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Abstract:

Over the last ten years a wealth of information on the structure of jets has been collected in e “e” annihilation at c.m. energies between 10 and
45 GeV. It provided us with a rather detailed picture on both the jet properties at a fixed energy and their Q’ dependence. Measurements exist for
single particle distributions and yields, compensation of quantum numbers, properties of jets from quarks of different flavour, and the properties of
gluon jets. The data can be accommodated by models based on QCD. The high statistics and long lever arm available at future colliders, particularly
at the Z° mass will provide a lot of new measures for exploring the hadronization mechanism. Some of them will be discussed. The knowledge of the
jet structure plays a crucial role at future colliders that are to explore the interactions of asymptotically free quarks and gluons in the space and time
regions probed at the forthcoming generations of new colliders. The perspectives of finding the underlying parton dynamics in jets are summarized.

1. Introduction

It is a universal property of multi-hadron production in all kinds of reactions that the final particles
are not distributed uniformly in phase space. Rather they are collimated along some distinct axis and
are bundled into rather small regions, into jets. Evidence for such behaviour has been seen in hadronic
reactions as well as in deep inelastic lepton nucleon scattering. Jets in e e~ annihilations were first
observed by the MARKI collaboration about ten years ago [1]. Whereas their data at c.m. energies
W=+5~3-7GeV required a thorough statistical comparison to phase space models to establish the
existence of jets, these are beautifully displayed at the higher energies around W~ 30 GeV accessible at
the e e~ storage rings PETRA and PEP. The exploration of the structure of jets became one of the
main activities at these machines.

According to today’s understanding of elementary processes the first steps in hadron production in
terms of fundamental partons are very simple: the initial e e pair annihilates into a gauge boson
(either a photon or at higher energies a Z”) which in turn decays into a quasi free quark and antiquark
(fig. 1.1). In particular four experimental results provide evidence for this picture:

(i) The total hadronic QED cross section in terms of

o(e" e — hadrons)
R= + - + -
ole’e —up)
grows stepwise, each step taken when the threshold for the production of new quarks has been passed

(for a compilation see ref. [2]). At energies above the bottom threshold it has a value of 4 close to what
is expected from the quark charges:

3-2 el =3.66,

where the sum goes over all quark species that can be produced at these energies: u, d, s, ¢, and
b-quarks. The factor 3 takes into account their colour charges.
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Fig. 1.1. Sketch of the production of a quark-antiquark pair in ¢"e” annihilations.
(ii) The angular distribution of the jets is (e.g. refs. [3, 4])

do
dcos 8

«1+ cos’d ,

as expected for spin-1 particles with M*/s <1.

(iii) The charges of the hadrons are not distributed stochastically over the whole event, but each
hemisphere has a rather small average total charge of Q. | =0.55*0.25 [5] in agreement with the
average quark charge.

(iv) Even more the charge of a jet tends to be determined by that of particles of high momentum. This
can naturally be explained as being the footprints of charged primary partons [6].

At energies of W =30 GeV a fraction of the events exhibit a more complicated structure involving a
distinct third jet [7]. These events carry all the features expected from QCD bremsstrahlung. Their
fraction is in agreement with a value of ,(Q° = 1000 GeV?) ~0.14 [8], consistent with what has been
determined in other measurements. Their event topology indicates an initial three parton state [9, 10]
and the angular distribution of the jets suggests the third jet as being due to a spin 1 parton [11-13].

Thus the global structure of hadronic events in e e collisions around W~ 30 GeV is very well
understood in terms of hard partons and QCD. How these partons convert into hadrons is less obvious
and cannot be calculated from the first principles. Rather, it is an active field of experimental research
aimed at collecting information about the structure of jets, finding regularities and thus allowing one to
penetrate deeper into the understanding of hadronisation.

