‘3 + 4?&.,? + ?] (3.1.66)

mtJN

diagrams in Fig. 2.1 gives us the O(O(S) contribution of the virtual diagrams

o,2—jet
o= *I%(95) = o (W) K02) ¢ T02)

T4-2¢)
_ '_'2- _ 3 27[2 (3.1.5.7)

In the dimensional regularization method of 't Hooft and Veltman /1972/ the

infrared and collinear divergences appear as poles in & = %(4-n) ( & -2

is the infrared divergences, & -1 are infrared and collinear divergences)
which cancel in the sum of (3.1,66) and (3.1.67), so that the limit & 3 0
can be taken. This sup (for & - 0} is the O(O(S) contribution to the 2-jet cross

section {(Kramer [1382/)

oFi%(y) = o {// + -%5?)&[“*&2?-3&3*1’?47

2
-1 + E
=]
{3.1.68)

In (3.1.68) we included the zeroth order contribution o'(Z) . In O(O{S) c-z_jEt
depends now on y. It is important to notice that in higher orde:.: QCD the 2-jet
cross section can be defined only on the basis of a parameter, in this case y,
which defines the separation of 2- and 3-jet events. This parameter, which has
the function of the A E for photons in QED must be chosen in accordance with
the parameter used experimentally to separate 2- and 3-jet events. The necessity
2=jet

to fix such a parameter for the computation of ¢ in QCD is closely

connected with the infrared sinmgulax behavicur 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 that (3.1.68) can be applied only for y << 1.

our result (3.1.68) is in agreement with the so-—called Kinoshita-Lee-Nauenberg
theorem (Kinoshita /1960/, Lee and Nauenberg /1966/). This theorem which was

originally stated for QED processes says that cross sections for e*e_—-> X Ge-
fined in such a way that the final state X is a sum over all indistinguishable
configurations are finite. In cur case the indistingquishable configurations are

the states g3 and gqg inside the strips of Fig. 3.13.
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The integration of df/dy13dy23 over qqg phase space complementary to (3.1,59),

i.e. the triangle without the strips in Fig. 3.13, yields the integrated 3-jet

3-jet v

cxoss section o

3-9ed - @) o 2 o2
oTINy) = o K G (243+3a3_4343+;,§_)

(3.1.69)

This result is obtained by integrating (3.1.60) with & = 0, the infrared requlari-

zation is not needed. But it is important to notice that 0'3—Jet will always

depend on parameters necessary to Separate the 2~ and 3-jet region, i.e. y in our

case.

The sum of crz_:'et(y) and o's_Jet(y) is the total cress section

= () X 3 (3.1.70)
Tiot o (4 * 2 ZC'L :

o’tot must be independent of y. (3.1,70} is in accordance with the other part of
the Kinoshita-Lee-Nauenberg theorem stating that the fully incluysive e+e_ Qross
section is finite in the limit of vanishing guark 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
'R = (3 ‘_FZ sz')(/’ + ‘:E(-g) (3.1.71)

ozdjet(y)/ﬁ';:ot and QE_Jet (y)/ O"’mt are the 2-jet and 3-jet multiplcities up

to 0(0(3) in perturbation theory. They also depend on y which must be chosen in

agreement with the parameter chosen to divide 2- and 3-jet events in the experi-

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 parametrzation
introduced by Sterman and Weinberg /1977/. They define a 2-jet event in the adg

phase space if the following conditions are satisfied
(1) 0 £ X3 €&

or . (3.1.72)

(il & £ X3 & 4 and 9,3 55‘0"' 9‘33 \<<S\

613( 923) are the angles between guark (antiquark) and glucn mementum. Thus we
have a contribution to 0.,2-3'et( e,S } if the gluon is emitted in a cone of
angle 8 with respect te the quark or antiguark momentum or with an energy
3 £ & % outside the cones. The 2-jet creoss section due to this definition

was first calculated by Sterman and Weinberg /1977/ and is

. . 2
o Tl (e,§) = o-(z){// * %{g’g[— $bs bt

P

- 3.8 _ =t
344 5+ 5]f
(3.1.73}

This formula is correct only for small &€ and & . Terme proportional to &
and & were neglected. The complete formula has been computed by Binetruy and
Girardi /1979/, by Stevenson /1978/ and by Weeks /1979/. From the difference
o‘tot - U-Z-Jet( £, g) one obtains O’SHBet(s;S }. We notice that (3.1,68)

. . 2 _ g%
and (3.1.73) agree in the leading terms if we identify: £ = g = ? D

Which values should be chosen for y or &, J to have a reasonable perturbation

theory? From (3.1,68) we see that g'z-Jet'(y) decreases with decreasing y and
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2-3

may become negative for small enough y. But o et(y) being a physical cross

section must be positive, This shows, that y must be reascnably large; how large,

depends on the value of (X . Similarly 3—38t(y) increases like ln'y with
s o

decreasing y and may become larger than (1+ %._ } for small enough y. This

is also unphysical. So let us define

2:3&& 2-qet
( ) = @ J (?)/0"(2" (3.1.74)
and similarly cj"i:;(y). Then
-Jet 3-7et o(
J (y) + C et (?) # (3.1,75)

so that, up to a factor (1 + :-g yL, (yz—:'zt(y} and o-—3 j: {y} are equal

to the 2- and 3~jet multiplicities., These guantities are plotted in Fig. 3.14

as a function of y-l for °_<_s = 0,05. This is a reascnable value for & o in

T
agreement with experimental determinations which will be discussed in the next
section. Then it follows from the graphs in Fig.. 3.14 that 3 jM:(y) &£ 1 if

red
y > 0.01 . Of course, to have a reasonable perturbation theory’ we require
0’3-2:;(3” & 0.4, For this we need y » 0.03. On the other hand y shouldnotbe
too large, since terms proportional to vy and y?1n’yetc. were neglected in (3.1.68)
and " %% (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 - jet
nave g 1o = 0.29, so that / 6 p = 0.28 and &P 1%/ =012
which is a quite reasonable choice for y. This choice corresponds roughly to

3
& =~ 0.2, 3 /4 = 0.1 in the Sterman-Weinberg definition and yields

iet, - 2=-jet -
ot 0.35 and o~ /c“tat 0.65. .

T =1-vwithy=0.55 is also the most reasonable boundary for single variable thrust
distrizutions. This means that the integration of the thrust Aistribution (3.1,18)
. . 2

in the :izternal “/3 €T £ To yields, up to terms of order y = l-To, the same

integr:zzed 3-jet cross section as {3.1.69).

‘.‘O = .77 was also used in the phenomenological models of Hoyer et al. and
Ali et a2l, for separating 2 and 3 jets in the q&g intermediate state before

fragmezzation.

Trom tz s viewpoint the mean wvalue of (1-T} defined in {3.1.20) or of )E:- in
{3.1.2+ should also be defined with a cut-off. This means <1-—T), for example,

zustka Zzfipned by

n
{A-TY> = fdrﬁ(« T)
7. dtof: 2, (3.1.76)
Ay o -1

This azcunts to <1-T>T 0.59
o

1.05 ?t}' 1o+ % )_1 for T =1 (see (3.1.21)). This way we have an appreciable

+ = =0,
’t'( 1'C") for To 0.95 instead of

reductizz of the perturbative contribution to <1-T>. Therefore (3,1.20) was the
limit =2 [3,1.75) for Té-—) 1, which, however, does not give a reascnable estimate
of the perturbative <1-T> (compared to (3.1.20) we used o;ot ‘instead of °_(2)
for no:raliz.;ation in (3.1.76}). Of course, the remaining contribution of 1-TD>
is nomperturbative and can be calculated only with the help of phenomenological

fragmentation models. This replaces £ 1-T» for 2 jets which is zero in pexrtur-

bation tzeory. For a somewhat different point of view see Ch. Berger et al. /1982/.

The formilas (3.1.68) and (3.1.69) which we obtained for o2 J°F “Jet

(y} and o— (¥}

make it clear that the characteristic expansion parameter is not CF °.‘§ but more
T
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like ¢, % 1n'y. For ¢ % In'y < 1 we must havey > 0.02 (for °F = 0.05)
P oY P Y T

which shows again that y must be laxge encugh to have a small expansion para-

meter . If y is much smaller than this, finite order perturbation theory breaks

down’a.nd we must sum all powers of %‘_ . This is impossible in general, but it

can be done if we restrict curselves to the leadihg terms - $ ln*y. Then we

get for the sum

. AT

Z'Jﬂi‘ ( - &)

o 1) = o e

(3.1.7%;

and for the 3-jet cross section

Eoay

- 3-jeb
0'3 ¥ (?) = 0"(”)_;:.% Cr /&fy € (3.1.78)

These formula go over into (3.1.85}) and (3.1.69) if we expand up to o(a(s) . We

see that O’z-Jet(y)_ is positive) independent how small vy is,and that it vanishes

for y-» 0. The same is true for 0'3-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 o'zhjet(y) and o}-je‘:(y) by the leading

logarithmis terms in lny is a very bad approximation for y = 0.05 and can be

valid only for very small y. So it tannot be used in practice. The approximations

(3.1.77) and (3.1.78) as a function of y-l are alse shown in Flg. 3.14 {we divided

(3.1.77 and (3.1.78) by 0'(2)

2=jet a

). Of course, these curves give only a qualitative

nd O}—jet might behave for smaller y's, We see that
{(2)

insight how o

3-jet

o (y) as given by (3.1.78) remains smaller than 0.4 for all y, which

we may take as a further hint, that in O{ ®_) y shculd be chesen in such way that

3=jet

o {y} is only a fraction of r'2),
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3.1.8 The Scalar Gluon Model

Although there is no other field theory in sight for describing the interaction
of quérks and gluons which has the same attractive featires as XD, i. e. the
urderlying gauge structure and asymptotic freedom, it is of interest to study
whether other gluon theories could explain the experizertal data on jets as
well as QCD. It is clear that on the lewvel of lowest crder perturbation theory
the non-abelian SU(3) colour theory is not the only canciZate. At this level
mma&limsm:tweMMWmmmmM\mrglmntheow
leads to identical predicticns. Therefore, in order to hzre a second cardidate,
the scalar gluon theory was considered, which has Zifferert predictions already
in O(cgs) of perturbation theory. -

The scalar gluwon rodel is defined by tne interactisn _agrznglan

Ly = gu 7 3“4,“7 (3.1.79)
where ¢y describes the scalar gluon field with coloar guastum number a, For
zero-mass quarks all results of scalar gluons are identical to those of psewdo—

scalar gluons because of g invariance.

The cross section dzc/dx1 &, for e'e” » oag with a scalar gluon g was calcu-
lated by Ellis, Gaillard and Ross |1976, 1977 and has the following form

4% @) &F X
= s 3
Axy oKy e Cg:@_x‘)@_&) (3.1.80)

where o * = /8% and 6@ is given in (3.1.12). Tois fas to be compared to
(3.1,11) for vector gluons. The right hand side of {3.1.%) is less singular for
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Xpr Xy 1. But this region is cocupied by the 2-jet events. In the genuine
3-jet region x; = x, = 2/3 the difference between (3.1.11) and (3,1.80) is
much less apparent,

The other partial cross sections are (Kramer |1980!, Schierholz |1979),
Hoyer, Oslard, Sander, Walsh and Zerwas ]1979(, for mg # O see Laermann and

Zerwas 1980|) using the motation of section 2.1.2

(i) -F: ] (?z

0&51 = oo®) 0(3* L, 24~ X3)

dr‘, drz 4772. F X,"

oo "

—T . = L

dth 0(/)“‘ 2 W

dé"r %, {3,1.81)
2.__ = o—(Z)__S_ [4 X‘s Xy __1(4—1\

x1dlxy & A% )(A-%2) T J)qu’— J)]
oo P: HOZ =(> with Xpes X, ' (3.1.82)

-
..-.’

w0z z {3.1.83)
d&;_ = do‘r = dzb;_. =0

dxy Axs, ke dxy A xy Ay,

Since the cther cross sections vanish for the case that the gluon momentum

is chosen as the z axis in the jet plane, one has a very clean way of testing
the spin of the gluwons provided the gluon jet cowld be identified. For scalar
gluons the hadron distribution around the gluon jet axis is isotropic. For
vector glucns we expect a non—isotropic azimithal distribution around the
gluwon jet axis which follows from (3.1.15) (see Kramer, Schierholz and Will-
rodt |1978, 1979| for further details). It is clear that the rore camplicated
0 and y dependence based on (i} and (ii) is due to the particular choice of
quark and antiquark momentum as reference axis, whereas with tj.he gluon as
reference axis the anqular distribution is of the form (1 + cosze) as for

+ - -
ee *+qq.

- 81 -

Similar to the vector gluon case various single variable distribution have
keen derived from (3.1.80) to (3.1.83}). The thrust dlstr:.butmn % obtained

after integrating over 0 and y is (De Rujula, Ellis, Floratos and Gaillard

[1978])
;“’ :Ci_;‘_’ - @[‘c LT-fl) . (4- 37‘)(37:»)] 180

This has to be compared to (3.1.18) for the vector gluon case. (3.1.84) is
less singular for T -+ 1 than (2.1.18).
The formula for the average (1-T) deduced from (3.1.84) is

*
04 4 P o ¥
1-> =% 0 /1 4.3) = 0170 %
<A-T> y ;(43 + 7 5) o //075' G

The cross sections analogous to {(3.1.22) are:

1oy |, L Ao | T 2072

o ar T Te@ ar T ig “F T4

7 é‘(& - O(* 24-T) Var-
@ AT _4; C?VZ—’("—————T. ! “V4—T)

(3.1.86)

They follow fxom (3.1.81 ~ 83) with the convention that the hadron plane

is defined by the thrust axis and the momentum of the second most energetic
jet as in (3.1.22) (Kramer !1980| and Schierholz |1979i). Plots of these cross
sections and comparisons with the vector gluon theory can be found in the

work of Hoyer, Osland, Sander, Walsh and Zerwas !1979|. If the Yukawa cou-
pling as* is adjusted so that do,/aT (scalar) = do /dT (vector) at T = 0.8

one firds that dgL/dI‘ is larger in the scalar gluon case than in the vector

gluon case whereas ch/d‘I' is smaller.

Another véy to camare the two theories is based on the coefficients
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a(T), B(T) and y(T) in the angular distribution w(@,x)} defined in (3.1.24).
They are plotted as a function of T, for the two cases, vector and scalar

gluon in Fig. 3.6.

The do/dx, distribution is cbtained from (3.1.29) where d%/ATdx’, is:

145 % r

&) ATdxF T I Cr 4{1-T) (41— x5/-1) )%

(2.- T~ X;,,_)" @_T’_ X ‘)2. T Ao
{2 (-7) (1 Xa4) TG (4ixz_) ] T T g I Ree) 218D

z
+ }
(T+ X~ 1)(1-x.-)
and where x,, is defined in (3.1.33). The rament <}§_> is in lowest order

* %
2y =% (57-/ 2 )= 0098 % .
$o that
{1-TD _ A1 for scalar gluons
<xr> 457 for vector gluons

indeperdent of the value of a': Or o . But as will be discussed later these
moments are very much influenced by hadronization effects so that their

perturbative measwes are a bad criterion for the underlying theory,

ancther variable which playsd same role in distimguishing vector and scalar
theories in lowest order is the following variable sina’

Y X5

Sis é; =k
” VA4-T

(3.1.89)

- 83 -

first introduced by Ellis and Karliner }1979|. For ggg events this varisble
is bounded by

4(4—T)(2.7'-1) < s,,;zé < A
TL

(3.1.90)

which follows fram (3.1.30). As an example, if T = .8 the bound (3.71.90)
forces 3 to lie between 60° and 90°. Actually & hae a nice kinematic inter—
pretation. It is the angle formed between the less energetic jet and the
thrust axis in the Lorentz-system where the two less energetic jets emerge

in their center-of-mass frame back-to-back.

Their total energy is E = W(1-T/2) ard their invarjant mass is M = W/1-T

so that thie Lorentz-boost is obtained from

e
tanh T =-—— (3.1.91)
=T
~
The angular distribution in © has been calculated by Ellis and Karliner
11979| from the cross sections (3.1.11) and (3.1.80). They normalized it

to 1 at cos® = 0. Then for scalar gluons

Ao’ _ 4-3T%*4 T(37—4) cos®
da’sg = 75 (3.1.92)
(4~ 372) (7~ cos’8)

and for vector gluons

Ao - 473, (-"’--T)i-f- 3(z-7) 7 cos’d
Acos§ (47‘3 + (-3 ) (7~ 605‘5)

(3.1.93)

The -distribution (3.1.93) for vector gluons is essentially independent of
T, with the exception of the change in the kinematic bound (3.1.90). In the
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scalar case the angular distributions depend slightly on T becoming flatter

as T increases.

Unfortunately these distributions cannot be compared directly to experimental
data. The latter refer to hadron distributions whereas (3.1.92) and {3.1.93)
give the angular distribution for parton directions. We shall see in sect.
3.1.9 how the distributions are modified when fragmentation effects are taken

into account.

- 8% -

3.1.9 Evidence for ggy Production, Camparison with Experimental Data

In this section we shall present same examples for a comparison of experi-
mental data with O(ocs) perturbation theory results, in particular with the
formula duz/dxi dx2 in sect. 3.1.2., Many of such coamparisons have been
reported since 1979 when the evidence for qgg arose the first time. This is
documented in the papers: Bartel et al. !1980(, Barber et al. |1979|, Berger
et al. |1979|, Brandelik et al. '197¢]. With increasing statistics this evi=
dence became more ard more convincing as time went on. The latexr comparisons
are fourd in various original articles, conference proceedings arnd review
papers. Besides those referred to already in the preface we mention a few
wore: Wolf {1980, 1981|, Stéding '1981!, Duinker |1982|, Criegee and Knies

11982, The MARK J Collaboration 19807, Wu 11981] and Saxon [1982].

then considering such comparisons in more detail we shall discuss in parti-
cular the problems caused by the fact that experimentally not gquarks and
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 PETRA enrgies these jets are still rather broad. This
broadening of the jets caused by the fraguentation of quarks and gluons
into hadrons due to a finite transverse momentum leads, for example, to

an appreciable change of the thrust distribution (3.1.18) predicted by
perturbation theory so that a direct confrontation of perturbation theory
results with measured hadron distributions is not possible. The thrust
values camputed from the momenta of the produced hadrons in an event differ
appreciably fram the thrust values computed from the momenta of the 3 jets,
G, 9 and g which produced the event. In addition a large fraction of the

measured events are 2-jet events which due to fragmentation effects and
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further broadening due to weak decays look like 3 jet events. It is clear preclusters. The sum of the particle marenta in a precluster defines the momentum

that a direct confrontation of experimental data with theory is possible of tre rrecluster. In a second step all preclusters whose momenta have an angle

only if all these effects, as gg background and norperturbative broadening
of jets can be described reliably with phencmenological models. Then start-
ing from the ggg - 3 - jet formula and applying these models all hadron
distributions are computed and campared with data. This rcad was taken after
the first evidence for a third jet appeared. Before we discuss this approach
in more detail we shall first consider the more direct way which was devel-

oped somevwhat later.