Hadron-hadron, lepton-hadron scattering as well as ¢ e annihilation have each contributed to
today’s understanding. In this article the focus is on what is known from the latter reaction. The pros
and cons of the various types of reactions relevant to extract information about jets are listed in table
1.1*). The data obtained in ¢ e collisions display a certain simplicity and transparency to study this
part of hadron production. As can be seen from the table, the hadrons produced in e"e” annihilations
offer a complete and background free picture of jets. Here the c.m. energy of the whole reaction is
identical to the invariant mass W, of the hard process. This is not true for pp and lepton- proton
collisions where only a fraction of the initial particles contribute to the hard scattermg Also, ine’e
collisions the types of partons are unique. Even more the various quark species occur in a well-known
ratio. The jets are well separated and (except for those events with a hard gluon emitted) stem only
from quarks, no mixture between jets originating from other types of partons exists. All particles can be
unambigously associated to quark jets. There exists no ambiguity as to what is the correct energy scale
to use. This all makes e e collisions a very effective probe for jet properties. In fact its results are
frequently used as reference points for understanding special features of jets in other types of collisions.

To summarize the global geography of jet development (see fig. 1.2): outside a space—time region
larger than at least ~10"""-107"® cm quarks behave as point-like particles [14]. These hard partons

*T am grateful to J. Gayler for consultations on the parameters of eq-scattering.
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Table 1.1
Relevant parameters for jet physics for the three types of parton scattering

parameter e'e” £q a4, 99
primary partons u,d, s, c, b u, d, (s, c); diquarks u,d,s,c, b, g
max. W, 44 GeV ~20 GeV ~200 GeV
can the complete jet no particles

be reconstructed? yes yes (fixed target) of low energy
how to determine from final state from outgoing lepton from final state

the event axis? (all part.) (NC react.) (single jets)
AW I(W,) ~107° ~2x107° ~107"
do additional hadrons

disturb jets? no no yes
what energy scale

of hadron prod.? =W, 0’ W, E., Q) W,

travel about half a fermi and form the crystalisation points for distinct jets. They hadronise within a
distance of a few fm. The final particles emanate from the interaction point in several bundles of
particles. Whereas the first region cannot be probed with today’s experimental facilities and it is subject
to theoretical speculation and in the focus of the future generation of accelerators, the second region
seems to be quite well understood in terms of perturbative QCD. As was pointed out before, it is the
third region which is experimentally accessible but not very well understood. This hadronisation region
will be the main issue of this article.

The interest in the properties of jets is at least twofold. Firstly, the theoretical penetration into jet
evolution and hadronisation has not progressed beyond some general ideas. As will be dicussed in this
article, QCD inspired models supply an amazingly good description of jet properties. To achieve this
they require a substantial number of free parameters for which no well founded theoretical calculation
exists. Beyond the evaluation of parton dynamics jets are a quite virgin field of theoretical research. It
is the general belief that the basic theory for calculating jet properties is QCD. However, since
hadronisation extends down to low Q°, it requires non-perturbative methods which makes its properties
as yet uncalculable The spe01al flavour of jet development is that the Q7 range involved extends from
very high Q to low Q° and therefore sheds light on the transition between the regions where a
perturbative treatment and those where a non-perturbative treatment is applicable.

The second point of interest addresses much higher Q> Jets are the measurable traces of quarks and
gluons. Any experimental evaluation involving these constituents, be it to determine how quarks couple
to the Z’, or to reconstruct a heavy object decaying into quarks, requires the use of jets as entities
representlng the fundamental partons. To extract the most precise and extensive information about the
quarks and gluons of interest one has to know how they leave their marks in a hadronic event: how the

Fragmen
tation

Fig. 1.2. Schematic view of the space-time distribution for the various stages of jet development.
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energy, momentum, and flavour of the primary parton is related to the particle structure measured in
the detector. Already at the c.m. energies accessible at PETRA and PEP, jets have been used as
entities e.g. to determine the gluon spin and the weak couplings of the charmed quark. This aspect of
jet physics will become increasingly relevant for the next generation of high energy colliders.

This article will proceed from a summary of measurements of jet properties in e "¢ reactions to a
discussion about future jet physics.

After a survey of the most frequently used models of fragmentation, single particle inclusive
distributions will be discussed in the first part. These supply a general overview of what jets look like. It
starts with the jet properties as revealed by the sum of all final particles, continues with a discussion of
the distributions of identified particles and finishes with a comparison of jets originating from the
various kinds of partons.