The idea is to ¢btain information about jet multiplicities, jet distributions,
Jjet-jet correlations etc. fram the measured hadron events, which then can be
directly compared with the predictions of QCD perturbation theory. In order
to achieve this one needs effective procedures for identifying and reconstruc-
ting jets in statistically large samples of svents. These methods are usually
referred to as cluster algorithms and have been developed by several autheors:
Lanius |1980}, Dorfan |1981], Daum, Meyer and Burger ]1981], Lanius, Roloff
and Schiller [1981|, Goddard [1981], Bécker !1981|, Yamamoto |1981}, Baboock
and Cutkosky [1981, 1982a, 1982b|. The methods described in these papers
differ somewhat concerning the criteria how jets are selected. The first
application to e’e” data was done by the PLUTO Collaboration at PETRA (Berger
et al. /1980a/) based on the algorithm of Daum, Mever and Burger, which we
shall describe now.

In this method jets are selected on the basis of argle criteria. In a first
step all particles in an event (charged and neutrals, in case neutral parti-
cles have been measured) with mowenta, which are less than 30° apart, are

canbined into preclusters. Single isoclated particles are also considered as

less +han 5 are combined to clusters, Single isolated preclusters are con-
sidered as clusters. Then all clusters with a total energy more than 2 GeV
and with at least two particles are called jets if at least (1--‘25) of the total
energy ig contaired in the clusters. The nmumbexr of jets in an event found

this = gives me jet tultiplicity amd the sum of the particle mamenta in

a jet zives the xmentum -: of the jet. The angle & which was introduced for
combining preclusters is correlated with the angle 8 introduced in comnection
with the Stermam—deinberg definition of jets in sect. 3.1.7. In the same way
the parareter : used in <he cluster methed to define jets corresponds to the
Stercan—veinbert garameter =. Aralogous to the cluster algorithm based on
angle criteria e JapE-Collaboration at FITRA (Bartel et al. /1982a/) has
develooed the clister method based on the invaviant mass of two particles.
Instead of the zgle between the two particle mamenta p; and Sj they deter-
minec The invariant mass squared Yig
of a_> v., in 23 svent, ::;.e particles k and 1 are combined to a pseudo par-

:ij
ticle with four-momentum (:Ekf+'_§1! ,?pk+'§1). This procedure is repeated until

2 .
= (p; + P} AT I v} ds the smallest

Yyq 15 larger than a limit value y. The nunber of pseudo particles which
remain at this step is the number of jets in an event and their mamenta are

equal <o the jet "xxrenta.

It is clear that the distribution of jet multiplicities obtained with the
cluster algoritlm depends on the chosen parameters e,S or y, respectively.
For smll ¢, Y or y one necessarily finds very many jets, which mostly come
from Tlactuations due to the fragmentation of quarks and gluons into hadrons.
For _arge ¢, 8 or y, on the other hand, we find essentially only 2-jet events

whereas 3-jets (or more than 3) are not resolved, Detailed studies using the
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phenamenological fragmentation models described in sect. 2.4.2 have revealed
the range of ¢, § or y values, for which jets originating from oy inter-
mediate states are resolved and the pure fragmentation effects are suppressed.
Such values are € = 0.2, §- 40® and y = 0.04. For example, with ¥ =0.04

one finds experimentally less than 4 % of the events have more than 3 jets,
roughly 30 ¥ of the events have 3 jets and nearly 70 % are 2 jets, The limi-
tation of the ¥, by y corresponds alsc to the parameter y introduced in
connection with the separation of the gqg phase space in a 2-jet and a 3-jet
region. Here y was the boundary for cambining g and g or q and g, respectively,
to 2 jets. If we use (3.1.63) and (3.1.69) tc calculate the perturbative jet
multiplicities we obtain for ¥ = 0.04 and as/' = 0.05. 66 % as 2-jet rate and

34 % for the 3-jet rate in gcod agreement with the result found experimentally.

We show in Fig. 3.13 the first results of a cluster analysis with the angle
method. The data come from the PLUTO-Collaboraticn at PETRA (Berger et al.
/1980a/ and are campared with the theoretical curve (3.1.18) ("vector gluon”
in the figure). The ogy thrust T is denoted by %4, the maximal jet energy.
The agreement between the experimental points and the theoretical curve is
very good, but less with a curve labelled “scalar gluon". This curve is chb-
tained from (3.1.84) in sect. 3.1.8 where further details about the scalar
gluon model are found. The (CD coupling constant cbtained from these data
is ag = ©.15. A similar comparison with more recent TASSO data can be seen
in Fig. 3.16. With these data, which have much better statistical accouracy,
the scalar gluon model can be definitely excluded. Also ancther toy model,
the so—called constituent interchange model (C;M) . invented by De Grand, Ny
and Tye {1977} is in disagreement with the data, The QUD coupling constant
adjusted to these data is a_ = 0.17 (Wolf [1982)). Here the variable is

denoted %y =T, the maximal jet energy. Further tests on the gluon spin are

shown in Fig. 3.17 and Fig. 3.18. These tests are based on the high statistics
available now and were performed by the TASSO (T2SSO 1982]) and the MARK J
{MARK J 1982]) Collaboraticns at PETRA. In Fig. 3.17 the events are plotted
2s a function of the Ellis-Karliner angle & which was introduced in sect.
3.1.8 and campared with the model predictions uncer the two assumptions of
spin 1 and spin O. Spin O is clearly ruled out. In this plot all events with
® < 0.9, where x; is the momentum of the most erergetic jet, are included.
The angle ?’ wag determined fram the jet energies x_, arranged in the order

X3 © Xy € X, 50 that fcos'::! = (%, = X4)/%,. The =X J - Collaboration used
<he ratic SV = x§ /(le + xg) instead of |cosd| te plot their results. S/V
<5 just the ratio of cross sections for scalar ar<€ vector gluon production
see (3.7.17) and {2.1.80)). Zlsc with this methcd =2in O for the gluon is
=:led out. Similar conclusions reached on data iz iess statistics are

raported in Brandelik et al. :73I: ard Behrend e= 2l. :1Z82a/.

?;“.e rmost elaborate cluster analysis was performed ov the JADE-Collaboration
at PETRA (Bartel et al. /1982a.). They used both methods described above, the
angle method and the method enploying invariant masses. Furthermore, they
croduced data for two distributions, the T = ¥y distribution and the distrib-—
“tion in the variable x; introduced in sect. 3.1.4, 1. e. xg = Xy si.n@12 =
x, sing,; = %1[(1 - %) (1= %) (1= x]"2, urere x, is the maximal jet
energy. The data were compared to the theoretical distribution (3.1.18) and
to (3.1.29) which was already shosn in Fig. 3.8. The data will be shown in
the next secticn in connection with a comparison with theory up to O(asz) .
The energy is W = 33.8 GeV. The fit of the data to the thrust formula {3.1.18)
and to the x, distributicn (3.1.29) has given the coupling constants a. in
Table 3.1, referred to as ag (first-order}. For determining ag only the data

for Xy £ 0.85 ard > Q.30 were used in order to awid distortions through

e
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possible 2-jet contributions at large x, and small x; . The errors are
statistical only. We see that the «_ values cbtained with the two methods,

Y and e, § - method, are in good agreement with each other. Also the fits
tothex1 and x, distrilwtions give the sare a.

The systematical error in the g determination is 0.03. It has several causes.
First the results deperd scrmewhat on the definition of jets, i. e. how the
argle 8is chosen to deline preclusters etc. Ancther reason is the influence
of fragmentation models. The results are not campletely independent from
these models as it may 2noear. The measured distributions must be corrected
for the fact that not 211 3 jet events come from g intermediate states but
also from qg states including weak decays etc. The correction factors were
chtained from Monte Carlc results based on the model of Ali et al. and the
Lund model. The fi.hal results deperded rather weakly on the model used. This
is a great advantage ¢Z —ne cluster algorithm. Therefore the results for a s
in Table 3.1 are rather Independent of fragmentation models. This result,
however, is not consistant with a result of the CELLO - Collakoration at
PETRA (Behrend et al. 1383'), that the coupling constant ag obtained from
fits to various distributions depends strongly on the fragmentation model.

If one locks only at their result for the cluster method, the spread in ag
cbtained with the two models is 0.08 + 0.04, which is scmewhat larger than
the JADE spread in age “he origin of this difference is still unclear. Tt

is cmceiwble,that with more and better experimental data available,one
will be able to pin down the parameters of the models or even eliminate some
of them (see for example Bartel et al. |1984, 1983])} so that the systematic
exTor on o will diminish, But it should be clear that the cluster methods
give us the most direct way to oompare perturbative QXD results with empiri-
cal data. However, it is important to realize, that in this method, the mo-

mentum of the cluster is identified with the original parton momentum which
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need not be the case necessarily. It seems that in the Lund model a dis—
tortion of the cluster direction and the partom direction takes place, which
produces the differences in the « s values obtained.

As the next topic we shall discuss such comparisons of t‘neo:.:y with ex-
perimental data which are based on directly =measured hadron distributions.
Theoretically these hadron distributions are computed with the help of the
fragmentation models described in sect. 2,4.7 and with the ggg cross section
as input. First we shall consider distributicns in jet variables like thrust
etc, For such thrust distributions, ;1- d; /6T, <he thrust T is determined accor-
ding to the formula (2.3.4) from the measursé mamenta of charged and neutral
particles (if neutral particles cculd be measired). How such an event looks
in reality is shown in Fig. 3.19. This is cre of the first events which
looks like a real 3-jet event. It was found with the TASSO detector. Shown
are the momenta of charged particles projectad into tnree mutually perpen-
dicular planes (Brandelik et al. [1979]). In general, T varies betwcen T = 5
{isotropic event) and 1 (collinear event). A thrust distribution of measured
events is shown in Fig. 3.20. These data which come from the JACE - Collab-
oration (Elsen [1981|) are corrected for accectance losses and can be cam-
pared directly to theory. The ggg thrust distribution (3.1.18) with ay =
0.18 is plotted also in this figure. There is no agreement between data and
the theoretical distribution. For medium T values the data lie higher than
a factor of 3,and there are also events in the region T < 2/3, which is
kinematically forbidden for a 3—~quantum final state. The reason for this
disagreement, of course, is that the experimental thrust distribution has

a large background originating from g events, which lead to thrust distrib-
utions of finite width like in Fig. 2.17. This broadening of the g distrib-

ution which is due to the finite transverse momentum in the fragmentation
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of quarks is enhanced through mass effects, i. e. the finite b quark mass,

and by additional weak decays of ¢ and b quarks (or of the hadrons containing

these quark flavours) (DeRujula et al. 11978], Ali et al. |1979%a, 1979b,
1980]). In addition, when the partons g, g and g fragment into hadrons the

resulting T distribution is shifted to smaller T's as corpared to the per-

turbative curve in Fig. 3.20. How the nonperturbative distribution resulting

alone fram the fragmentation of g and g ine'e + g3 (g =u, 4, & ¢, b)
campares with the perturbative gy distribution can be seen in Fig. 3.4,
These two distributions are then added after the ggg distribution has been
corrected for fragmentation. The results of such calculations based on the
fragmentation models of Hoyer et al., Ali et al. and Lund which were in-
troduced in sect. 2.4.2 are exhibjted in Fig. 3.21 and compared to experi-
rental data of the JADE ~ Collaboration {Elsen '1984'). Also shown is the
distribution for a pure gg model with five quarks (Fig. 3.27a,c). It is
clearly seen, that the data lie well above the g curves for T < 0.9.
Concerning the fragmentation mdels for ag + ggg all three medels describe
very well the enhancement for T < 0.85. It seems that the Lund model
produces the best overall fit of the data for W = 30 and 35 GV,

When computing the distribution of thrust or of any other jet variable
for the ggg component one must remenker the problem of 2- and 3-jet
separation. The starting point is the formula for the ¢gg cross section
(3.1.11) from which the distribution of parton momenta %, and x, follows.
In sect. 3.1.7 we discussed already that in the kinematic region

¥ < Xy Xy < 1 the cross section is part of the 2-jet cross section.
The 2-jet cxoss sections is, however, covered already by the nonpertur—
bative gq contribution. Therefore in the ¢gg contribution the region

-y = To 2K Xy < 1 is discarded. This way one avoids double counting

of the 2-jet contribution and also the singular regicn of (3.1.11) at
Xir %y = 1. The cut-off parameter chosen is T, = 0.95 in accordance with
the discussion in sect. 3.1.7. The normalization of the two components

@2
follows from the fact that their sum must be equal to o =o(2)(1+"—s).

tot
Clearly the degree of broadening of the T distribution caused by the ad-
dition of the oqg part depends on the value of a- The larger o is the
more the T distribution is shifted to smaller T's. Fitting the model with
both components gg ard gy then allows to determine o
It is obvious that the broadening effect caused by the ggg component in-

creases with increasing energy W. With increasing W the nonperi:urbative

<@ contribution becomes narrower and narrower (see Fig. 2.17) in accord

with <1~T> | vt ~ /W, whereas the qqg contribution is practically

energy independent since it proportional to @, - 1/1n (WZ/Az) . Therefore,

for energies below 25 GeV, there is practically no sign for a third jet,

the gluon jet, since it is hidden completely in the non-perturbative jet

spread of the g comporent, How thrust distributions become narrow with
increasing c.m. energy is seen in Fig. 3.22b. Shown are older data of the

TASSO Collaboration (Brandelik et al. /1980c/) for W's between 13 and 31.2 GeV.
At 13 GeV the distribution is rather broad with the maximm at T = 0.8. Above
27.6 GeV the distributions beccme narrow. The same can be said about the spheri-
city distributions shown in Fig. 3.22a for the same energies. The curves are
XD predictions based on the Hoyer model with five or six quarks. This

analysis had the purpose (in 1979) to yield a signal for the production

of Q0 = 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

study for the highest PETRA energies reached at the end of 1982 with Wfs

in the interval 37.94 < W < 38.63 is reproduced in Fig. 3.23. The data
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care from the MARK-J-Collaboration at PETRA (Adeva et al. /1983b/). The
measured thrust distributions agree well with the distributions at lower
energies and with Monte-Carlo computations based on the Ali model with
5 quarks and also do not show any sign for production 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 contribution from gg wvhich, even above W = 30 GeV,
is still very broad. There are other variacles, where the gg contributicn
is narrower in relation to the gy part. Such a variable is 1‘(:1_21/'(«72 , vwhere
m is the invariant mass of the heavy jet. To determine M @ jet axis is
camputed for each event, for example, on the basis 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 m and m ., m is the mass of the
light jet. For gag £inal states we have mf; =W (1-T) and ol = 0. Thus o
is a measure of the nonperturbative width of the jet vhereas mﬁ contains
the effect of the gqgg contribution and additional nonperturbative effects.
Tt ves fourd by Elsen |1981] that the background in the nf distribution
coming from of decreases much stronger with inereasing nﬁ than in the
thrust distribution.

So fgr, only distributions in one jet variable have been analysed and
oompared to theory. It is clear that the influence of the qgg component
could be enhanced by looking at distributions in two variables. In this
case the comparison with theory could be limited to kinematical regions,
where the ggg component is demdinant. This is for X+ Xy = values in the
vicinity of 2/3. Since the cross section is very low there, the statistics
is very limited in this region which is c¢bvious also fram the data in

Fig. 3.21 - 22.
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Up to now we have considered only distributions in jet measures like thrust,
sphericity etc., These variables describe essentially the global features

of the mementun flow of all hadrons produced in e'e” annihilation. Ancther
possibility is to trigger on specific hadrons, pions, K-mesons, protons and
to study their momentum distributions. They 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 momentum X = 2p/W which was introduced in sect. 2.1. This cross
section is, in first approximation (see (2.1.4)}), given by the sum of
fragmentation functions of quarks into single hadrons. Therefore it depends
mostly on the fragmentation process and is less influenced by the an;ssion
of the gluon. Here the gluon emission produces the well-known scaling vio-
lations of the fragmentation functions referred to in the introduction. To
see the effect of the glucn bremsstrahlung more pronounced, it is more prof-
itable to study such quantities which are directly proportional to « s
Examples are the angular distribution of singly produced hadrons with re-
spect to the beam axis and the hadron transverse momentum with respect to

4 Jet axis. In the following we shall give a simplified exposition of these

two effects.

If we neglect the transverse momentum when a quark fragments into the hadron,
then the hadron has the momentum direction of the quark. In this approximation
the angular distribution of hadrons produced in the e'e  + gJ process is of
the form of the jet axis distribution which is (1 + cosze) as was discussed
in sect. 2.1, In general, the cross section for single hadron production

as a function of x and of @, the angle between hadron momentum and beam axis,

must be of the form (3.1.9).
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= has a large component fram & 2 - gg. But gk Can come only from

2 - gag and subsequent fragrer=ation. This contribution can be calcu-
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Zzzed from the following expres=iin {Politzer |1977', Kramer and Schier-
alz 1979)
d6]_ - dx-r @ 3 f&(xz \'D
ax x., d,x, Xz, aﬁx ( fz.)
dxs s, x (3.1.95)
* f % A, (T3 )
¥

12 the transverse mamentm in o= fragrentation of cuarks and gluons can be
meclected. Dq (x), Da(x) and L:g ¥ are the fragmentation functions of quark,
anzicuark and gluwon into a had>ir. of momentum x, Dq(x) = DE](X) can be
determined in a first approxime=ion by measuring do/dx (see (2.1.4}). The
ocoefficients dsuL/dxi (i =1,2, :in the integrands are derived from the
lcrgitudinal parts of the aqg <=oss sections in (3,1.13 - 15)

doj _ Ao, o y A _ % -
e = =Zn‘_c?:a'a) ‘dT;:-Z;ICFU(z)iC};;ﬂ" {3.1.96)

dx;, R—X?Z

From (3.1.95) we derive the parzreter a{x) in the single particle angular

distribition 1 + a(x) a:)szi-)

oy
L (3.1.97)

O((Jt’) = 4 — 4
do/ix + dy‘%ﬁk

Thus the difference (1-«(x)} is directly proporticnal to oy and constitutes
a direct measure of the gqg contribution (the dercominator in (3.1,97) is

o(ag) ).

We have plotted «(x} in Fig. 3.24 for fragmentation functions

D;(x) = D;CX“) =ng—tief (3.1.98)
and

¢ ol Ax= —C /n

:D?(r) =f 4 .D?(x?) f X \:)7(;(;:)

{3.1.99)

=4”; + 8 bx

vhere ¢ stands for the sum over all charged particles. The gluon fragmen-
tation function corresponds to the case where the gluon fragwents first
into a quark and antiquark with a constant momentum distribution which then
decays with fragmentation function (3.7.98). Also shown is the nonperturba-

tive background which corresponds to the approximate formula

o, _ N <P ronpert. 2@““4")-“"4 8 <Pr noppect

Ax AW x* W
{3.1.100)
<p§> ro . is the average transverse momentum of the fragmentation, which

was chosen (0.3 Gev)z. For gmaller x we find a sizable (and lasting as Wz
increases) deviation of a(x) fram 1 which is much bigger than what we expect
fram the nonperturbative background. So the measurement of 1-a(x) for x < 0.3
is a signal for gqg effects. First experimental data from Brandelik et al.
i1982| are shown in Fig. 3.25 compared with the theoretical curve of Fig. 3.24.
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The data are consistent with theory but the statistical accuracy must be
improved before further conclusions can be drawn. It is clear that a(x)
could be measured with higher accuracy if transverse polarized heams wexe
available (see (3.1.5T)).

With similar simplifying assumptions about the fragmentation of quarks and
gluons we can study the transverse momentum Pp in jets. Experimentally the
transverse ranenta of all hadrons in an event are measured with respect to
the jet axis, which may be the thrust or the sphericity axis. For qgg final
states the thrust axis is parallel to the direction of the most energetic
parton, which mekes it the canonical axis for studying By vhenorena. Then the
hadron transverse momentum with respect to the thrust axis is given by the
transverse momentum of the recoiling parteons siveared with the fragmentation
functicns (see Fig, 3.26) (Schierholz |1979|; Hover, Osland, Sander, Walsh and

Zerwas |1979); Ellis, Gaillard and Ross 11976, 1977!, beGrand, Ng and Tye

11977 et 224509,
T+ K
o aLxdp,." g T ff k% &2 I-Z

Alrz*  (1-z+B)+ 2% i A+ (1-2+8)"
[ 3(:—2) ¥ E’z—‘:a) (j:)! ) (% (3)+% (zi)) L7 ) %(5')]

where 4 (3.1.101)
& = (1= X/xe )™ Xr = Py
_ R{M-z) - z(7-%)
’4 T a-z(1+%) / 8 A= 2(1+ %)

and where the nonperturbative Br relative to the parent parton has been
neglected. Eq. (3.1.101) follows from the ggg formula (3.1.11), transformation
of variables and the application of the impulse approximation similar to
(3.1.95).
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2
For pp + 0 and W » =, By fixed, eq. (3.1.101) reduces to

Ao o % o f
?:.-W ~ ,TWCF/ (ﬂ;’/rk/)/(w?(x) +37-(k)) (3.1.102)

x

which shows that the cross section behaves like 'l.nprl/BTz for p,, small. This
is equivalent to the approximation (3.1.19) in case of the thrust distribution.
Of course (3.1.102) is not applicable where the logarithm becomes large. Similar
calculations for two-particle cross sections were done by Schierholz and Will-

rodt |1980], and Mursula |1980

+

Equation {3.1.101) has scme interesting qualitative features. Diregarding the

wz dependence of the fragmentation functions, it leads to the scaling laws

4 Ao &s(9%)

T Axdpr T pE f &)

4 Ao Asg?) {3.1.103)
o ApF ) P gex)

For p,?. + O these cross sections have the characteristic behaviour 9;2 orig~
inating from the ggg cross section (3.1.11). The singularity 9;2 ; of course,
comes fram the infrared singularities in (3.1.11), Therefore {3,1.101) should
be applied only for larger pT‘-s. The formulae (3.1.103} are to compared to

4 do T & /£ (

L —_— = X, A

o dx'o(/bﬁ’ ,DT:’-‘ ) %7) (3.1.100)
{¢c has the dimension (mass)z) for the higher twist contributions which came
from diagramg in Fig. 3.27 and an exponential decrease in Bp from the non-

perturbative jet spread. It would be nice to establish the 1/91,2 fall-off
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Zor fixed x, Xp vhich really will tellihcm much of the jet broadening is due
2 gluon bremsstrahlung and how much to higher-twist contributions. This
recuires, of course, to compare data at different W2 On the theoretical side
it is difficult to calculate ¢ in (3.1.104) . Estimates by Grayon and Tuite
'282] indicate that ¢ is small, so that higher-twist temms are negligible at

TIRA erergies (see also Bergexr |1980

). It was alsc shown by S&ding |1981]
hat the grz distributions cannot be fitted by higher twist terms alone. The
# dependence of the data between 12 GeV and 33 GeV differs completely from
=at given by the higher twist tems. The W dependence of the p,’ distribution
Zpoears o clearly call for a pointlike contribution.

27 sourse, the interesting region is large pTz. This can be reached only

-..-_:31 larze x as one can see from Fig. 3.28, where (3.1.101) has been plotted
Izr special x values. So far, there are data only for dﬁ/dp%. But the average
;—___2 has been measured as a function of x, Hard gluon bremsstrahlung must be

reflectad in this quantity too. It is defined by

z 1 dé" Ao
<’Dr(x'J> = fd/orzpﬁ' a:-z;;zpﬂr— F,:‘é‘{’? (3.1.105)

Triike i/dg% at very large p;, this also includes the nonperturbative g
sackgrowd and broadening of the perturbative average 91,2 caused by fragmen-
cation of quarks and gluons. But for large W and medium x we expect (3.1.105)
o be largely determined by single gluon bremsstrahlung which grows like
Folitzer 1977, Kramer and Schierholz |1978])

<P,f'(x-)> ~ Ks(W?*) w* (3.1.106}

Substitozing (3.1.701) into (3.1.105) we cbtain the curves in Fig. 3.29. The
fragmertazion furctions were taken from (3.1.98) and (3.1.99), For two energies
22 and 34 GV the XD predictions are campared with recent TASSO data (Althoff
et al, °383 ). I- these data Py is measured with respect to the thrust axis.
Both, the cworetizal curve and the experimental data show the characteristic
"seagull” stacTirs, and, as far as one can tell, there is reasonable agree—
ment at ooth snerties for x < 0.4, This agreament is more or less fortuitous
as will ze axplainad below. what is more important, is the trend of the data

vhich iz 7ach in Zzwcur of a rising <p,r2(x)> in agreement with (3.1.106).

The cormarisan ©f 2.1,105) together with (3.1.101) with the TASSO data is not
realistiz, Tirst re data contains the nonperturbative contribution to

<9T2 (x> oing Iz che 2-jet production. This contribution is aiaproximately
egual <o The dat= =t lover energies not shown here. Second the formula (3.1.101)
is too simzmlie. It neglects the fact, that the hadrons are emitted from quark
and gluczs with 2 Zinite nonperturbative Pp- Furthermore (3.1.101) should ke
used in I.7.CT xly for the larger gr's, which means that in (3.1.105) the
gy corntrination >¥es in only for p,I.2 > (pTz)min with small prz contribution
replaced by the I-let term. All these effects are well accounted for in the
Monte—Car’c trocr=s for calculating the fragmentation of quarks and glucns

of secc. 2.4.2. In these models the 2- and 3-jet region are separated by a
cut-off carzeter v = 1—TO. In the 2-jet region the distributicon in x and grz
results frep the Field-Feyrman cascade of g and g and in the 3-jet region from
the fragmentaticr of q, q and g. This way the qqg contribution is reduced
appreciably at lower energies and appears only at higher energies where large
gr's are xiremat:izelly possible, The parameter y acts like a cut-~off in pTz
for the 3-jet part. Same examples for seagqull structure in the Ali model are
exhibited in Fig. 2.30 compared to older TASSO data (Brandelik et al. }1979]).
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In this comparison the <p.’ (x)> of the heavy and of the Light jet were
plotted separately. In the light jet (also called slim jet) we have prac-
tically only the nonperturbative 91,2 (x) of tre qq fragmentation whereas
in the heavy jets (also called broad jet) the contribution from the gy
intermediate state dominates. This asymuetry of the "seagull" is clearly
visible and is well accounted for by the model (Ali et al. 1979, 19801,
Kramer |198C,). Of course, part of the asymmetry has its origin in the
selection in reavy and light jet as is seen {rom the curves for energies
13 - 17 GeV., In the _calculations two models Sor the gluon fragmentation
into gg were used: a) Dy (%) ~(x2 + (T-X)z)ard b} Dy ~ x(1-x). Both give
similar results. In the lower part of Fig. 3.30 the variation of the "sea-

gull" with a_ as been studied. We see varying : - 1/1n q/a% with A be-

‘s
tween 0.2 and 2.8 GeV has not a dramatic effect on <gr2<x)>. Therefore the
seagull structire is not very useful for determining = s Similar compari-

sons have beer cade also by other groups (Hover, Osland, Sander, Walsh and Zerwas
11979], Berger et al. ]1979!, Brandelik et al. '1979!). With the fragmen-

tation models of sect. 2.4.2 available it is no major problem to ocompute

the distributions d%/dxdp” ard do/dn,” and campare to experimental data.

This has been dome for the latter distributicn. We show in Fig. 3.31 the
distribution in erout and grz in for lower and higher energies (W = 12 GeV

ard 27.4 < W < 36.6 GeV) (Brandelik et al. 11979, Wolf 1981]). Here p, ,

is the transversal momentum of charged hadrons in the event plane defined

by the ‘sphericity tensor,gr ot
this plane. The increase of the average p;, with increasing W is evident.

is the transversal momentum with respect to

Furthermore it is shown,that models with gg production only but with a
larger nonperturbative pT2 (o o
without the third jet responsible for the planar structure, cannet explain

= 0.45 GeV and the exponential model), 1. e.

the data. The gl‘zout distribution is accounted for, hut not the erin
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distribution. One also sees quite nicely that the p’rzin and grz out distrib—
utions are very similar at 12 GeV wheve Xm effect are hidden underneath
the qq production. All distributions are well described with the Ali model.
More elaborate comparisons of various distributions with this model are
foun& in the work of Brandelik et al. /380a/.

Such demonstrations which test whether —*e third gluwn jet is the only
possibility to explain high energy e'e” Zata have become more and more
sophisticated since 1979. A further nice =xample ras been presented by
Marshall !1980|. He showed that a partic:lar ad hoc model with well-defined
dependence in py° describes the py° distributions in Fig. 3.31 but not the
occurence of three jets. This is demonstrzted in Fig. 3.32, Experimentally
for every event the sphericity tensor has been caputed. Then events with
0 <0.06 and Q, - Qp > 0,07, i. e. planar, ron-2-jet events, were selected.
2 = 0 is the sphericity axis in the event plane. The events from regions
0<0<mandn <0 < 2n were superimpesed, so that the "quark jet" and the
"gluon jet" were not distinguished and beth regilons are populated equally
(see Fig, 3.32a). In Fig. 3.32b we see the energy- flow distribution d&/de
in the sphericity plane. The maximum of J£/d9 at 2 = O corresponds to the
jet with the largest energy. Near 9 = v we see the double maximum corres—
pording to the two jets on the opposite side in good agreament with CD
expectations. The alternative to this is the model with two broad jets

only with the following Bp distribution with respect to the jet axis

d =P oo,
4
Gr Som e 7 47 OGg)0l) oo

and 0 = 0.33 GevV and m = 7 GeV. This arsatz reproduces the 1:\,1,2 distrib-
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ution in Fig. 3.31 because of the second temm in (3,1.92}. But this model
does not explain the 3-jet structure in dE/de. It corresponds to the dotted
curve ("gg") in Fig, 3.32b. The usual g contribution (g tail) is also
plotted. This, of cowrse, reproduces neither the normmalization nor the 3-jet
structure, .

As the last point of this gection we shall consider the confrontation of
the energy-energy correlations derived in sect. 3.1.5 with experiment. A
first experimental study of the energy weighted angular correlation and a

camparison with theoretical models have been published by the FLUTO -

Collakoration at PETRA (Berger et al, /1980b, 1981b/. New analysis have been

recently reported by the CELIO - Collaboraticn at PETRA (Behrend et al.
/1982b/) the MARK II - Collsboration (Schlatter et al. {1982|) and the MAC -
Collaboration (MAC - Collaboration |1982|) at PEP and the MARK J - Collab-
cration at PETRA (MARK J - Collaboration |1982], Adeva et al. | 1981¢|).
Experimentally the epergy - energy - correlation function is cbtained by
measuring

4 dZ __’f_i 7 ZZ £E -
o AzdR’ N 8Q AQ W (3-1.108)

—

where o, is the total hadronic cross section and E and E' are the energies
of the particles in the solid angles A2 and 40', respectively. The first
sum is gver all N events and the second sum is over all pairs of particles
in A2 and AR'. To compare with the corresponding theoretical prediction all
anglesaresumedcverexoepttheanglexbetgeenmamim‘ as shown in

Fig. 3.33. The resulting cross section is
/

P Az A 1 ZZ EE

= . —— 1
b__';o; decosX /V ACOSIX ML N >

This is the analogous definition as (3.1.35) for the energy - energy corre-
lation for parton pairs in QCD. In the definiticn of neither the theoretical
cross section (3.1.35) nor the experimental 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 etec., is required. This may seem to be an advantage. But
actually it is not. In the perturbative cross section (3,1,35) the final
state e'e” ~ g does not contribute for y # O, 7, so that outside the for-
ward and backward direction the whole cross section results from the qﬁg
final state. In the energy ~ energy - correlation for hadrons, however,

ee gq ~ hadrons contributes for all angles y between © and n ard even
at x = n/2, where the dominant process is expected to be the emission of an
additional harxd gluon, the largest fraction of the cross section originates
from ee” - o with subsequent fragmentation into hadrons. This is seen
quite clearly in Fig. 3,34 vhere recent data of the CELLO - Collaboration
are compared with the Field-Feyrman model (MC udsch in the figure) and with
the prediction based on the Hoyer model with ag = 0.15. For x = %— the ad-
ditional gqg contribution leads to an increase of the cross section by
roughly 30 % as compared to the gJ component. Agreement with the data is
reached only with the gg + ggg model with a coupling constant ag of the
same order as obtained in the other analysis. One should notice that in

4 AZ
Fig.3.34 FQ{, equal to it A% ¢+ is plotted as a function of X.

These conclusions mist also be drawn from recent results of the MARK IT -
and MAC - Collaboration-at PEP. They fitted the energy - energy - correla-

tion of eq. (3.1.109) with the following ansatz

A wod, [ X<E
= O Fy (X) + == + =

e dcosX ~ ° D WsadX W

SmX MAC

(3.1.110}

A+ cosX }mgk I

'Xag
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In (3.1.110) the first tem is the perturbative contribution (3.1.35). The
second term is supposed to simulate the nonperturbative qc_; conponent which
is agsumed to be symmetrical under the exchange x + 7 ~ x as one would ex~
pect. The third terms stands for fragmentation effects on the gg camponent
which is asymmetrical. The results of the fit to the MAC data is shown in
Fig. 3.35 giving a_ = 0.20 £ 0.0} £ 0.02, A, = (1.2 £ 0.08 & 0.15) GeV and
A, = (2.5 % 0.2 + 0.4) GeV. The correspording numbers for the MARK IT fit

are: o, = 0.1% ¢ 0.02, Ao = (0.7 £ 0.2) GeV ard A= (2.6 £ 0.5) GeV. In

Fig. 3.35 we see again at the qq ocompenent makes a substantial contributjon.

Although the ansatz (3.1.110) seams rather ad-hoc it again leads to reasonable

results for o Since the term proportional to A1 is present it is also not
possible t¢ determine g from the OCD asymmetry AS (cosx) (see (3.1.43)).
without Inducing fragmentation effects. The asymmetry AS{x) = F(r-y)- F{x)
derived from the CELIO data in Fig. 3.34 is plotted in Fig. 3.36 together
with the contribution coming from gz alone and the model prediction based
on the Hoyer model with 3, = 0.15. We see that the gg component is very
mich reduced and beccames negligible for x > O.2w. It should be stressed
however that the dynamics of the fragmentation of gqg can also contribute
so that the perturbative AS(x) given by (3.1.43) does rot fully describe
th-e data.

vhereas the formula (3.1.110) used by the PEP groups has certainly the
advantage, that it does not need long model calculations, the division into
the three terms in (3.1.110) has not been tested yet. For this one would
need data for various W's in order to separate the fragmentation contrib~
utions, which behave like 1/W. On the other hand the CELLO data were ana-
Iysed originally only with the Hoyer model. The analysis was repeated

with the and fragmentation schame. The result is reported in a recent
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peper by Benrend et al. [1983'. They quote a, = 0.25 + 0.04 for the Lund
éel =28 2 = 0.15 * 0.02 Zor the Hoyer model from a fit to AS(y) at

W =34 330, See also Ellis 982 . Thus it seems that at present energies
alzo the mergy - weighted asymmetry AS{y)} is still sensitive to the type

¢l sorrziation induced by the fraguentation of quarks and gluons.