The second part focusses on the experimental evidence on the space—time structure of jet
development. In section 6 the information about the shape and the size of the emitting source will be
discussed followed by a discussion of how particles in a single event are related with one another. These
measurements outline a picture of the sequence of hadron production and can be divided into two
classes: measurements on correlations between groups of particles, i.e. larger parts of an event, and two
particle correlations. The first one provides insight into how hadron production at a certain stage
depends on the prehistory of jet development (section 7). Two particle correlations, the second class, in
particular how and where specific quantum numbers are compensated, have turned out to be one of the
most powerful tools for studying the detailed sequence of particle production. They will be discussed in
section 8. The second part closes by summarizing the indications about the mass scale at which
non-perturbative effects become relevant.

In the third and last part of this article, an extrapolation to jet physics of the future is attempted. It
will relate to both interests mentioned before. In section 10 some new measurements about the
hadronisation will be discussed that will become possible at the new generation of e "¢~ colliders. The
last section is devoted to the reverse problem: how to extract the energy, direction and flavour of the
original parton from the properties of jets.

2. General ideas about hadron production

There exists solid evidence that hadron production in ¢ "¢~ annihilations originates from a quasi free
qq pair. The main experimental evidence for this has been summarized in the introduction. Theories
and models which attempt to describe jet development therefore must start from these primary partons
and then apply prescriptions to convert them into bundles of hadrons.

However, alternative approaches exist. One class of models applies thermodynamical methods. For
example, Ochs [15] assumes hadron production to proceed via a branching process in which heavy
objects decay into lighter ones and each of the branchings leads to an equipartition of states in phase
space. This model is able to describe features such as the energy dependence of the multiplicity, the
momentum distribution as well as general topological quantities such as the rate of three-jet events.
However, fundamental properties constituting the evidence for primary quark production such as the
(1 + cos’@)-distribution of the jet axis or the charge distribution in jets are not accounted for. Although
these kinds of statistical models may be helpful in separating kinematic and dynamical aspects of
hadronisation they will not be discussed further in this article.

In a similar manner we will not consider in detail models describing the structure of hadronic events
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at W..,- ~ 30 GeV without gluon emission as that of Fredrikson et al. [16]. They suggested that the
three-jet events detected at these energies are caused by diquark emission together with an unbound
qq(qq) system. Another of these models has been proposed by Preparata and Valenti [17]. They
imagine a “fire string” of mass W to be produced according to a simple parton model. This firestring
then decays into either a low mass meson (m,, ~ 1 GeV) plus a firestring or two firestrings of masses m,
and m,. Whereas the first process is just how the more popular models to be discussed below treat
hadronisation, the second process aims at replacing the gluon bremsstrahlung. The firestring model
turns out to be quite flexible and many measurements can be reproduced. However, since the event
structure in ¢ e~ — hadrons can be described so naturally by gluon emission and also other kinds of
interaction beautifully exhibit the features expected from QCD, it seems somehow artificial to replace
gluon bremsstrahlung by other mechanisms without deep theoretical justification. In addition it does
not predict any feature that the QCD models are not able to account for.

Within the quark—parton picture the lowest order QED differential cross section for the hadron
production by unpolarized e e~ beams is given by

da, O‘B 2
and 24 ¢

2(1+cos™® + (1 - B*)sin’). (2.1)

Here « is the QED coupling constant, s = W* the total c.m. energy squared, 6 the polar angle and 8 the
velocity B = p/E, e is the charge of the primary parton.

The validity of the quark—parton picture is limited and it has to be supplemented by effects stemming
from the strong interaction. These are necessary to account for hadronisation as well as to describe the
third jet observed in "¢~ interactions above W = 30 GeV. Quantum Chromodynamics is considered as
the underlying theory for describing these properties. The basic success of QCD is its ability to account
both for the existence of quasi-free quarks at high Q°, first observed in deep inelastic scattering, and for
the non-observability of free quarks.

There exist excellent textbooks (e.g. refs. |18, 19]) and reviews (e.g. ref. [20]) of QCD. For detailed
considerations we refer the reader to those. Here we just want to summarize the most relevant features
of QCD with respect to jet physics.