3zsijes T2 energy—energy ccrrelations the CELIO - Collaboration (Behrend
g7 al. 7223 ) analysed alsc sther quantities concerning their sensitivity
nothe Imsgentation model. Thev found that, depending on the distribution
med, e Lo model gives 3, between 28 % and 52 % higher than the model

2Z Zover gt al. (for the eneryi-energy correlation it is 67 %),

TLoTErls IL7.2 we give a capilation of recently measured quark - gluon
cnplins oomstant o 5! cbtained v the various groups at PETRA and PEP.
We ifzooish vhether a is Jefuced with the independent fragmentation

xcel FAmwer or Ali) or with the string wodel (Lund). Furthemmore the
E valies obtained from energy-energy correlation measurements are col-
lzcted ssxmarately. The average of all these values is a = 0.19 + 0,04.
Tis ocormesponds to a Ay value of {0.46 1' 8 !;5;(1)) GeV based on the first
crier fimada a_ = 12+/[(33 - ) 1P/1%] with w, = 5,

In corelasion we can state that there is no altermative to QUD. All tests
hxae ghowr —hat the experimental data on hadron production in high energy
€ ¢ ami‘lation can be understocd only in terms of the gqg model with a
vector ziuam g or further improvenents on it which will be considered in

re rext section.



3.2 Jet up to Order u;.

3,2.1 Introduction

In this section we shail disgcuss all effects which appear if we go cne oxder
higher in the QCD perturbation theory, Li.e. up to order qd. 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 1) e'e"—» qdgg and i1) e'e —» gfag, where the second gq palr may differ in
flavour from the first one. The complete list of diagrams for these two processes
is shown in Fig. 3.37. Their contributionm to the ete” annihilation cross section
has been computed by several groups: AlL et al. /1979, 1980/, Kérner, Schierholz
and Willrodt /1981/, Gaemers and Vermasexen /1980/, Wachtmann and Reiter /1982a,
1982b/. 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 glucn,
‘or a gluon can be emitted with a very small energy. Also twe quarks can gome out
collinear or soft. All these configurations contribute to the 3-jet cross section
and must be considered separately. Similarly with two pairs of guarks and gluons
collinear or both gluons soft we have essentially 2-jet configurations. Therefore
the diagrams in Fig. 3.37 with 4 partonsin the final state yield only in kinematic
regions away from these degenerate regions, with one or two parton pairs collinear
or one or two partons soft.genuine 4 jets. The degenerate reglons correspond to
3 and 2 jets. Of course, if we integrate over these degenerate regions we en-
éounter the familiar infrared and mess singularities which produce terxms proportional
to & and 5;—1 in the 3-jet contributions and terms proportional to

& (k =1, 2, 3, 4} in the 2-jet contributions (Z2& = 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 0(0(52) virtual correctiens to 3 jets. They result from the Feynman graphs

in Fig. 3.38 (of ordex q3) which are multiplied with the qag graphs of order g.

The reamaining Cexms in the sum of 4-parton terms integrated over the singular
region and the virtual qag contributions yield the 0(0(52) corrections to the

3-jet cross section. The contributions e_k (k = 1, 2, 3, 4) from the 4-parton
diggrams are supposéd to cancel if the following 2-jet contrxibutions are added:

(i) the 2-jet contribution in the virtual ggg diagrams of Fig. 3.38, (ii) the
virtual two-loop ¢errections to the qa firal state. The second class consists of

the o(gqj graphs in Fig. 3.39 which are multiplied with the qa graph in lowest

(gol order and the product of the diagrams in Fig. 3.la being O(g®)}. The sum

of all these contributions yields the O(ﬂsz) correction to the 2-jet cross section.
The calculation of these contributions to 2 jets has not been finished yet. It

is particularly complicated since all terms from e:q to E? must be computed.

The 0(0532) corrections to the 3-jet cross section @7= O, * O"L have been

completely calculated. The results will be discussed in the next secticn. 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 these in Fig. 3.39 only te 2 jets.

The O{ “;2) corrections to 2~ and 3-jet cross secticons are of interest for several
reasons. First we would like to know whether the corrections of order 0(52 are
really small as compared to the order u’s contribution. Ctherwise we would not
have a "convergent" QCD perturbation theory for jet phenomena, Second, this is
rather impoxtant, it is well known, that the coupling constant NS is not
ﬁniquely defined. The definition of ﬂs depends on the rencrmalization scheme.
This xenormalization of the guark-gluon coupling constant appears the first time
in connection with the virtual diagrams of oxdex dsz. This means, only in order
st it is knpewn, which definition of the coupling constant has been used. This

is very impoxtant if we want to compare the values for “s deduced from different
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quantities in ete” annihilation or even from different processes. The same re-
marks apply concerning the scale at which Ns(q‘} is defined. This may be g

or some other scale. Only in order uszlit is possible, to find out, which scale
makes the perturbation theory optimal, i.e. produces the smallest correction

terms for a number of physical guantities. Third, QCD shows its full gauge
structure only in second oxder - or higher-order perturbation theoxry {order 2;022),
where the triple-gluon coupling comes in. In ail three classes of diagrams,

Fig. 3.37-39, we have diagrams with the 3-gluon coupling. In order ds, however,
all diagrams in QCD and in an abelian vector-gluor theory are identical. The

only difference is a rescaling of the goupling constant,since CF = § in the

abelian theory.

3.2.2 Three-Jet-Cross-Section up to O(u;J

.To obtain the 0(0(52) corxrections to the I-jet cross section, first,one calculates
the contribution of the virtuwal diagrams in Fig. 3,38. They depend on the same
kinematic wariables as the first oxder cross section (3.1.11), namely x, and x

(or y13 = 1-—x2 and Yoy © 1~x1) and contains infrared and mass singularities pro-
protional to ahz and E;-l. 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,

Schroitt and Schierholz /1982/; Lampe and Kramer /1983/}):
A Ei
Axy dx, CF

((r-x)(1- %) (1 ""3))-8 T(xxs)

T(-g )

(3.2.1)

where

- 1it -

= % -
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. (3.2.2)
B(xl,xz) was defined in (3.1.62). It depends alsooen & . a, b and £ are:

= = 3C ~ (4N - $4) + (2G~M.) Lt + Mol

(3.2.3}
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In (3.2.4) a’ is the Euler constant and r(x,y) in (3.2.5) is the function

rev3) = dux bucy ~ s binlt-x) = g bult-g) +
— oLy (x) =L () ' (3.2.6)

with xz(x) being the Spence function

Lox) =~ fdz.éz'fi'_"l.. (3.2.7)
] .

In (3.2.4) we notice several expressions which are proportional to (%Nc ~ %Nf)

and, hence, can be absorbed into the definition of the strong coupling constant,
The large logarithmic term
1

Ay -3y 1 & B, ,xp
6c 3f R 11%2

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 0(5(1.1‘) becomes the running

coupling constant

) = oogen [ 1+ ) (S - 40g) 3] 7" ee

For better convergence of the perturbation series it is customary to alsc subtract

the expressicn (%Nf - -J'e—iNc) (a’ - 1n(47 )) from (3,2.4) together with the

ultraviolet pole term in the renormalization procedure which then is called the

#5 scheme, The formulae (3.2.1 - 3.2.5) are for the so~called minimal renoxmali-
zation scheme (MS) where only the pele term "'8-1 1s subtracted in the renorma—.
lization of o(s. We hope that these elucidatiens sufficlently explain what we
meant with renormalization and scale dependence of & s and how these are fixed
in order & 52 through the virtual corrections. Scme 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 regien 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 £ i S boundary of Sterman and Weinberg and the invariant

mass boundary. Then with the &, S -definition we understand by 3-jet cross

section now the cross section for events which have all but a fraction €/2 of

-the total energy W distributed within three separated cones of (full) opening

angle S . 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 gluens being soft
and/or collinear with one of the quarks or the other gluon {in e'e —» qdgg) and
cre of the guarks being collinear with one of the antiguarks (in e+e"--ﬁ- qaqc‘g),

respectively.

The 3-jet cross section is again finite by virtue of the Kinoshita-Lee-Nauenberg
thecrem, This is to say, that the processes e+e_-—>- q&gg and q&q& must contribute
the same pole terms in 4-n = 2& as the loop corxections (3.2.1 = 3.2.5). After

this the 3~jet cross section, which now is

da’(&,S) = dor™ + 050"(4)(‘9;5) 2 {3.2.9)
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where a (7'(3J fneludes to O & s} contribution (3.1.11) and the 0(0(32) locp

corrections (3.2.1))has in the M§ renormalization scheme the following form:
2
4 _dy O(S(q)c 3%
o® dx,dx, + X1, X2)

ol 2z
[4+ 552 (345+0)] + 2542 f(x,,ﬁ)}-f-@(e,é‘)

(3.2.10)

where
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f(xlfxz) is given in (3.2.5) and 5

in (3.1.63): Of course, foxr SU{2) colour we
must introduce Nc = 3, CE‘ = 4/3 and the numbexr of flavours Nf depending on the

threshelds reached for chosen W,

Wit.h the formula (2.2.10) (Fabricius, Kramer, Schmitt and Schierholz /1980, 1982/,
Gutbrod, Kramer and Schierholz /1983/) the various distributions in one (or two)
jet variables can 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
(4/0') dc/d)l,,.“is plotted togetner with (4/0-') do{Ame,‘ in Born approximation
(O(DCS) curve) for two choices of the pair of parameters & and J\ o

<, S = 0.2, 40° anda &, 8 = 0.1, 30°. The coupling constant 0(5 = 0,16
and Nf = 5 for all three curves and Xy ax is the energy of the most energetic jet
vwhich equals thrust for three massless partons. & is egual to the total cross
section up to O 0{82) . The cross section now depends on & and S ; the resclution
parameters for defining 3 jets out of 4 partons. We see that d‘7‘/(1:-: % decreases
‘with Gecreasing & and 5 as we expect from {3,2.10 - 3.2,13), If we choose & .

ao

and g unreasonably smail, /dxm may beccme negative. In this region per-

ax
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
E, S = 0.1, 30° is already too small)producing D(D(sz) corrections which

nqecd 0 e S .05 aoe
changes /dxmax Py a factor of two, In cont.rast/ the choice . = 0.2, 4¢

. 2 ;
is just right. With this theO(d.s ) corrections are reasconably small compared to
the O(O(s) cross section. Thus, with such values of € and & ve have a reasonable
perturbation theory for the 3~jet cross section. A good criterion for the choice
of & and 8 is the value of the 2-jet cross section obtained with these para-
: 2-qjet 5‘ o ?

meters, Since &3 {&,8 ) has not been computed yet up to O s ) we use the
of l:(s) Sterman-Weinbexg formula (3.1.73). This yields for the 2-jet multiplicity

67% if £ , 8 = 0.2, 40° and 36% if &, (S\ = 0.1, 30° and O(s = 0.16. So the



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 paxameters & and 8 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 alsc for the invariant mass boundaxy.
in this case all configurations of the 4-parton phase space contribute to the

3-jet cross section, for which the four momenta Py P of two parton$ are inside

J
the boundary (pi + pj)2 £ ¥¥ . The result has the same form as (3.2.10) except

that the quantities Jl' J2 and J3 have now the following form:

3= Ce (=2 452 3l - 142 2y g Bt (3.2.10)
1 .‘F( 3"’ g 3 + ?LAyfz

neM(bld . LFT _Lry g |, z*
C( p 7 2 "’/d'? % +_z£“

-2 .87 2 L Y 7*
e e * }13’&”% +§Z3’4v?_,_'3

{3.2.13)

3, = {‘ff (32.' ,&.? - %@_ (3.2.16)

It should be stressed that the formulas for Jl' J2 and J3 in case of the y
boundary cannot be derived from (3.2,11 - 3.2..13) by a simple substitution, We
notice that the leading logarithmic terms in the in S’ r In€& and lny agree when
we replace £ = 3 z/tl.by ¥. But the nonleading terms are completely diffe-

rent.

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’) in (3.2.10) into O(S(yq') we absorb the following

term in J2 and J3

- (%Nc - ';'“f)l"‘y B ¥y 50¥)

This way the Of 0(52) coxrrection is diminished by a large term foxr small encugh y.
Of course, the resulting Ofs determined from some experimental data now will be
larger, but it is the 0‘5 for a smaller s‘cale. The choice of the scale is more

or less arbitrary. For the "optimal". sgale one demands that o(s and the higher
oxrder coefficients are small. One possibility c¢ould be to choose the scale of O(S
in such a way,that the higher order contributiens vanish. Then all higher order
contributions are absorbed in o(s. This defines the so-called "low-order" scheme,

Uswally this low-order scheme, defined in connection with a specific physical

quantity, here the 3-jet cross secticn, will lead for other physical obserxvables

‘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 corxrxesponding

/\ values using

Pcird

X 2) =
ST Cne - 2H) e ()

(3.2.17)

Then physically equivalent scales should procedure roughly the same /] vales.

Finally we remark that J‘.l in {3.1.14) agrees in the limit ¥yp > 1 with the
factor of _?i Cp in og—jet(y) in (3.1.68). This is a necessary condition.
L4

Similar tests can be done for I, and J, in (3.2.15) and (3.2.16) and the Ji

3

foxr the Sterman-Weinkerg cross section.
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The dependence of ('f/o-) %ws a function of y is shown in Fig. 3.42 for

vy = 0.04 and 0.01 together with the Born cross section for °<s = 0.16 and

Ny = 5 respectively. For y = 0.04 the 0(0(52) corrected xmax—c"iistributior.
diffexrs Little from the distribution in Born approximation. Thus alsc for
appropriately chosen y values the 0452 corrections to the thrust distribution
are reasonably small. In sect. 3.1.7, in connection with the 2-jet cross section
in O(D(s), we had found out alreadyr that v should lie in the interval

0.03 £ y £ 0.05. The curve for y = 0.01, however, deviates appreciably from
the lowest order curve. This means, that y = 0,0t is aiready oucside the range
of y values, Iin which we have a convergent perturbation theory, consistent with

the statements made in sect. 3.1.7.

We remark that the curve for y = 0.04 lies somewhat above the C{® s) curve for all
Rpax values in contrast to the &, (S\ = 0.2, 40° curve in Fig. 3.41, although
&i¥ 82/4 = 0.04. The reason lies in the different nonleading terms in the two
‘formulas. Tt seems, that with the two definitions for jet cross sections, & , g -
or y-boundary, completely different regions of the 4-~parton cross section are

included in 3 jets.

4 s

The dependence of o m on ¥ as shown in Fig., 3.42 is characteriscic for
CP, i.e. for a theory with a non-abelian gluen. It is completely different for
an abelianvector gluon thecry. In o(o(s) both theories lead to identical predic-
tions except that CF = 1, which means that the coupling O(A in the abelian
theory is related by O(A = -g— (Xs to the QCD coupling. In Of 0(32) 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 —_ 2Nf. The substitution Nf‘-a. 2Nf comes from the fact that in QCD

Tr i“i.‘“’
2

= L which must be replaced by i in the abelian theory. The results
i 2 ¥
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are shown in Fig. 3.43 for three y values, ¥y = 0.08, 0.04 and 0.02, o(A = 0.21
Ao
dxmr

for QCD. The renormalization scheme is the same MS scheme as in QCD. This seems

4
ané Nf = 5. We see that & decreases much faster with decreasing y than
an interesting method to verify the non-abelian nature of the gluon apd 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
experimental data is to compare with results of the cluster analysis. In this
metnod, which we explained in some detail in seet., 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 £, 8 or y, which were necesséry to define the 3-~jet cross section
in O(dsz) perturbation theory,were built into the cluster analysis in an analo-
gous way for separating 3- and 4-cluster events. With this viewpoint the JADE-
Collaboration at PETRA has performed the cluster analysis, both with the Sterman-

Weinberg definition of jets (E,S—method) and the methcd based on the invariant

A
mass constraint y. (Bartel et al. /1982a/.) Their results, both for sl
~4 da ol Xy

and ;d-xmmt were used to devexmine the coupling constant O(S by fitting

(3.2.10; to their data. One of their examples is shown in Fig. 3.44, where the

4 A6 A oo
datva for m‘; and for m,‘ with ¥y = 0.04 can be seen {the Yhas in the

figure is identical tc our y). The cuxves are the O(O(s) prediction “st order
contribution) and the prediction for first and second order with the coupling

constant O(S = 0.16. For determining O(S oniy the range X £0.85

1AK

E x, in the figure) and x 2 0.30 was used, in order to eliminate data

points which could be influenced by 2-jet contributions. The fitted values are:
_ + _Ai . - + 0. : . .
0(5 = 0.16 2 0.01 (x, -@istribution) and O(S 0.16 1 0.015 (x  distributicn).

These values are somewhat smallex than the values fitted to the Born cross section

{ O(s = 0,20, see Tabkle 3.1). Since the shapes of the curves in 15t order and in
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t d
ls + 2" order are very similar. Both give a good fit to the data, The °“‘./Dl’-‘—va.?.tzes

are almost equal for both cases (the 1St order curve in Fig. 3.44 does not fit,
because C‘S = 0.18). The C(s values derived with the (&, 5\)—method are almost
equal: ®_ = 0.173 X 0.012 (x, -distribution) and o(s = 0.17¢ T 0.0t0
(xmax—distribution) written down in Table 3.1. It is very reassuring that the
6‘5 values obtained with the two algorithms for defining jets are so close. The
mean value from all these fits is: g = 0.185 T 0,018 (stat.) T 0.03 (syst.).
The systematic error of 0.03 has its origin to a large extend in inaccuracics
of the cluster analysis, in particular that one relies on some input from frag-
mentation models which are not well enocugh known. This was discussed already

in sect. 3.1.9.