QCD, the theory of strong interactions, is a local gauge theory on the basis of an SU(3) symmetry
group. It implies a new quantum number *“‘colour” which occurs in three shades generally denoted by
red, green and blue. In the standard theory colour is carried solely by quarks and eight considered
massless vector bosons, called gluons. Colour is conserved, therefore the lines of colour flow in
parton—parton couplings can be drawn as in fig. 2.1. Gluons are assumed to have neither electric charge
nor flavour and as a result the strong interaction is flavour independent.

In contrast to QED, the best known local gauge theory, the vector bosons of QCD carry colour
charge themselves and therefore are subject to self-interactions, such that the field strength tensor is

a a a abc 4 b 4
F,=dA,-3A, +gf""A A (2.2)

with A} (x) being the gluon fields, a=1,...,38, £ bemg the structure constant of SU(3). It is this
self—mteractlon that leads to a qualltatlvely dlfferent Q°-dependence of the strong coupling constant «,
compared to the electromagnetic «. In leading logarithmic order

4ar
(11-%N,) In(Q%A%)

a(Q%) = (2.3)
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L ke

Fig. 2.1. Examples for the colour flow for various parton branchings: q— qg, g— gg, g—qq.

Here A 1s a QCD scale parameter which is experlmentally determined as being 100-400 MeV. This
Q° -dependence leads to a vanishing coupling for Q — e, i.e. in small regions of space—time quarks and
gluons act asymptotically free. For decreasing Q°, a(Q ) grows such that partons of compensating
colour strongly attract each other. This is the basis of colour confinement perceiving that no free
coloured objects exist outside a small space—time volume. Though not proven yet in a strict sense, it is a
commonly accepted conjecture.

As a consequence the well-developed machinery of perturbative calculations is restricted to QCD
processes at large Q° and cannot be applied to processes of the hadronic mass scale. This, in particular,
limits the power of theoretical predictions of the properties of jets. New methods for a non-perturbative
treatment are being developed, however, they are still far away from an application to jet physics.

This implies that jet models have to combine theoretically well-founded parton distributions with
phenomenological models for converting those into hadrons. There exist two theoretical approaches to
the calculation of parton distributions. At least historically related to this partition are the mass scales
down to which QCD matrix elements are explicitly applied. The parton multiplicity is in both
approaches determined by a cut-off mass below which two partons cannot be individually produced.
This is schematically displayed in fig. 2.1.1. For a high invariant mass of the gluon—quark system two
distinct jets emerge. If its mass is low, the gluon and the quark are not treated as two separate entities
but are rather merged into one parton giving rise to a single jet.

The QCD matrix element for on-shell partons has been exactly calculated up to order a? [21-23]. It
has been implemented into the first class of models. These up to four partons with momenta and
directions given by the QCD calculations then have to be fragmented into the final hadrons. Most
models realize this by a stepwise application of phenomenological probability functions determining the
momenta and types of hadrons.

In the second class of models the QCD calculations are applied down to much lower Q7 Instead of
using the explicit second order QCD calculations, the matrix element is regularized by giving a mass to
the gluon and summing up the leading logarithmic contributions. Within these models the partons are
considered to be off-shell and a higher parton multiplicity is obtained by letting them cascade
downwards in off-shellness to a minimum parton mass Q,. Its value cannot be inferred from theory,
however, going beyond

as(Qg)/'zr =1

or a O, of several hundred MeV seems rather dangerous. As a result the number of partons generated
within these shower models is considerably larger than in the first class. Also in these models the
generated partons have to be converted into hadrons requiring certain phenomenological models. The
ratio of final hadrons to partons is much smaller than in the high cut-off models.

Theoretically the explicit calculation of QCD matrix elements up to nth order gives a more accurate
description of the non-collinear kinematics. However, for higher orders these calculations are very
tedious, the shower formalism is easier to iterate to higher orders (see discussion in ref. [24]).
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In all of these models*’ a substantial number of statistical distributions are convoluted such that the
final jet properties cannot be expressed analytically for most cases. Instead the basic concepts have been
transformed into computer programs that allow one to generate single events according to the
probability distributions.

In the following we will discuss in section 2.1 the two approaches to the determination of parton
distributions, based on the exact QCD matrix element (section 2.1.1) and the Leading Log Approxima-
tion (LLA) (section 2.1.2). The various models of how to hadronise these partons will be addressed in
section 2.2. They are the Independent Jet Model, the String Model, and the Cluster Model. In principle
each way to determine the parton distribution can be combined with each of the models of
hadronisation.