The data of the JADE-Collaboration have been compared alsc with an abelian vector
gluon thecory. Such a theory is, up to the strength of the coupling, equal teo
quantum electrodynamicslwhich is a U{l} gauge theory in contrast to the SU(3}
-gauge theory (CP, The U(1} gauge theory does not have the gluon self coupling,
which is characteristic for QCD. As we emphazised already, in order C(S both
theories give identical predictions. The formulas for the qgg final states and
for CT;ot are the same, if the guark-gluen coupling of QCD: CE_OQ;is replaced
by c(B, the coupling of the abelian theory, which we shall call QAD in the
follewing. Actually such a theory disagrees with experiment already in zoroth
order|if we keep the number of flavours the same a; in QCE. Since the quarks
would have no colour the R value woul@ 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 ete” annihilaticn can be made to agree
with theory in the order O(A by adjusting & ;. This is completely different,
when we include also the O(O(AZ) corrections to the 3-jet cross secticn and to

2

crkot‘ In order C{A the contributions ef the 3-gluon coupling in the virtual

diagrams {(Fig. 3.38-39) and in the bremsstrahlung diagrams (Fig. 3.37) is missing

and all other diagrams contribute with different weight now, since the gluen
couples with the factor 1 instead of the OCD colour matrix ;lafz. This has the
effect, that all contributions propertional to NC in the 3-jet cross section
(3.2.1UL which appear in J2 and f(xl,xz),must be omitted. In addition, the con-
txibutions proportional to Nf in Jz 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 demcnstrated already with

Fig. 3.43 that the predictions of QAD for the 3-jet cross section differ appreci-

ably frem those in QCD, because the terms proporticnal to N are missing. This

<
effect 1s increased further since now the contribution of the terms proportional
to Nf is increased again by a factor of 3 to compensate the quark celour. Since
both contributions J1 and J3 are negative, the cross section for QAD is much
smaller than that for QCD with y chosen egual. The JADE—Collaboraﬁion considered
the case £ = 0.2, 8 = 60° instead of y = 0,04. In order to avoid overesti-
mating the effect of the quark ilcops the numbexr of flavours Nf = 3, since the
contributions of heavy quarks to the inner loops is damped. They tried to fit

the data peoints 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 reason for
this beohaviour is that the 0&0<A2) corrections are already for & = 0.2, é‘ = BO*
50 strong negative that all theoretical curves lie always below a maximal curve
obtained for O(A = 0.07 {see Fig. 3.45). In this comparison the coupling O(A

was defined in the M$ renormalization scheme. In this scheme the total cross

section expressed by R has up to O{O(Az) the following form

K =R, (4 + 4% ﬁ;(? __(_;Z # 0.519/%)(_2_‘&@__)2'4.....) (3.2.18)

where R0 measures the zero-order contribution. The experimental value of R is:
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=3.93 * 0.10 (see sect. 2.1). Fxom this we determine ( o ) = 0.43 ¥ 0.22.
Above, we have seen, that for no value of °<A’ i.e. alsc not for this value,

we can get a fit of the data of the 3-jet ¢ross section. Therefore, we conclude

4 4 o
that R and the 3-jet distributions ‘“¢#r Z_Xma.x and ‘o_-? Z".L cannot be explained

with the MS renormalization scheme of the abelian vector gluon theory, in
contrast to OCD, where this is possible without difficulty. We notice, that the
(O(A)M—S deduced from R is rather large indicating that a “convergent” perturbation

theory may not exist for the MS scheme.

Now, the renormalizétion 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 do 4
in which the 3~jet cross sections ‘7= and o can be fitted. Cne
O A ¥pax o aAx,

such scheme is certainly the low-ordexr scheme. We learned in sect. 3.1.9 that
both distributions are well described in lowest order with a QCD coupling

‘Xs = 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,which will be the subject of the next section,can be very well described
in the abelian theory. So far we have not made use of any higher ordex informa-
tion,which we have on R and the two distributions. For this purpose we fit only
one data point for %‘.’ mx . We take the point at Ao = 0.825 vhich is

4

~
—_ + : _ aa + s :
o Ax o = 0,72 T 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

4
one data point for G~ 2_‘“ to the low-order formuia, clearly it does not
4
follow automatically that the complete " ¥ is given by the low-oxder

ety
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

fox Kpnx & 0.8 is fitted. But the quality of the fit would not justify to discard
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A
the abelian theory. The theory for o memf deduced from (3.2.10) gives us
L
also a relation between the coupling O(A in the low-order scheme (defined by
4
a fit te o~ ﬂéxma.x at Koy = 0.825) and the MS-coupling O(A
~ ~ 2
¢ « o
._/..".. = _...A— s &3.2. -A— (3.2.19)
T n T

~
Witk this we are able to calculate R up to O(Kaz) in the low-order scheme. The

result for Nf = 3 is:

R =R, (4 + %2(7; + 758 (_0(7;)2'-/- ...,) (3.2.20)

(M

«,
For A/n;' = 0.076 we obtain R = 4.21 in disagreement with the measured value

Ead

'3.93 ¥ 0.10. We notice that the O(A—scheme produces a relatively bad pertur-

"~
bation series for R. The coefficient of (X AZ 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 N5 scheme R can be adjusted,but not the 3-jet cross section,

whereas in a low-order scheme the jet AQistribution can be described, but not R.

After this detour we come back to QCD. So far, the comparison of the higher
o?der corrections with data was based on the ¢luster analysis. This is not the
only pessibility. 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 QCD this includes the correlations originating from 3- and

4=parton production which depend just on one angle X. From the energy-energy
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correlation cne can derive the asymmetry ¢ross section Gefined In {3.1.43) in
sect. 3.1.53. This asymmetry cross section is net 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 I’Xs and
0(52 and the 4-jet texms. The curve is calculated for E = 0.2 and (S\ = 30°
with °(s = 0.14. The theoretical prediction (Schneider, Kramer and Schierholz
/1983/} is compared to the CELLO data shown earlier (Behrends et al. /1982L/, see
Fig. 3.36). These data are corrected for radiative and cther effectsbut contain still
the effects of fragmentation. We estimate the influence of fragmentation to in-
crease O(S approximately by 0.01 for the independent fragmentation models of

Ali et al. and Hoyer et al.. Therefore we guote from this fit 0(5 = 0.14 * 0.02,

In order to take t‘sl:e fragmentation of quarks and gluons into account, one starts,
as in low-corder, from the formula (3.2.10) for the 3-jet cross section dzo"/dxldxz.
This formula includes the 0(0(52) corrections, and it is used to caleculate the
probability for the production of 3 jets. From here on ¢ne proceeds as it was

done in low-ordex described in detail in sect. 2.4. . The eg. (3.2.10) includes
the contribution of 4 partong inside the resolution criteria given by (&, ry)

or y parameters, Of course, the 4-parton contributlions cutside the &, J\ or
y=-cuts, which produce genuine 4 jets and which are not contained in (3.2.10}, must
be added explicitly. In these contributions g, g and the two g's (in gggg) and

the two g's and q's (in gggq), 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 medel, like G'é.
a, r ete, introduced in sect. 2.4, are adjustea simultanecously with O(S to the
data. Such a model based on the 3-jet formulas (3.2.10) with E= 0.z and

8 = 40° has been developed by members of the TASSO-Collaboration {Wu /1983/)

and compared to their experimental data. They used for fragmentation the Hoyer
wedel with fragmentation of 4 jets added. In this model 3 {(or 4) partons fragment
independently according to the Field-Feynman model with guark and gluon frag-
mentation assumed to be equal (see sect. 2.4. ), We show three examples of theix
curves. In Fig. 3.4% the sphericity distribution is plotted and in Fig. 3.49-30
we see the planarity distribution whexe planarity is defined as P = 92 - Ql (see
sect, 2.3 for the Qefinition of the Qi) and the <p’rzout> distribution, where
Pr out i1z the average transverse momentum out of the event plane. The resulting
second-order (firsc-order) of_ is 0.168 I 0.003 (stat.) $:0.03 (syst.)

{6,194  0.005 (stat.) I 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 twe methods of analysis are

quite different.

The test of the thecory as performed by the TASS50-Collaboration based on measured
hadron distribution is certainly an alternative to the cluster analysis. A similar
analysis has been dene alse by the MARK J-Collaboration at PETRA (Adeva et al.
/1983¢/) . They fitted the first and second order theory to the measured acollinearity
distribution and the asymmetry correlatieon. For distinguishing 2, 3 or 4 jets
they used the Sterman-Weinberg parameters & = 0.15 and S = 26®. They have per-
formed many checks on, the cut-off parameters, £ and J , and found that the
results are insensitive teo the variation of these parameters in the range

€ = 0.15 - 0.30. By fitting only the fcosgX{ < 0.72 region they are explicitly
insensitive to the 5 cut over a wide range. In contrast te the CELLO-Collaboraticn
study mentioned in sect. 349 they found also wvery little dependence on the

fragmentation model used. By fitting the QCD asymmetry prediction tc the data for
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feosxf < 0.72 they find o(s = 0.14 % 0.01 for Lund fragmentation and

O(S = 0,12 ¥ 0,01 for the ali model. This £fit, together with the data, is
shown in Fig, 3.51. The curve without fragmentation, but O(S = 0,13, &s
Plotted alsc. The data are not corrected for photon radiation and acceptance.
These are taken into account in the thecoretical curves instead. We see that the
second order corrections reduce the wvalue of O(s again. The result for O(S

is somewhat lower than cbtained by the JADE- and the TASS0-Collaboration.

In Table 3.3 we have collected the results for "is obtained from fitting QCD

distributions up to 0(52. The average value is O(S = 0.15 * 0,015, This can

be converted into a value of A (MS) using the second orxder formula {3.2.28)

for A (Nf = 5). The result is A:E = (0.30 ¥ 0.17) Gev, This is in very

good agreement with the /\ values cbtained recently from analysis of deep
inelastic lepton-nucleon scattering data., For example, Abramowicz et al. /1983/
cbtained from the analysis of their neutrinc-scattering data (CDHS-Collaboration)
A 5= (0,25 t g:ig) GeV. Deveto, Duke, Owens and Roberts /1983/ report from a
combined analysis of nucleon structure functions obtained in neutrine , electron
and muon scattering experiments A e {0.35 ¥ 0.10) GeV whereas Barker, Martin
and Skaw (1983) conclude from an analysis of all availavle neutrino xF., data

3
A- = (0.30 * 0.13) Gev.

MS
In this approach we must ask the question to what extent are the values we have
obtained for o(s really independent of the cheice of the parameters £, S or y
respectively, for separating 3 and 4 Jets or is there more or less a unique
cholice for these parameters. Let us discuss this problem in connection with

the y parameter first.

We remarked already that in the cluster amalysis this problem does not arzisef.
since the separation parameter y in the evaluation of the perturbation theory

has its equivalent in the cluster analysis. In the discussion of O(O(S)

-
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perturbation theory we noticed already that exclusive jet cross sectioné, like
2- and 3-jet cross sections, have reasconable values only, if y lies in the

vicinity of 0.05. This applies equally well tc the jet distributions ‘4—0‘3_j°f’?)/¢r
and %'#-J‘t(?)/aﬁ'" . Alsc in these cross sections the expansion parameter
is essentially CF :(S? In'y (see for example (3.2.14 - 3.2.16) as in
Therefore CF :‘I:E’ ln’y should not be too large which bounds y to » 0.02. In the

o= %y,

inclusive distribution @ q?’f-JEt(y) /4T + d é—-Jet(y)/dT, in which 3 and 4 jets

are not distinguished anymore, the "large" logarithmic terms proporticnal to
E’—(-; in*y angd % 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
the inclusive 3 and 4-jet distribution 0'17,;,)2?—' the function AI(TJ which is the
0(0(52) contribution of this distribution as a function of T (Gutbrod, Kramer

and Schierholz /1983/, Kramer /1982, 1983/}:

{(3.2.21)

1. do _ % o )
L 2 = A (@A)

In Fig. 3.52 AI(T) is represented for two y values 0.04 and 0.001 together with
AC(T) as a function of T. AI(T) increases by almost a factor of 2 if y is de-

creased by a factor of 40, Therefore, for v = 0.04 the 0O{ 0(52) correction of the

inclusive thrust distribution is approximately 50% whereas for y = 0.001 it is

approximately 90% ( S;Es, = 0.05). Thus, we must conclude, that Ay (T} depends still
on ¥, and it is essential for which y the inclusive thrust distribution will be
used in the analysis. The dependence of AitT) on y {in figure it is y—l) for some
T iptervals: 0.900 § T £ 0.915 etc. is shown in Fig. 3.53 together with asymptotic
values for y = Q obtained by Ellis and Ross /1981/. We see that A {T) approaches
this asymptotic value already at y = 10‘4. ‘the results, shown in Fig. 3.53/

have computational errors caused by the Monte-Carlo integration of the 4-parton



contributions outside the y cut-off. For y = 10-'4 we have given this error ex-
plicitly which results from a i% error in the Monte-Carlo integration. This
errox is increased at small y since AI(T) is computed by adding the large
R

with the correspondigly large negative AI(T)

et 3~tet’

A similar study was made for the €, 5 ~case (Gutbrod, Kramer and@ Schierholz /19&3/,
Kramer /1982, 1983/). To reduce the problem to a cne-parameter problem

& = %(l—coss ) was assumed, so that with decrxeasing & also Si becomes smallerx.

The results are shown in Fig. 3.54 . For £=0 the function Al(T) ApProachcs

the same asymptotic values as in Fig. 3.53 for y -» 0, taking into account that

the Monte-Carleo errors are scmewhat larger now. This comparison of the asymptotic
AI(T) for y=»0 or & ,8-} 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 dene. The asymptotic
values for the energy correlation and the asymmetry cross section have been computed

by Ali and Barrieroc /1982/ and by Richards, Stirling and Ellis /1982/,

The increase of AltT) with decreasing y has it origin in the fact, that AI(T)
15 the sum of two distributions in which the variakle thrust is defined differently.

- . 3-jet R
Fer fixed y the thrust T in 4 CY; e \y,T)/dT is calculated according to

T =% ax = max (x1'x2‘x3 ) where the x; are the energies of the 3 jets,and in

do_g—jet

(y,T)/dT it is caleulated from the momenta of the 4-parton final state.
This means that in the 3-jet part T is calculated from other contigurations than
in the 4-jet part, How the formula for T depends on the number of particles in
the fina) 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 cother

A a#;? '
so that the thrust distribution(’ér) ATfor both classes of events can be

measured and added. This route is taken in the cluster analysis, and we have seen

that the parameter y for separating 3 and 4 jets has its correspondence in the
cluster analysis. This means, in the cluster analysis AI[T) is measured (after
subtracting the AO(T) part) for a particular y, which is compared with the
theoretical predictions for the same y. Concerning the Cisz corrections these
two parts, 3 jets and 4 jets, have for y = 0.04 and vy = 0.01 the structurc cs
shown in Fig. 3.%5. For y = 0,04 the Ai(T) is mostly 3 jets and much less 4 jets
whereas at y = 0.01 che I jets give already a negative contribution and AJ(T)

is mestly 4 jecs.

The sum of these two contributaons changes with y as seen in Fig. 3.53.
This should also be borne out in the experimental Gata. But it has not been
tested yet. Thus, if y is changed, the inclusive distribution , 1.e. A

(T,

changes, since part of the final states, which for larger y contribute to
T (34 . 4=3jet . N
4a o {y.T), are shifted to d g (y,1), when y is decreased. Since the T
values for these two event classes, 3- and 4-jet, differ, the sum changes.
It seems, that terms proportional to ylny with relatively large coefficients

; o5—jet. . . R
are changed in d {y.T} when 4 partons are combined to 3 jets with sub-
seguent calculation of T. Suppose,we have chosen ¥ = 0 for the calculation of
A](TJ,Lhen we have included the maximal amount of 4 jets, no matter how soft
an individual parton may be, or how ceollinear a parton may be. For this
situation 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
nonzereo y. Thus, Fig. 3.53 and Fig. 3.54 tell us, how AI(T) changes, if the
resolution of dressed jets is varied and how it approaches the limit for bare
jets. This Limit of the bare thrusc distribution has been caleulated by Eilis

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 thougnt, that the results of Fabricius,
Schmitt, Schierholz and Kramer /1980/ and those of Ellis, Terrano and Ross
/1980, 1981/ and Vermaseren, Gaemers and Oldham /i1981/ are in apparent conflict
with each other. This controversy is now solved. Ellis, Ross and Terrano and
othexr 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 eg al. could be recovered from the theory of Ellis, Ross
and Terrano by imposing an additional jet resolution criterion & 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 te 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 jets is to be expected also

'%cr other distributions and not enly for the thrust gdistribution. 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 0(52,which is expressed in the form (in analogy to

(3.2.21))
1 d2Z &5 C os Y
— = X) +{%5) D(cosX)
a® deosX T (cosX) (75') ¢ (3.2.22)

and the asymmetry distribution {see (3,1.43) for the definition} which is written

as
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AS(cosX) = %ﬁ A (cosX) + (%;‘—)&B(cosﬁ’)

{3.2.23)

{Schneider, Kramer and Schierholz /1983/). The higher order contributions D(cosX)
and B{cosX) have been calculated for two cases of (&,8) values: a large one
(6.3) = {0.15, 15°} and a rather small one (E.,S) = (0,05, 5°), D and B contain
the 3- and 4-jet contribution to the energy correlation and the asymmetry corre-
lation respectively. We see fxrom Fig. 3.56, that D{(cosX} changes by more than a
factor of two when & and 8 are varied in this rather small region. This cccurs
for all angles X between 0 and 7”. The asymptotic value of D{cos¥) for & ,S'> o
is even larger, approximately a factor of two above the ( 6-.5\) = {0.05, &°)
curve if we compaxe with the xesults of Ali and Barreiro /1982/ who calculated
the limit of D{cosX) on the basis of the Ellis, Ross and Terxano approach. There=-
fore the 52 terms in the energy correlations show the same resolution depen-
dence as the inclusive thrust distribution. In this compariseon we must take into
account, however, that the lowest ordex contribution, i.e. C(cosX), is already

réselution parameter dependent. As we remarked earlier,the energy correlation

function, as defined in secticn 3.1.5, contains also the contributions corrxes-

ponding To £ jets in the qag final state. If this contribution is subtracted
the cross section is reduced. The amount of reduction depends on the & ; 6‘~
parameters chosen to separate 2 and 3 jets. In Fig. 3.56 we show ClcoZX) as a
function of cosX for (£, 8 ) = (0.15, 15°) {lower curve) and with the 2-jet
region included, i.e. &, 8 = 0 (upper curve). This lattex curve is egual

to the cross section in Fig. 3.9 excepr for the factox dé/&r‘ As can be seen
the cmission 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_-e> qq§

is included in the data. Another observation is, that the ratio of the & szﬂterm



to the. o(s-term, i.e. D{cosX)/ClcosX) is only of the order of 4 (for

(&.8) = (0.15, 15°}). This is much smaller than the ratioc of Ay (T}/AO(T)

for y = 0.04, which is obtained from Fig. 3.52. This means, that the higher order
corrections in the energy-energy-correlations axe 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 (£ ,tg} = (0.1%, 15°)
and (8,8) = (0.05, 5°). If compared to the results of Ali and Barreiro /1982/
the curve for (&,8) = {0.05, 5°) gives already the results obtained in the
limit (S,g } =» 0. So in the asymmetry cross section the asymptotic valuc is
reached already rather early. Furthermore the ratio B/A is enly near four,

50 that the effect of higher order corrections is reduced 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 & ,é\
.and ¥, respectively, in such mede]l caleulationsy in which fragmentation is added
to the primordial production of quarks and gluens, The same problem arose in
connection with the fragmentation of 2 and 3 jets based on O( D(S) perturbation
theory. Cbviously the parameters & , & and y for separating 3 and 4 jets
should be of the same order as the parameters uszeci for separating 2 and 3 Jjets
in Of Ks), t.e. &20.2, 8 = 40% and y = 0.05,_ resepctively. We have seen
already, that y = 0.05, for example, yields reasonable results for jet multipli-
cities, Furthermore it would not make much sense to chocse y much smaller than
the nonpexturbaltive 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 is very well represented by the

2
distribution of " 1/w=. the mass of the narrow jet shown in Fig. 3.58, which

mI
also yiels 4 ( l/w’) = 0.05. Of course, these considerations do not fix these

paraveters uniquely. They Jive us just the order of magnitude. Therefore, in

the fragmentation models &, S 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 fragmentation
parameters occars already when comparing first and second order fits (Wu /1983/).
We aiso nove that for T £ 0.82 the variation of A, (T) with decreasing ¥ or &

is ::.oderate, if v {or €% and S *} are changed by less than a factor of 2 as

can be seen in Figs. 3,53,54. Therefore the influence on determinations of of

is pot sc large. Of course, it is desirable to have physical observables which

Gepend only very little on these resolution parameters.