2.1. The parton distributions

The first step towards describing jet development is the determination of the parton distributions.
This can be achieved on the well-founded basis of QCD. There exist essentially two approaches. The
first one determines the exact matrix element for on-shell partons, the second one is based on the
Leading Logarithmic Approximation.

2.1.1. The exact QCD matrix element

In the quark-parton model the two collinear quarks are produced according to the electroweak
theory. Effects from the strong interaction lead to the emission of gluons with a matrix element that is
in principle determined by QCD. Due to reasons discussed below the QCD matrix element can in

practice only be calculated if the gluon is hard**’. For massless quarks the first order QCD correction is
[26]

dogg - as(Qz) 2 xf-*-xi 2.1.1)
dodx, 7 3(-%)T-x,)] "

where o, is the integrated quark—parton model cross section (2.1), a,(Q?) the strong coupling constant
and x, the scaled parton energy x, =2E,/W such that

X tx,tx,=2. (2.1.2)

Note that due to this constraint only x, and x, appear in eq. (2.1.1). The extension to massive quarks
can be found in refs. [27, 28]. The cross section exhibits singularities when the three parton final state
approaches a configuration that is indistinguishable from a two-parton state, equivalent to where the
combination of two partons have zero mass. From inspecting eq. (2.1.1) it follows that those cases
correspond to x,—1 or x,—0 (which leads to x;—>1 due to momentum conservation). These
singuarities can be divided into the infrared and collinear singularities known from QED: for x, and
x;— 1 if follows x, —0 leading to an infrared singularity, for x,—1 but x; #0, 1, partons j and k are
collinear.

*) Throughout the article we will use the following notation: primary partons (quarks) are those which couple directly to the photon or Z° In a
somewhat sloppy way we will refer to primary hadrons as those containing the primary parton. Prompt hadrons are those directly produced in the
fragmentation, i.e. before their possible decay. Final particles are the particles after resonance decays.

**) A detailed review of the methods applied for the theoretical evaluation of hard QCD effects in jets, their results, and their agreement with
experimental measurements can be found in ref. [25].
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Since a final state with a collinear or soft gluon emission leads anyhow to a topology that is
indistinguishable from that of the zeroth order process e 'e” —qq, and to avoid these singularities, a
cut-off is introduced. A gluon is only explicitly generated if it is hard enough such that all masses M, .
that can be formed from two partons are larger than the cut-off mass M, (see fig. 2.1.1)

M > M.

P1sP2

The cut-off is often expressed in terms of
y.=Ms. (2.1.3)

M_ is a free parameter within limits to be discussed below. Only very weak constraints for its value are
given by theory. It is normally chosen such as to give a smooth transition between events originating
from two and three-parton states after hadronisation. In addition the value of M, is usually matched to
the experimental resolution of discriminating between one and two distinct jets. This suggests M, to be
typically ~5 GeV.

The relation between the cut-off and the x
through massless parton kinematics as

max
i

, the maximum scaled energy of the parton is given

A =1-Mis=1-y, (2.1.4)

which is often referred to as “‘parton-thrust”.

This cut-off mass is on the one hand a technical prescription to separate the different topologies that
are visible in the data and to avoid the singularities in the matrix element. It was on the other hand
suggested that this mass has a deeper relation to the physics of strong interaction. At one stage in the
jet development the confining forces become that strong that an emitted gluon will be rescattered in the
gluon cloud combining the two colour sources (see refs. [29, 30}).

The value of this cut-off mass and its energy dependence are theoretically uncertain. The most
simple assumption is that M_ is independent of the energy. In that case it follows from eq. (2.1.4) that

max

x;  increases rapidly towards one with increasing energy. This larger phase space for o, will
obviously lead to violations of unitarity for o,,, in €q. (2.1.1) at some s. This deficiency can only be

cured by including higher order QCD corrections.

g Mgq > Mc /
&

\ TWO
> RESOLVABLE
JETS

LALLM ==

—— JET
Fig. 2.1.1. Sketch of the concept of cut-off mass applied in QCD calculations. Hard gluons emitted under a large angle leading to a quark-gluon
mass M, larger than M, give rise to distinct jets. Soft or collinear gluons leading to a mass M,, smaller than M, are merged into one jet.



P. Miittig, The structure of jets in e"e” collisions 151

The introduction of the cut-off divides the hadronic events into two classes: into events originating
from two partons, and those from three partons. The ratio of their particle yields is given by
normalizing the event rate to the total cross section in first order QCD

o= a,(1+a(Q%)/m). (2.1.5)

This cross section is finite due to the negative contribution from the interference of the Oth order
quark—parton diagram with the vertex corrections (see fig. 2.1.2) which cancels the singular behaviour
from the real gluon emission. This cross section is well behaved as required by the Kinoshita-Lee-
Nauenberg theorem [31, 32] stating that mass singularities disappear if all degenerate initial and final
states are added up.

For the implementation of the QCD bremsstrahlung into the fragmentation models, this cross section
is written as an incoherent sum of the two groups of events

0 = Oygjer T O3 - (2.1.6)

The three-jet cross section o, is given by eq. (2.1.1) with bounds set by the value of y . The two-jet
cross section gy, is then defined by the difference

Oojer = 01 7 T3jey - (2.1.7)

Since the Monte Carlo procedures can only treat probabilities, o, has to be positive. Therefore o, is
limited by o, which in turn limits M_. In particular, it follows that an energy independent M, although
suggestive, can only be defined within a certain energy range, but not for all energies. Here again fixed
order QCD corrections have been assumed.

The same rules can be applied in an extension of this formalism to higher order QCD calculations.
However, the complete calculation of these corrections is a lengthy and complicated procedure. The
Feynman diagrams to be considered for the complete second-order calculation are displayed in fig.
2.1.2. Until now only second order QCD corrections have been determined [21-23] and incorporated in
the simulation programs. The resulting fractions of jet multiplicities depending on the c.m. energy for
various cut-off parameters y, are displayed in fig. 2.1.3a and for various values of M, in fig. 2.1.3b.
These curves were taken from the simulation program of the Lund group (see below).

Figure 2.1.3a indicates that the fraction of three-parton states decreases logarithmically with W for a
cut at a constant y. This is what is expected since the three-jet cross section is proportional to . The
energy behaviour looks very different for a constant M,. As discussed the fraction of multi-jet events
increases with energy since the phase space is increasing. This effect can be seen for energies
W =30 GeV in fig. 2.1.3b. According to the formula for second order corrections this increase should
continue. However, to keep the ratio between three- and four-jet events reasonable and to stay within
the unitary limit, additional cut-offs have been implemented into the Monte Carlo, slowing down the
increase and eventually letting it come to a halt. This indicates a basic deficiency of the models based on
the exact QCD matrix element at energies beyond W ~ 40 GeV, which can only be cured by introducing
higher order QCD corrections.

The various classes of events are often referred to as two-, three-, and four-jet events or qq, qqg, etc.
events.

After the energies and directions of the on-shell partons are generated they have to be converted
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Fig. 2.1.3. Fraction of multiparton states as a function of W (calculated using the LUND-Monte Carlo). (a) Fraction of three-parton states for
different values of y, = MZ/s and various values of M,. (b) Fraction of three and four-parton states for various cut-off masses M.

into hadrons. At this stage jet development is treated within models which are more or less motivated
by QCD but are by no means derived from first principles. The most frequently used models will be
discussed in section 2.2.

2.1.2. Parton distributions from the leading log approximation

In the second important approach to the calculation of parton distributions jet development is
perceived as a shower process. The primary quarks are produced off-shell and decay into virtual partons
(mostly gluons) which in turn decay. With progressive branchings the partons lose virtuality until they
reach a certain cut-off mass Q,. This cut-off mass is usually chosen as being substantially below that
applied to the models discussed in section 2.1.1.

Once the partons have been generated they have to be converted into hadrons. At this stage the
formulae derived from the well-founded theory of QCD have to be replaced by phenomenological
models. Since the ratio of prompt hadrons to partons is small, it is hoped that this hadronistion will
retain the basic features of the parton distributions.