3.2.3 Evidence for Four-Jet Productiocn,

. . ; 2 . :
‘As remarked in the previous section, in oxder OCS final states with four

partons, e e —3 4999 and & € — QUgd, can also be produced, which should
appear at high encugh center-of-mass energies W and under the right kinematical
cenditions as four clearly resolved jets., Their production rate is expected

to be reduced by the factor of b(s compared to the 3-jet rate. The discovery

of these 4-jet events with properties as predicted by QCD perturbation theory
imay serve as further evidence for the realization of QCD in nature. Studying
4-parton final statescan also be useful to distinguish abelian and non-abelian
vector gluon theories,as is evident from the existence of additional diagrams
#ith the 3-gluon coupling in the case of CD (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~interaction, in 4 jets alone.
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The 4-jet cross section is determined from the two groups of dlagrams in Fig. 3.37

which lead to the final states

eps) + e_(f") —> 9(ps) + 9¢p2) +9Cps) + Py) (3.2.24)

and

e¥(ps) # ECp-) —> FCpi) + TCPu) +TPs) + F(Pa)

(3.2.29)

The differential cr<l>ss section is calculated from
F
) . AR
+0
= H 7 LPoP-d., ? —4"—8 (perp=Z pi) H

(3.2.26)

‘with q = p, +p_ and {p_'_,p_}/“) i$ the well-known lepton tensor. The hadron
tensor B/,,p contains the ¢omplete information about the final states

(3.2.24 ~ 3.2.25). Ns is a statistical factor depending on the number of
jdentical particles in (3.2.24) and (3.2.25). The compiete formulas for
e*e"—>qqgg and e’ —» qdag wer-e firstcalculated by Ali et al. /1979, 1980/.
They are explicitly written down in Ali et al. /1980/, in Kérner, Schierholz
and Willrodt /1981/ and in Ellis, Ross and Terrano /1981/. Some early studies

about ete”—» gggq 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
-
ke 2 . .
. £ I C= "____L.&/°+ / 2,1= 7
x; = w{& , v=42,3 and '\‘r.J W ;o 72,73 (3.2.27)
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In addition dg~ depends on two angles @ and ¥, which determine the orientation
of the 4-jet event with 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 alsc the effects of Z exchange

are considered.

In principle the hadron tensox H/._p has a very rich structure which can be ex-
pressed in various multi-dimensional @istributions and angular correlations.
Because of the limitéd statistics only one-dimensional distributions, integrated
over angles @ ang X. have been studied experimentally. For such a distribution
acoplanarity is a very useful variable since 4-jet events stand ocut against

2- and 3-jet events by having a non-vanishing acoplanarity A, Thus do?dp. is

the cancnical 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 aAp

{see sect. 2.3) can be chosen as well.

bDistributicns like do’/d’l‘ are less useful, since they receive contributions also

from the infrared singular region of phase space. Therefore the thrust distribu~
tion can be defined onlyl if the singular regions are cut-off by boundaries in

the invariant mass, i.e. by y, or by & , g cuts. Such distributions can be
compared only with events which have been identified in the cluster analysis

as 4-jet events. Otherwise we can considexr the thrust distribution for a
superposition of 3- and 4-jet events as discussed in the previous section,

for 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.
The distribution 0.'472) E—A_ is represented in Fig. 3.59, normalized to the
zeroth~order Cross section 0'(2) for W = 40 GeV ( of _ = 0.20) and for ee" 3 qiaq
and ¢'e”—> 9Gqq separately. The total distribution is obtained from the sum of

these two components.
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The differentfal cross section da‘/dA diverges fox A ~» 0. For e+e_—)- qggy
the leading logarithm behaviour is:
2

4 Ao oK1 [ Al

o,(a.) dA 2 il A (3.2.28}
as B> 0. The leading log formula can be seen to give .a goed description of the
differential A distribution up to rather large A values. The equivalent formula
for eTe —» qdaq is:

4 do 1, Y 7 2
o dA - /EQA;(FS T/'ﬁ«-./}/ (3.2.29)

So the leading log behaviour is one power in llnAl less than for e+e-—-} qg9q.
The contribution of e'e -3 q3gd dominates, e e —» dgqq 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
1.:he four momenta point from the center of a tetrahadron (with side length

1/2

) to its four corners which give A = —§- according to (2.3.6). We see that

dA decreases strongly with increasing & s¢ that events with large A are rare.

1.
(gq)
a0y

Because of the singularity for A-»0 (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 emissicn

of soft and collinear gquarks, antiguarks and glucns {(3.2.24 - 3.2.25). These
éinqularities cancel against the correspending one- and two-lcop virtual corrections
in Figs. 3.38, 39 so that the total cross section to ordér °<$2 becomes finite.

Due to the singular behaviour of do‘/d}\ as A -»0 the differential distribution

should be considered to be reliable only for values of A above some cut-off Ao'

: 2
Integrating do?dﬂ from /3 to Ao one obtains a eut-off dependent 4-jet ¢ross

section G7(A ), shown in Fig. 3.60 for ete —3 gfug and e'e” — g3 separately.
The ratio to 0,(2) measures the 4-jet multiplicity in these two channels.

A cut-off value for which o'(Ao)/ orl2) & ()(S2 =’ 0.04 should he comsidered a
reascnable choice, above which a perturbatively calculated dc-/dA can be trusted,
From Fig. 3.61 this corxespends to Ao = 0.07. Of course, these considerations
are analogous to the 3-jet case and the cut-off's y and T,- We also show in

Fig. 3.60 the ratio ¢f 4-jet to 3-jet production as a function of Ao. The 3-jet

cross section is computed in O(O(S) with a thrust cut-off at To = 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 cof the
three-glucn coupling is. In scme sense this is an ill~defined quéstion 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) symmetzy

-are not renormalizable (although for tree-diagrams considered in this section

rencrmalization is not relevant). Therefore we compare to the abelian gluon
theory with the number of quark flaveours multiplied by 3, already considered

in the previous section and dencted QAD. It turns out that most of the distributions

(2) =4

normalized to O remain more or less unchanged if the QAD coupling 0{8_3 “s’
i.e., if O(A is adjusted to the same 3-jet cross secticn 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

2
in QaD. For Ao = 0,05 and the same zeroth-order total cross section c-( ) we

have

o (8AD, 9793) = 0.8 cr'(&cz)) 9733)
o (84D, 9797) = § o (acD, 9797/

{3.2.30)
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s8¢ that in the abelian theory the final states q&gg and qc—lqt_; are procduced 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 deminance of the qagg
¢hannel could be established. Unfortunately this is still wvery difficult (see
however Bartel at al. /1983/), so that QAD could not be excluded by four-jet

studies alene up to now. If both channels are added we have

o (@AD, 9393 + 9§97) = 7.3 0"(@03;753?*7;'7%-) (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 is applied and &, = -;'—0(5‘ We made us of this
fact in the previcus section by stating, that in QCD and in QAD the 4-jet rates are

equal, if & a is adjusted teo the low-order 3-jet cross section.

As our next point we study’ how dg’/d}\ is changed by the fragmentation of guarks
and gluons inte hadrons, and how large the background is,originating from qt} and
'qag final states. The comparison with do‘/dﬁ for non-perturbative 2-jet production
caleculated in a Field-Feynman model is presented in Fig. 3.61. This distribution
which includes also weak decay effects of ¢ and b guarks (Ali, Kbrnex, Kramer

and Willrodt /1980b/) is still rather broad at W = 40 GeV. The input Pr for

/2 = 0.25 GeV. (Actually,

the Field-Feynman model was chosen as 0':1 = %>
according to our present knowledge cré should be larger;: o'i-i ~ (.3 GeV, which
makes the distribution even broader.) The average A for this non-perturbative

2-jet distribution is calculated to be <A > = 9.04. The dependence of

non-pert.
. s 3 . . 2 : L]
this <A>non-pert. on W is shown in Fig. 3.62, toget:her with the averages < 5'>
and <1-T > (Kramer /1980/). We see that & A>non—pert. decreases slowly with

increasing W. Compared with the perturbative A > calculated £from the perturbative

distribution in Fig. 3,59, which is also shown in Fig. 3.62, <A >non-p(~n:t. is

still larger than <A > even at W = 70 GeV. So for energies as low as 40 GeV we
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expect dv/dA from qggg and §qqq production to be larger than the non-perturbative
dc’/d}\ from qE production only for rather large A. Additional background comes
from fragmentation corrections to ther3-jet cross section: e+e-"-—)- q&g. Although
this contribution is reduced in magnitude by a factor = 10, if compared to the
2-jet contributicn, it is broader than the 2-jet contribution., The 3-jet contri-
bution is calculated with a thrust cut-off To = 0.9 motivated by demanding
cr'{qc_;g)/g-(z} = O(s. 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 AO = 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 « AO the distribution is reduced by the cut-coff. In
this region it is replaced by the gq and the ggg contribution. At larger A the
distribution is enhanced. The normalization of the three curves in Fig. 3‘.61

is such,that. the area under the sum of the three contributions is one. The
.;:elative normalization of the 2-jet, 3-jet and 4-jet cross sectio-ns 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 q&g. Therefore this would be the region, where
the pertuzbative 4-jet contribution can be tested, i.e., where genuine 4-jet
events originating from qc-;gg final states can be discovered. In this region
LTI Y- o '

( /o= 7"} 7 /dr decreased by twe orders of magnitude. Thus high-statistics experi-
ments.are needed to see the O(sz term. However, applying a xestrictive thrust
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

oPdet | o3tdet | o A-3et o5 02 . 0.66 1 0.32 so the the 4-jet term is

very much enhanced.



Results of an analysis aimed at showing evidence for the producticn of genuine
4-jet events has been published recently by the JADE-Collakoration, Bartel et al.

/1982h/. The A and D3 distributions which they obtained for W = 33 GeV are shown

in Fig. 3.63. D, stands for tripodity which was defined in sect. 2,3 and which

3
was invented by Machtmann and Reitexr /1982a/ to isclate contributiens with the

3-glucn coupling (D3 > 0)., The experimental data which are based on the momenta

of measured hadrons (not partons) are compared with two models. The moedel L234

consists of q&, G99, q&gg and q&q& final states which all fragment inte hadrons
according to the Lund scheme. L23 contains only qa and qag contributions. We see

that the medel L234 describes the data much better than L... Foxr A > 0.25 ang

23

D3 > 0.1 the data points lie more than a factor of 2 higher than the predictions
of the model L23 in agreement with the expectations based con the results in

Fig. 2.61.

The results presented in Fig. 3.63 are not a speciality of the Lund fragmentation
‘model which is based on strings. (For the implementation 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

- and A-

the authors investigated in detail,whether the large tail cof the 03

distributions can be explained by varying the fragmentation parametexs in the

L23 madel, in particular in the fragmentation of heavy b quarks. This could be

ruled out,if one demande@ that the distributions at small D_ and A remain un-

3
changed. The same anpalysis 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 background coming from q& and q&g is, because of the non-perturbative jet

broadening, is still too large at larger D ana A, to see the contribution of

3
4-paxton final states hidden in the tail,

The amount of genuine 4-jet production was alse determined. Introducing the
contribution of q&gg and qiq& with a free normalization parameter A inte

the modelyit was found that this A was definitely unequal zero. In particular,
the data in Fig. 3.04 yield :L = (8,2 2 1.2)% with a A cut-off of AD = 0.05
introduced in the 4-parton cross sections. This has to pe compared with A = 5w
mentioned in connection with the theoretical curves in Fig, 3.61 which were

caleulated with O(S = 0,2,

S0 we cgonclude that genuine 4-jet contributions of the form qagg and q&q&, as
predicted by QCD, have been discovered at W = 33 GeV with a rate consistent

with a coupling constant G(s = 0.2 known from lowest order 3-jet production.

For studying further properties of 4-jet final states certainly e&en higher
statistics and/or higher enexgies are needed. Proposals for such measurements
can be found in the literature, for example, in the work of Ali et al, /1980/,
Kornex, Schierholz and Willrodt /1981/, Chandramchan and Clavelli /1980, 1981/,

Nachtmann and Reiter /1982h/ 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 %, 6, ... jets which certainly exist as weli. From our
considerations it should be clea5 that final states with more than 4 jets have an
aven larger background produced by fragmentation effects qq, 499, 9399 and qagq
final states. To suppress this background onhe needs even nigher energies or very

large statistics in oxder to detect these multi jets.

A second peint concexrns 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 S5-parton
states q&ggg, q&q&g of ordex “.53. This is connected again with parameters v

or &, & . 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 0(52. This means, only with such a choice of resolution parameters
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 Rencrmalization Scheme Dependence.

In sect. 3.2.2 we emphasized that the higher order correction for the 3-jet cross
section is calculated for the M$ venormalization 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 wnderstand, why some

schemes are more sensibel than others,

fo perform the renormalization properly, it is necessary to introduce a regulaxi-
zation procedure jinto QCD. For perturbation theory the dimensional regularization
of 't BHooft and Veltman is the mest convenient one}since 1t respects gauge in-
variance aznd makes it unnecessary to introduce extra counter terms for recovering
gauge invariance. In n # 4 dimensions the QCD coupling constant g has a dimension
which is factored out as;lal S0 that the remaining coupling becomes dimensionicvss:
g > ue g (2& = 4-pn). This way an arbitrary dimensional parameter, the scale u,
is introduced into the theory and g becomes dependent on it and we write g = g(u?)
and D(S = e{s(u‘) . In lowest ocrder of O(s this scale remains undefined. This
means$, in this order it is pot Xnown for which yu the D(S determined from ex~
perimental data i$ obtained. Only inm higher orders O{ X 52) the scale P is fixed
in the way as we have explained it with the & SZ corrections to the 3-jet cross

section in sect, 3.2.2.
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1f one goes to higher orders of perturbation theory the quark-gluon coupling ¢
must be renormalized. Let gy, be the bare or unrenormalized coupling and 9y the re-

normalized coupling then both are related by
% ) 2, (o) p°
9. = Zs (ep) Z, o) &q COFI G, (3.2.32)

In (3.2.32) Zl is the renormalization constant for the guark-antiguark-gluon
vertex, z2 for the guark fileld and 23 for the gluon field. These renormalization
constants are calculated from corresponding Feynman diagrams. Asswing that quarks
and gluons are on their mass shell (p? = 0} the result of the calculation depends
whether n 4 orn < 4 , For the renormalization only the pole terms in &€

which ocour for n < 4, i.e. which come from the wltraviclet divergence of the
integrals, are of interest. These are the pole terms in &:UV. The other contri-
bution is obtained for n » 4 and the complete result can be written as (Jones

71974/, Caswell 71974/, Fabricius, Kramer Schierxholz and Schmitt /1981/)

9. 7. _ 7
Z, = 1~ = (Aé*c")(?ﬁ '8_—)

IR
z
4 4
= 4 - &, Crlie - e :
Zz 4 ot F Eoer Ern (3.2.33)

A7
1+ g ($0 - 3M) (2, - ==

Zes

~1
uv ¥

absorbed in the coupling constant so that the following relation between gr and

In the minimal subtraction scheme only the pole terms proportichal to & &

9, follows from (3.2.32):

2‘ -
1o - (1 + £ (K- $4) 2 1

Ra* (3.2.34)
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The second term in (3.2.34) determines the subtraction term in higher oxder
e+e-—> 499 which is proportional to the 0(0(5) matrix element Bu + & B®
(see (3.1.62)). From {3.2.34) and the condition that 9, is independent of up the
well-known renormalization group equation (Stueckelberg and Petermann /1953/,

Gell-Mann and Low /1954/) fox gr(u) is derived

S g _ -8, 9}@)

0(./4, (3.2.35)
where
A T &/V)
[3" e ( 3 A= 5% (3.2.36)

H
g
Integrating this equation we obtain the scale dependence of O(s = r/QE-' in

the form (3.2.8) or with the boundary condition gr(u =A) = ©© in the well-Xnown

form

SCqt) = :
9 Cq Ao &(7//12) (3.2.37

which defines the scale parameter A in the one-loop approximation. Taking also

two-1eop contributions into account (3.2.37) is replaced by

z 1
9. (9%) —ﬂof&w(?%*-) +%,ﬁ~,&,(‘f%z) (3.2.38)

where

ﬁ"“ég;ij 54{1/ 40%/‘4:“2@“19)

(,/o

(3 2,30

In case g;(q‘) is known for a given ¢’ we can instead of g; state the value

of N as we have done it at the end of sect. 3.2.2 which enable us to compare
coupling constants obtained at different g¥. The relation (3.2.34) defines the
renormalized coupling for the minimal subtraction scheme (MS). The A caleculated

from such a defined coupling gr(MS] is the correspending AMS

Obvicusly this definition of the renormalizatioen of g is not unigque. It is
possible to absorb arbitrary finite terms (for £ - 0) in (3.2.34) in the
definition of = Fox example, 1t was discovered,that it is advantageocus to

absorb the constant 1n(47®) - 3’ . This means, in (3.2.34), we must replace

4 4
e e e Ao Ch) ~
Eu\/ EZCV ( X) (3.2.40)

The constant In(d)~ a’ is an artifact ¢of the dimensicnal regularization
without any physical significance. Therefore it makes sense to absorb it in
the coupling {Bardeen, Buras, Duke and tuta /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
scheme, first introduced by Celmaster and Gonsalves /1979a/,. In tnis scheme the
vertices and the coupling are fixed for a space-like momentum point p* = - p?.
This determines the renormalization constants Zl(e,u}, 2.2(5 ,M) and Zs(e_,p) for
momentum subtraction. Unfortunately this is not unique since there are several
possipilities for choosing vertices: (i) ggg-vertex (Zlg(&‘.,u)),

(ii) qc}g—vertex (ZIF(&,;:)) or (iii) GGg-vertex ZIG(E"”')‘ 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, 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 rencrmalizations the coupling Ns(q‘) can be deter-
mined by fitting cross sections calculated at least wup to 0(0{32) with these
renormalizations to experimental data. From this the corresponding /1 is ob-

tained via (3.2.38). Since the O(s will differ for these varicus schemes, also

A, A

Mg’ M8
poyr 204 /\HOM"' Relations between these different /1's have been deduced

different A's will be deduced which are distinguished by A

A

by Celmaster and Gonsalves /1979/. These relations are valid to all ordexs of

MOM”

perturbation theory under the condition that in the integration of the renorma-
lization group equation (}.2.35) (extended to higher orders) identical assumptions
about the integration constants are made. As an example we have given the con-
version factors between the /\'s for the renormalizations MS, EE, 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 /\MOMIS are approximately a factor of two larger
than /\ i 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
/\M.§=

obtains /\ = 555 MeV for Landau-gauge and /qM

300 MeV obtained in sect. 3.2.2 can be converted into the MOM-scheme. One

MOM
gauge and N

on = 453 MeV for the Feynman-

£ 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 renoxma-
lization convention used. But this can be expected only if the perturbation series
were known to all ordexs. 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 order in g, so that the result becomes

scheme dependent. For selected physical guantities 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 f£ind the "optimal" renorxmalization scheme for
a specific physical quantity (Stevensen /1981/, /1982/, Pennington /1982/, Kubo
and 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
2s a pedagigical example we shall study, how the renormalization conventions

MS, MS, MOM and MOM® effect the perturbative prediction for C’Eot or R, re-

spectively.

The leading perturbative result for R is {(3.1.71).7he 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

R = (OFGI(1 + 5L o K (S )

The coefficient X(RS) depends on the renormalization scheme (RS). Its derivatien

will be considexed in the next section. The results for the various schemes are:

K(M3) = 7.36 - 0.44 N,
K{NS) = 1.985 - 0.115 N,
(3.2.42)
K {MOM) = - 4.64 + 0.74 Nf
K (MOM") = - 2.9 + 0.16 N,

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 W' = 1000 GeV?

laccording to sect. 2.1 the experimental value is R = 3.93 ? 0.10 at w = 34 Gew)

is used to determine q{S(MS) from (3.2.41) together with K{MS) in (3.2.42)}. The
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result is D(S(MS) = 0.136 which yields AMS = 0.166 GeV according to (2.2.38}.
From this we find with the help of Table 3.4, assuming Nf = 5 and Landau gauge
the A values for the other schemes ﬁg, MOM and MOM'. From these we obtain
coupling constants e(s accoxrding 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 &ifference

in R is less than 0.5% although the couplings n(s in these schemes change by
almost 50% and the A ‘s by mere 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 vexy little when we adopted another scheme certainly is caused by
the fact that the coefficient K(RS) and alsc “s(RS)/%T for all schemes RS are
very small so that the higher order coxrections X(RS) C*S(RS)/GV 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 onhly such renormalization
conventions should be adopted, which produce small contributions for the higher
order corrections of all, or at least, as many as possible, physical guantities.
0f course this "fastest apparent convergence critérion" is not very quantitatave
but seems to work as well as more sophisticated convergence criteria (Penningten

71982/).

The scheme in which the higher order corrections vanish is the so-called low-order
scheme: Let us consider a physical guantity, like R, and let us shift c(s by a
change of the renormalization scheme into O ‘s' where o(s and o('s are related
by

o(cs.i(_s. = O(G'(/f+9¢o(c"+.--.)
(3.2.43)

This causes a shift of R since K in (3.2.41) is changed into

K = Ketse

(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 = { 3 %Qf’) {1+ O(é) . For our example in
Tabie 3.5 the corresponding 0(5 is O(Stlow) = 0,166. This dots not mean, that
other physical quantities are also given by the lowest order perturbation theory.
The contrary may happen, other physical guantities may have large higher order
corrections in this particular low=-order scheme. In this ¢ase 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 (l/cr)d‘37dT.
With this we could fit the 3-jet cross section and find the corresponding CKA
from measured data. But the perturbation theory of R in this scheme was very

bad (see (3.2.20)).

2

3.2.5 Total Cross Section up to O(as 1.

It would by very instructive to calculate the total annihilation cross section

<7;°t by summing the 2-, 3- and 4-jet c¢ross section. This is not possible yet,since

the Z-jet ¢xoss section has not been calculated up to the crder 0<52. However,
olot can be computed more easily by summing over all final states from the be-

ginning. C,;ot is related to the imaginary part of the vacuum polarization or
the inverse photon propagator, Thus by computing the inverse photon propagator
up to 0(°(52) one can deduce kapt(q’}. This was done the first time by Dine
and Sapirstein /1979/, Chetyrkin, Xataev and Tkadov /19797 and by Celmaster

and Geonsalves /1976/.
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In the following we shall outline the caleulation of the inverse photon propagator
];,p {q) up to 0(0(52) but in lowest order of & . f;a(q) depends only on the

momentum of the virtual photon q and has, because of gauge invariance, the following

decomposition

Mo €2) = (= gow + /92) Teg2) 0209

First le,(q) is calculated for space-like q° <« 0 which by analytic continuation

yields 7(7(q‘) for .time-like q* > 0. @ is obtained from the imaginary

tot
part of 7L‘(q=) by
Ftot (%) = % Lim 7(-:272’) (3.2.46)

The computation of 7(1 (q*} can be simplified with the help of the renormalization
group. ji:hf) has the naive dimension 2, Therefore we have for the scale depen-

o at?
dence of jL {g*) the following renormalization group eguation (Callan /1970/,

Symanzik /1970/)

2
R e R LRI

—e?
where t = %1,1( q Ju?). ﬁ(e) and [3 (g} are the ﬁ-functions which determine
the scale dependence of the electromagnetic coupling and the quark-gluon coupling

{see (3.2,35) for g). XJ" is the anomalous dimension of the photon. The sclution

of (3.2.47) is

t
71-(72') = (- q-?») ex7o[ Iaééig} (é'(t')} ?(1,“))] (3.2.48)
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The t-dependence of g(t) is known through (3.2.35) which has the solution (3.2.8),
whereas the t-dependence of e{t) will be neglecced,since we restrict curselves to
the lowest order in o . Therefore W:’(qz) ig fully known, if the anomalous
dimensieon J’a, has been calculated. d} is related to the renormalization

constant Z } of the photon propagator by

3} = — .&»—./o 22’4’;";2[ (3.2.49)
E+0 Vand

ZJ’ is calculated with n-dimensional regularization so that 4-n = 2£ as before.

Let us demonstrate the calculation with the simplest example, the one-loop

graph in Fig. 3.64, For this diagram zr is

- _ e* 2y 1 .2.
ZJ’ = 4 o (3%@;)? (3.2.50)

-Qf is the charge of the guark with flavour f and e is the renormalized electxo-

magnetic coupling constant e(u}, which depends on W. The unzenormalized coupling

e, = Z'; |,l8 e is independent of p, from which with {3.2.49) and (3.2.50) we

ebtain for J}

Y, = - = X 362;' (3.2.51)
d z r
This is substituted into (3.2.48) with the result

T(3%) = (-9%) (4 - ¢ }Z 3@;) (3.2.52)

3

< ]
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—rrd

In (3,2,52) t = 1n{ ¥ /p®) is continued to time-like g* > 0 and the imaginary
part is taken, from which with (3.2.46) the well-known formula for o:ot(q!)
follows

_ Awx? z {3.2.53
o) = EL 2 g /

We see that for calculating 3,3' and (7

ot Ve need only the simple poles in £

of the loop graphs in Fig, 3.64. This constitutes a tremendous simplification.

In the next order the contributions to JJ’ are of order ¢?(t) which are calculated

from the two-loop diagrams in Fig. 3.65. The result is

2

2 3G 2 3
J} = - éfr-t % 3@; (4 + EEE g(t)) (3.2.54)

This is substituted into (3.2.48). Then the integration cver t' yields

M) = {1 - £ (F96F)[#+ 35 b (14 g'0)]

(3.2.55;

In {3.2.55) we have included also the zeroth-order term (3.2.52). /30 is defined

11 2
=~ - ZN_. Th i
7l - 3N, rough analytic

continuation to positive g* the well-known formula is obtained

&ffferently than in (3.2.36). Here it is ﬁo

2
et (‘11) = é’;—;’ (_-FZ 3@;’) (/f + z’lfp %ﬁ‘?_z')) (3.2,56)

ir agreement with (3.1.70) which was obtained from the sum of the 2- and 3-jet
cross secticn. Since (3.2.56) is based on the renormalization group, it follows,
that O(s{q‘) should be taken at the scale q°, the center-of-mass energy squared.
For our earlier result (3.1.70), which was based on 0(0(5) perturbation theory,
the scale p was completely axbitrary. So the renormalization group treatment

adjusts the scale to the only momentum scale present, namely g*.

2

As we know, up to O(g®) there is nc renormalization of g. Only in order o«s

renormalization of g comes in and so o’tot’ calculated in this order, must
depend on the renormalization scheme., This can be seen directly also when calcu-
late Za, in higher order of g. Let us discuss this in connection with the MS and

M5 scheme. Quite generally ZX has the following structure, assuming the MS scheme

for rencxmalization first,

MS 2’2 » &7 Zg Z e~ *
Z, = 4+ € ( Gis) &4
7 £=4 A=

{3.2,57)

Changing now to the MS scheme, where in addition to the 5-1 term also the
constant term lni{4#) - a’ is absorbed intc the rencoxrmalized coupling g;-E (see

£3.2.40), ZMS has the following structure

'4
ZM’S 4 + e&; (ﬁ% )e-"e_x/o[(f"’f)ﬁ(&(#‘m‘)“[)]

7
(5 Zoo €%)
A=

(3.2.56}

Q-1& (nld4m) -y

The exponential factor e comes inte play only if 1 » 2 and

if there are peole terms 1/62. For 1 = 2 we have Z, 4 ¢ 0 because ¢f the gauge
-
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invariance of the photon propagator. Therefore, only for 1 = 3, i.e. in order
4 .
g, a change of the renormalization scheme has an effect, Then the renormali-

zation scheme and alsoc the A parameter can be defined.

For 1 = 3 we need the coefficient 23 n This is calculated from the three-loop
-

diagrams in Fig. 3.64, Of course, this is a much more invelved computation than
the one- and two-loop diagrams. We take the result from the work of Chetyrkin,

Kataev and Tkacnov /1980/ or that of Celmaster and Gonsalves /1980/

1 %
Zs’-q = "(E“??,}c = Z,,’,,, k(MS) (3.2.59)

Here z1 1 is the ccefficient of the lowest order result {(2.2.50)
~
A £
A = - 2. 3¢, (3.2.60!
4~ 7275“ JC

and the factor K is the following in the MS rencrmalization convention

KOs = Ge[~ 3G ~ZAS ~ R » 5t + FhLetor)]

2
(3.2.61)

with §3 being the number
s 4
= 42021 R
= 3 = 2062
3-3 Z %3 (3.2.62)
Az

From (3.2.57) with (3.2.59) we obtain

4
J}MS = - {e* I s Z3,—4 (3.2.63)
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wWhich is needed to calculate 7{7(q‘) and from this c-t-:ot‘ In the MS-scheme we

start from (3.2.58) to obtain %‘Ms with the result

J;HS_____éez,g% [23’-4 .2 («&‘,(476‘)-—3/) Z:;z] {3.2.64)

The coefficient Z?'r_2 isg
Y 4
Z3’_z 4&12‘ 2.,—4 {3.2.65)
where
7 = -3 7
2,’-4 32762' "~ (3.2.66)

Therefore the term proportiopal to (ln(f-hr)—a/ ) in K (M8) cancels and ’;S has

the same foxm as (3.2.63) except that K(MS) is repiaced@ by
s ) = -2 -2 ~ BN LR (3.2.67)
K(B) = G (-5 G - 745 ~ 2% + L2

Then the £inal formula for O-tot is

4 . 2
uett) = 45 ZHG[1 4 FG 5 K5 ]

(3.2.68)

In this formula K is given by (3.2.61) for o:ot in the MS-scheme and by (3.2.67)

for the NS-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 CF =1, Nc =0 and Nf—'b- GNf
L

in the ceoefficients of o;—é and (:%s) in {3.2.€8).

We remark again that the coefficient K is of the order of 1 in the rencrmaliation

schemes M—§, MOM and MOM', so that ip these conventions the higher order contri-

butions to C"tot(q’) are very small, of the order of 0.5% for gg, = 0.05.

From the average experimental value of R in the energy range 30 £ W £ 36.7 GeV

which, as reported in sect. 2.1, is equal to (with weak contributions subtracted;

R{W = 34 cev) = 3,93 Y 0.10 (3.2.69)

.

we can calculate the Ofs values for this energy in the three schemes b—ig, MOM

and MOM'. The result for Nf =5 is:
(8 e = 0.206 * 0.074
(& Vo = 0.243 ¥ o.108 (3.2.70)
() pyoyr = 0-254 * 0.119

The value for (MSJE is consistent with the values we obtained from the 3-jet
cross section. Although the error of R is less than 3% the error of 0(5 deduced

from R is still large.

: 2
This completes the section on 0(0(S } corrections to jet cross sections in QCD.

4. Summary and Conclusiens.

For the summary it seems appropriate to remember the characteristic features
of QCD which we have collected 1in sect, [.3 ané to ask which of the points {i)
to (vi) we can consider verified through the perturbative analysis of jet
phencmena 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 (iii) the coupling of gluons to quarks is wel)l verified by the
analysis of three-jet final states. The question 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 g’ in a characteristic fashion. To

investigate the latter problem one needs higher energies in order to see how O(s

-decreases with increasing gf . This will be difficult since at high energies

more and more jets will be produced and alsc the influence of the Z propagatox

will ke stronger at these energies.

In this review we restricted ourselves to a presentation and i;mterpretation of
perturbative results in fixed crder up tc 0(0(52), This seems the most natural
strategy,since there is a relation between the number of jets possible and the
perturbative oxder., Now all jet cross sectlons are known up te ordex O(S?'. These
results have been used to determine the strong coupling constant o(s employing
various methods of analysis, This way one 15 able to obtain 0(5 in a specifiedl
renormatization scheme and to compare with results coming from analysis of othex
processes, The value is o{s = 0.15. This correspends to Aﬁg = 300 MeV which
compares well with determinations of A--— froem deep inelastic lepton nucleon

Ms

scattering experiments,
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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 resclution parameters which determine the jet
pultiplicities. They must be chosen in such a way that the jet rates diminish

with increasing number of jets with the power of O(s.

A guantitative analysis of experimental data requires still fragmentation models
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 caleulation

of these higher order texms in the leading logarithm approximation and te use

the results of order 6(52 only in the appropriate kinematic regaeons. This marriage

-of leading log and perturbative results might alsc allow to replace the phenomeno-

logical hadrenization models in particular kinematical domains,

- 159 -~

Table Captions:

Takle 1.1:

Table 3.1:

Table 3.2:

Table 3.3:

‘Table 3.4:

Table 3.5:

The five quarks and their flavor guantum numbers: isospin,

strangeness, charm, bottomntess, charge and baryen number.

Strong coupling constant 0(3 in first order and first and second
order OCD as obtained by the JADE-Collaboration from cluster

analysis.

Strong coupling constant 0(5 obtained by variocus gollaborations

by fitting their data with the independent fragmentation or the

string fragmentation mode) to jet distributions and energy-encrgy
correlations in first ordex QCD.

References: Behrend et al. /1983/, Bartel et al. /1982/, MAC /19827,
Schlatter et al. /1982/, MARK J/1982/, Berger et al. /1980/ and

Wu /1983/.

Strong coupling constant O(S obtained from fits in first and second
order QCD.

References: Bartel et al. /1982/, hdeva et al, /19B3/, Wa /1983/.

Conversion factors for /A 's between MS, ﬁg, MOM, MOM' and MOM™

renormalization scheme for Landau and Feynman gauge and Nf =3
and 5,

Results for K in the rencrmalization schemes MS, Egr MOM and MOM'

and corresponding A ana C(S values.,



Figure Captions: Fig. 2.5: Mean charged multiplicity as a function of ¢m energy W

s

compared to various model predictions: straight lipne labelled

Fig. 1.1: Parton model diagram for inelastic electron-proton scattering q§ is for qé medel with subsequent fragmentation, straight line

e + P —pe 4+ u-gquark + {(ud}-diguark. labelled qgg is for gg + qgg model with fragmentation. The curve
labelled (A) is the best fit of the fozm <n, > = n_+ aexp (b¥1n /A ®
predicted in leading log approximation tc QCD. Curve B shows the

dependence ny > = 2.3 s1/4 (s in cev?).

Fig. 1.2: {a) Fundamental vertex in QED.
(k) Fundamental vertices in {CD,

Fig. 1.3: Parton model diagram for the basic processes: . .
_ _ - - Fig. 2.6: Hadron emission by quark and definition of jet cone.
(a) e *u-~»e +u, (b)e +u—pe +u+g and
(c) ¢ +g-pe +uuldd+ ...), Fig. 2.7: Observed mean sphericity vs Ec m Z2V for data, jet model

{sclid curve) and phase space model {(dashed curve),

Fig. 1.4: {a) Cne-loop contribution to the photon-electron coupling in QED,
® Hanson et al. /1982/.