The interpretation of the jet development as a QCD shower process has been pursued by Fox and
Wolfram [33], Konishi et al. [34] and Odorico and Mazzanti [35, 36]. Important contributions, in
particular to the hadronisation scheme, are due to Field and Fox [37] and Gottschalk [38].

For a long time these models had substantial deficiencies and received only little consideration by
experimentalists. A major break-through followed the development of the shower model by Webber
and Marchesini [39, 40] which included the coherent emission of gluons predicted by [41-44] in the
QCD matrix element. This modification leads to a correct description of the energy and particle flow
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within an event, which had turned out before to be a discrimative test of fragmentation models (see
section 6.2).

The shower models are based on an only approximate treatment of QCD contributions. The matrix
element is regularized by introducing off-shell partons with a limiting virtuality Q, and by developing
the result into a sum of logarithms (see ref. [45]). In particular, the inclusive particle distribution
D(Q’, Qé, x) produced at O with the energy fraction x carried by each parton can be expressed*) by

xD(Q% 02, x) = 21 (f:;) ,,20 (10g g—;)n_pcn‘p(x) . (2.1.8)

By summation of the leading collinear logarithms ( p = 0) one obtains an equation that forms the basis
of a recursive description of jet evolution in terms of elementary branchings q—qg, g—gg, g—qq:

D0 0% 0= j [ ano & OO Lp(e g3 %)ws0-9]. 1)
Here ¢ = Q,/Q and
F(Q% Q§)=exp{—J dk—’f szp(z) 2"—77} (2.1.10)
03 £

is the square root of the Sudakov form factor, determining the virtuality of the decay product. P(z) are
the splitting functions [47] for the parton branchings

41+7
P(z)=§ 5 q—qg, (2.1.11a)
(L _ _ )
P(Z)_2N°<z(1—z) 2+z(1-2)), g—gg, (2.1.11b)
Nf 2 2 -
P2)== (+(1-2)), g—qq. (2.1.11c)

z is the energy fraction of one of the decay products, N_ and N are the numbers of colours and flavours.

Formula (2.1.9) can be interpreted as giving the probability for an elementary branching process
p,— D, P, (fig. 2.1.4). It thus forms the basis for a Monte Carlo approach to fragmentation. A parton
with Q> = W? — p* splits into two partons with g5 = W3 — p’ and ¢5 = W3 — p; and energy fractions z,
and z,. The probability distribution for this branching is given by the kernel of eq. (2.1.9)

dk’ a (Q Qo)

dP==7dz- P(2) 3 0D (2.1.10)

kZ

*) The following discussion is based on a talk of G. Marchesini [46].
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Kz, Wz2=2.W,

Ky Wy = (1-Z)W,

Fig. 2.1.4. Elementary branching of partons considered in shower models.

As mentioned before, interference effects modify the branching kernel. This had been realized once
the infrared divergences were correctly treated in leading order. In particular, this is reflected in the
emission angles of subsequent branchings: the angles decrease with a later occurrence of the branching
(cf. section 3.2.3). The emission angles ©,, @, and @, of fig. 2.1.5 are ordered according to their
sequence of production

0,>6,>0,,

where g, is the gluon which is radiated first, g, the second one, etc.

There exist several ambiguities as to how to implement the QCD shower formalism into a computer
program. They refer to the definition of variables like z or Q® as well as to the treatment of the
kinematics [48, 49].

For example, to implement the angular ordering into the Monte Carlo scheme, Marchesini and
Webber express the virtuality in terms of the emission angle ¢

Q=g+ @ +2W W, ¢, (2.1.11)
where
4,4,
===~ (1—-cosb 2.1.12
W, W, ( ) (2.1.12)

if g7 and ¢ are small. Bengtsson and Sjostrand, however, prefer
Q*=z(1-2)m’. (2.1.13)

The latter circumvents some drawbacks of eq. (2.1.11) which for example implies that parton

virtualities are not known during evolution. Some effects of different choices of variables are discussed
in ref. [48].

Region of

destructive
interference

a3
N Kﬁi PR
q

Fig. 2.1.5. Angular ordering of gluon emission.
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As was pointed out in ref. [50] (see also ref. [51]), the coherence of gluon emission is only included
in a correct way for azimuthally integrated distributions. There exist in addition azimuthal correlations
which are not accounted for. This reflects that branchings can only be included in terms of classical
probabilities and therefore do not fully account for the quantum mechanical interference effects.