(b) multi-loop contribution teo the coupling in QED and
(c) one-leop contribution to the guark-gluon coupling in QCD. Fig. 2.8: Average sphericity as a function of cm energy W as measured by

"Coulomb" and "transv." denote gluons with this polarization JADE, PLUTO and TASSO at PETRA, Dashed curve is model prediction

in the Coulomb gauge. for e+e—+ t1_-_ with 2/3 charged t quark.

Fig. 2.9: Observed single-particle p, Py in the text) with respect te jet

Pig. 2.1: Diagram for e+e'-a- Qg deseribing hadron production in the axis with three or more Jdetected charxged particles for 7.4 - Gev
parton model and zeroth order QCD contribution. data compared with jet model (sclid cuxve} and phase space-model

{dashed curve) predicticons (Hansen et al. /1982/).
Fig. 2.2: The ratic of the total cress section for e+e_ annihilation
into hadrons to the u+u’ production cross section as a fune- Fig. 2.10: Observed psherigity distributions for data, jet model (solid curve)
tion of the total e+e enexgy W, and phase-space medel (dashed curve) for (a) Ec. = 3.0 GeV,

k) E = 6.2 Gev and E = 7.4 Gev.
c.m. c.m,

m.

Fig. 2.3: One-particle distribution sdar/dxp for charged hadrong for om
enexgies W 3 gg from 5 to 34 GeV. {a) Snows data from TASSO Fig. 2.11: Momentum-space drawing (a-c)] of two-jet event in each of three
at PETRA, SLAC~LBL at SPEAR and DASP at DORIS. (b) Shows data prejections: (a) = n,-ny plane, (b) = ny-n, plane, (c) = ny-ny plane.
from CELLO and JADE.The full lines are drawn to guide the eye

da Fig. 2.12: Observed distribution of jet-axis azimuthal angles from the plane
and correspond = /dxp = 23 exp (-Bpr ub GeV*. Pelst 1981/

of the storage ring for jet axis with /cos / £ 0.6 for
. L . "
Fig. 2.4: Rapidity spectrum iﬂy’d /oy for charged hadrons {pion mass assumed) : ta) B, = 6.2GeV and (b) E, = 7.4 GeV. (Hansom et al, /1982/)
measured by SLAC-LBL at 4.8 and 7.4 Ge¢V (Hanson et al. /1982/)

and by TASSC between 13 and 31.6 GeV (Brandelik et al. /19804/)

Fig. 2.13: bAngular distribution of sphericity axis with respect toc beam
direction of the form 1 + 1.04 cos*@ fitted to JADE data
(Elsen /1981/).

v measured with rxespect te the sphericity axis (SLAC-LBL) or
1
thrust axis (TASS0). The insert shows /g-dcrydy averaged over

0.2 &4 y 1 as a function of com energy W. Fig. 2.14: The sphericity plot (a) location of events fo different character,

(b) prediction for e'e ~» tE (M_ = 15 Gev}), (c) prediction for
qq + gag, (d) data from TASSO (Brandelik et al. /1980b/).
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Hadronization cascade of a quark in the model of Field and

Feynman.

e+e--)- qi with subseguent fragmentation into stable and

decaying hadrons.

Thrust distribution (1/@)%97ar for om energies W = 10, 36

+ - -
and 90 GeV based on e € -» qq and Field-Feynman fragmentation
without weak decays (Kramer /1930/).

(a} Independent fragmentation of q&g as in Hoyer and Ali model and
{b) fragmentation along strings as in the Lund model.

Feynman diagrams for {a) qg and (b} q&g production in the order o(s.

Phase space diagram for e+e“-)- q&q with regions oxdered according
to magnitude of Ryr Xy and x3.
pefinition of Euler angles & , %K and sb . 'I‘he event lies in the
%,z plane. The thrust axis is along Dz and Ox points in the
direction of the second most energetic jet. ¢ £ 83w
o X €27, and0 % £ 21,

~

i

Thrast distribution-(J/gr)d<77dT at W = 30 Gev for e+e-—-> qig in
the order & (%, = 0,2) compared to nonpe:turbat.’:ve thrust

distribution for 2Z-jet production based on e & —»qqg (g = u, 4,
s, &, b} including broadening caused by weak decays of ¢ and b

quarks.

Cross section dependent on polarization of virtual photon:
d 1
v: (Mg Y0Usar, v (Lo ¥ har, 10 (o~ IO T/am),
A rrgy - % 907 /ar, for W = 30 Gev and &, = 0.2.
¢

Plot of coefficients & (T}, [3 {T) and {(T) as a function

of T for vector and scalar gluon theory in order &

Definition of %, in q‘c';g final state.

-9}

Fig, 3.8:

Fig., 3.9:

Fig. 3.10:

Fig. 3.1%:

Fig. 3.12:

Fig. 3.13:

Fig. 3.14:

Fig. 3.15:

Pig. 3.16:
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Distribution (I/o—')dc’/dxl as a function of %

The o(c{s) cross section (llcr)da'/d cos¥ for e+e-—> q&g
as a function of cos for D(S = 0.2,

The Of 0(55 asymmetry cross section for e+e--)- gqg as a funtion
for cos¥ for ® = 0.2.

Three-jet kinematics. The event liss in the (x,z} plane. The
convention for the angles & . %X and 'la is as follows: 6; is
alony the direction of the fastest of either quark or anti-
quark jet, and the seccond most energetic guark/antiquark jet
lies in the half-plane x >» 0. The normal 5? to the event plane
is in the direction signlx ~x,} (p,xp,}. 0 £B <, p & A€
and ¢ & % LT,

The asymmetry parameter R for =y G’ = 0,25 and various thrust
values T as a function of c¢os 6912.
qag phase space expressed in terms of Y3 and Y3 with boundaries
for 2-jet region.

2~jet and 3-jet cross section as a function of v in units of

o2 for % = 0.05. pividing by (1+ k) yields et
multiplicities. Dashed (dashed-dotted) curve gives 3~jet (2-jet)
(2}

cross section divided by ¢r in leading-log approximaticn

summed to all orders.

Thrust distribution(1ﬂ7)d<r/dx1 for W = 30 GeV¥ cbtained from
cluster analysis of PLUTO data compared to vector and scalar
gluon theory. O(S = 0.15, x, = T is the thrust of qag final
state.

Distribution of the maxjmum jet energy Xy (= parton thrust T)
at W = 33 GeV measured by TASSC compared to QCD (Dfs = 017,
full curve) scalar ¢lucn theory (dashed curve} and constituent

interchange model (CIM, dashed-dotted curve).



Fig.

Flg.

Fig.

Fig.

Fig.

Fig.

Pig.

Fig.

Fig.

Fig.

3.17:

3.18:

3,19:

3,20:

3.21:

3.22:

3.23:

3.24:

3.25:

3.26:

Observed distribution (ilor)da-/dcosg in the regien x £ 0.9
as a function of the Ellis-Karliner angle é; . The solid line
shows QCD + fragmentation model prediction. The dashed line is
the prediction for scalar gluon model with fragmentation, dashed-

dotted line is for scalar medel on the parton level.

Chserved distribution of the MARK J data as a function of the

2
variable x4 /(xl2 + xzz). The solid line shows QCD - fragmen-
tation (Ali-) wmodel prediction. Dotted line is for scalar gluons.

Momentym-space drawing (d-f) of three-jet event in each of three
projections: (d) = ny-ng plane, (e} = ny-n, plane, (f) = BNy plane.
Dashed lines show calculated jet axis.

Experimental data for thrust distribution of hadrons {JADE) compared
to agg thrust distribution with G(S = 0.18,

Observed thrust distributions of the JADE collaboration for
W = 30 and 35 Gev compared with various models (a) and {g):
qa model (dashed curve), q& + q&g according to Hoyer et al.
(full curve), (b) and (d): gy + 9aq according te Ali et al.
{dashed curve) and according t¢o Lund model {full curve).

a) CUbserved (TASSD) sphericlity distribution for various energies
compared to Hoyer model with 5 and 6 (dashed-dotted curve)
guarks.

b) Same as a) for thrust.

Observed thrust distribution {MARK J) for highest PETRA energy
compared to Ali model with 5 and 6 quarks.

The coefficient & (x)} of the angular distribution 1 + & (x) cos?@
for single hadrons calculated from e+e- - qag compared to non-

perturbative contribution (dashed curve) with <(p; = (0.3 Gev)?.

Experimental data foxr ol{x) from TASSC for various enexgies com-
pared to prediction from Fig. 3.24.

Kinematics of jet broadening caused by gluon emission. Dashed

line represents jet axis.

Fig. 3.27:
Fig. 3.28:

Fig. 3.29:

Fig. 3.30:

Fig. 3.31:

Fig. 3.32:

Fig. 3.33:

Fig. 3.34:

+ - .
Higher-twist contributicn to € e annihilation into hadrons,
. . o
Double differential ¢ross section /dxp% for various x values,

The average sguared transverse momentum <:p;(x)>- of hadrons
measured by TASSC {(Althoff et al. [1983[) compared to OCD
rodel based on qﬁg final state,

(a) 22 GeV and (b) 34 Gev.

hverage squared tranhsverse momentum <fp%(z))> as a function of
the normalized hadron mementum Z = “P/y 2Py om = W1 for wide

and narrew jet. (a) low and (b) high energies. In (b) the full
curve is for gluon fragmentation Dq(x) ~ x! + (1-x)? and the
dashed curve is for Dg(x) ~ x(1-x). In the lower figuxe the

A= 0.2 Gev (full
A= 0.8 (dashed cuzrve)and Dq ~¢ x* + (1-x)*. Data

curve are for two different couplings o(s
curve)and

are from TASSO, Curves calculated with the Ali model.

Distribution of the mean squared transverse momentum per event
with respect to the jet axis, nermal to andin the event plane
as measured by TASSO for W's between 12 and 36.6 GeV compared
to ad-hoc jet broadenipg models without planar structure (({a)
and (b)) and with QCD (Ali model) in (¢) and (d}.

{a) Diagrammatic representation of the folding of two momentum
flow polar plots for the final state q&g to obtain a symmetric
two lobe structure which recoils against the narrowst jet.

(b) Momentum £low measured by JADE showing two symmetric lobes
at 180° compared to qgq + qgqg model (full curve), qd component
leaking through and "gg" wodel with long fragmentation tail as

described in the text (dashed curve).
Variables for energy-correlation function.

Observed energy correlation function F(& ) as a function of
(8= /X in the text) at 34 GeV measured by CELLO. Dashed
line gives gg + gdd prediction with Boyer model ( 0(5 = 0.15}
and dashed dotted line is for ggq model with fragmentatiocn.
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3.37:

3.38:

3.39:

3.40:

3.41:

3.42:

3.43:

3.44:
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Experimental enexgy correlation as a function of cosX¥ together
with fitted QCD predicrtion qc} and qag fragmentation terms. Data
from MAC-collaboration at PEP ring.

Asymmetry distribution AS(X) ( 0= X) at 34 GeV corrected to
the level of final state particles {no decays) as measured by
CELLO compared to QCD predicticon with Hoyer model (full curve).

Dashed curve is for q& component only.
Diagrams with four partons (qqgy and gqqg) in the final state.

Diagrams with qdg in the final state to order & 52 interfering
with the diagrams in Fig. 3.1b.

Diagrams with qc-_q in the final state to order 0(52 intexfering
with the diagram in Fig. 2.1,

Three-jat phase space volume,

Three-iet corss section for (E-,S) = (0.2, 40°) and (6.5\) = (0.1, 30%)
with the Born cross section (0{ s)) as a function of * for

X
&_ = 0,16 and N = 5.

Three-jet cross section for y = 0.04 and 0.01 with the Born cross

£ = =
section {0(#)) as a function of x_ for D(S 0.16 and N, = 5.

Three-jet c¢ross section of abelian wector theory (Nc = 0) foxr
y = 0.08, 0.04 and 0.02 together with Born cross section O(G(A)

as a function of x . for . = 0.21 and N, = 5.

ax A

Data of the JADE-collaboration obtained with the cluster analysis
with y = 0,04 compared to first + second order XD prediction
giving «s =0.16 X 0,01 (x.L -distribution) and

0(8 = 0,16 0,015 (x1 = (xmax)—distribution}. The dashed curve
is the Born cross section with 0(s = 0.16.

pata of the JADE-collaboration cbtained for (& ,S) = (0.2, 60°)
cuts compared to abelian vector gluon theoxry in NS renormalization

scheme for three different coupling constans & ,.

Flg. 3.46;

Fig. 3.47:

Fig. 3.48:

Fig. 3.49:
Fig. 3.50:

Pig, 3.51:

Fig. 3.52:

Fig. 3.53:

Fig. 3.54:

Fig. 3.55:

Fig. 3.56:
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JADE-data for (5,5) = (0.2, 60°) compared to abelian vector gluen
theory in the low-order-scheme defined with ( l/d')dqul for

x, = .825,

1

Lsymmetry c¢ross section AS(cos¥) as predicted by first and second
order Q€D with (&,8) = (0.2, 30°) and & = 0.14 compared to
CELLO data at W = 34 GeV. These data contain still fragmentation
effects.

Sphexicity distribution from TASSO-Collaboration. Dashed and solid
line are respectively results of simultanecus £its in first and
first + secend order QCD with Hoyer model fragmentation and

(&, &) = (0.2, 40°) for 2-, 3- and 4-jet separationm.

Same as Fig. 3.48 for planarity distribution.
2 :
Same as Fig. 3.48 for <p‘1‘,out> distribution.

Asymmetry data of MARK J-collaboration compared with predictions
at parton level {curve) for O(S = 0,13 and predictions for two
fragmentation mogels {Lund, Ali; histogram)} for the best fit

values O'(s.

2
The sum of three-jet (o(o(s )) and four-jet contribution to AI {m
as a function of T for vy = 0,04 and y = 0,001 together with lowest

order contribution A, {T) .

AI(T) for different thrust bins as a function of 1/:,'. The dashed
lines are the asymptotic values of Ay (T} obtained by Ellis and
Ross /1981/.

AI(T) for different thrust bins as a function of 1/&‘, (&= %(i-costr}).

Three- and four-jet components of AI(T) for y = 0.04 and ¥y = 0,01
as a function of T.

First (C(cosX)) and second order (D(cogX)) QCD prediction for
energy correlation cross section as a function of cesX for
(&,6) = (0.15, 15°) and (E,d) = (0.05, 5°).



Fig. 3.57:

Fig. 3.58:

Fig. 3.59:

Fig. 3.60:

Fig. 3.61:

Flg. 3.62:

Fig. 3.63;

Fig. 3.64:
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First (A{cosX)) and second orxder (B(cos¥)) QCD prediction for
asytmetry cross section as a function of cosX for (£, &)= (0.15, 15°)
and (£ ,8) = (0.05, 5°9).

m]

JAPE-data about narrow jet mass ( L/W’} distribution.

Acoplanarity distributions (I/c')do—/d}\ for e+e7-—-p qqgg (fuil
P - -

curve) and e € —p qqgaq (dashed curve) together with leading log

approximation (dashed-dotted curve) for e'e > GGG -

Integrated four—jet cross section as a function of acoplanarity
cut-off A_ for ete”—> qagg ang e+e-+> qqqq separately. Ratio
ol4-jet) to ¢ (3=-jet) as a function of Ao for T cut-off

T0 = 0.9 in (F(3-jet).

Acoplanarity distributicn {llo')uc_'/dh for e'e” -5 gg (full curvej,
+ - - - - - -
e ¢ —»qqg (dashed curve) and e+e -3 gqgg + qggq {dashed~-dotted

curve) with fragmentation adccording to the Ali model.

Average jet measured &£ i-1) , £ S>> , where 8 = spherocity and
< A} for lowest order QCD without fragmentation compared to
nonperturbative contributions from gg final state including

effects of weak decays as a function of W.

Experimental distributions (l/c:r)do—/db3 (a) angd (l/o-)do—/da (b)
for all events from the JADE-Collaboration. D, and A are calculated
from measured hadron mementa. Histograms represent QCD predicticns
without (L,,) and with (L,,) Q399 + agqgq final states ( A= 8%)

including fragmentation,

Diagrams for vacuum polarization of the photon up to fourth order
in g. The eleventh and twelveth diagram of the g4 diagrams contains

alse the contributions of the ghosts and the four—gluon coupling.
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uarks 1 13 $ ¢ Q B
u ol 1 0 0 3 1 '
a R R 0 0 s | 1
s 0 0 -1 0 Yy b i
c a 0 0 1 il Y3
b 0 0 0 0 s | Y3

Table 1.1
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Collakoration

Jet Definition Variable L (first order) o {£irst and second
order)
xy 0.208 £ 0.015 0.163 ¥ 0.010
Invariant Mass
xy 0.205 * 0.013 0.158 * 0.010
Angle & %y 0.196 * 0.013 0.170 £ 0.010
Energy € X 0.195 * 0.013 0.175 £ 0.012
Table 3.1
Collaboration | Indep. Frag. String E-E Correlation
CELLO 0.155 - 0,20 0.235 - 0.28 0.15 - 0.25
JADE 0.20 ¥ 0,015 * 0,03
MAC ©.20 X 0.01 ¥ 0.02
MARK X% 0.1% ¥ 0.02
MARK J Q.16 - (.18
PLUTO 0.15 * 0.02
*o0.02
TASS0O .194 * 0.005
to.03

Table 3.2

E 2

o
s
CELLO 0.14 + 0.2 + 0.03
JADE 0.16 £ 0.015.+ Q.03
MARK J 0.13 £ 0.0 = Q.02
TASSO 0.168 * 0.003 + 0.03
Table 3.3
"o — 1 —_ LU
Gauge Nf MS/ MS MOM/ 5 MOM / #S MM /B
3 2.66 2.46 2,10 2.33
Landau
S 2.66 1.85 2.07 2.33
3 2.66 2.07 1.83 2,69
Feynman
5 2.66 1.51 1.76 2,76
Table 3.4
[ a @
Ren. Scheme A Gev 5’/,n = 1 K-;E) R
MS 0.166 0.0434 0.0531 3.86
uS 0,442 0.0524 0.0563 3.87
MOM ¢.817 0.0605% 0.0570 3.68
MO 0.914 0.0623 0.0569 3.88
Table 3.5
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