QCD shower programs had some deficiencies which deprived them of a high popularity. One of
them, the inconsistency between the particle flow in the data and the QCD shower algorithms, has been
cured in the Webber—Marchesini scheme. More fundamental was their failure of describing topology
and frequency of events with a hard gluon bremsstrahlung in a natural way. Meanwhile phenomenologi-
cal ways for implementing hard QCD effects have been proposed. Klima [52] suggested to distribute the
energies of the primary quarks originating from y—qq in analogy to the Altarelli-Parisi splitting
function for g—qq. In another approach Bengtsson and Sjdstrand [48, 53] force the branchings to
reproduce the exact first order QCD matrix element (2.1.1).

2.2. Models of hadronisation

The discussion above referred to the evaluation of the parton distribution. The jets finally consist of
hadrons and recipes have to be formulated to metamorphose the partons into hadrons. Whereas the
parton distribution is evaluated on the firm theoretical basis of QCD, their conversion cannot (yet) be
derived from first principles since it involves a non-perturbative treatment. Its realization requires a
phenomenological model.

There are essentially three hadronization models which are frequently used: the Independent Jet
Model, the String Model and the Cluster Decay. Traditionally the first two are combined with the exact
QCD calculations discussed in section 2.1.1, since those determine only few partons and leave much of
the final hadron distribution to the fragmentation models. The cluster decays have been developed in
the framework of the shower programs that lead to a small ratio of the number of hadrons over partons.
These assignments are not necessary and in fact a combination of the distributions obtained from the
QCD shower algorithm and the string fragmentation has turned out to be a very promising candidate
for the best approach towards jets.

2.2.1. General features of the recursive hadronisation scheme

The Independent Jet Model and the String Model are both used on a recursive scheme. Some of the
first recursive algorithms for jet development are those of refs. [54, 55]. Field and Feynman developed a
program that became the basis for one of the main approaches to fragmentation [56]. Hadronisation
proceeds in repeated steps within these schemes.

A quark g, with an energy E_ picks a q,q, pair out of the sea and melts into a meson M, (9,9,)
leaving the quark q,. The momentum of M, is distributed along the jet axis (“z”’) according to a
“primordial”’ fragmentation function f(n) for the longitudinal component, where 7 is the ratio of the
light-cone variables*’ (E + p.):

(E+p. )y

n= (E—-I'pz)—— . (221)

This leaves g, with the energy E , ~ E_ (1-).

*)This variable was chosen to describe properties found in jets, especially the rapidity plateau. For large E, n— 2= E,/E,.
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The quark q, is then treated as a source of a new jet independent of the previous step. The
prescription applied for the first step is repeated in the subsequent one: g, picks a q,q,-pair out of the
vacuum to form a meson M, = q,q, leaving q,. Its energy is given by the same probability distribution
f(m), m is now scaled with the light cone momentum of q,: n=(E +p_ )y /(E+p,), .

Each single step in the chain is called rank; M, is the ith rank hadron. The chain continues until all
the energy is used up. The probability of finding the final particles with a fractional longitudinal
momentum z =2E,/W is then given by

D(z)=f(1-2)+ fl f(n)D<%> d—1;7 (2.2.2)

and thus completely determined by the primordial function.

There exists no prediction from first principles for the shape of D(z), instead it is guessed from some
phenomenological ideas and constraints given by the measurements. We will list the most frequently
used parametrisations.

(i) Assuming f(n) = (a, + 1)n™ eq. (2.2.2) can be solved leading to

a, +1 L
(1-2)". (2.2.3)

D(z) =

This shape was for a long time used as default in the Lund program (see below). Since, the rapidity y
equals dz/z, it follows that (a, + 1) particles per unit of rapidity can be found in the plateau region. For
large energy fractions this fragmentation function vanishes: D(z)—0 for z— 1.

(i) Requiring D(z) to approach a finite value for z—1, Field and Feynman [56] proposed
f(m)=1-a,+3a,n" leading to a rather lengthy expression for D(z) of the form

D(z)=(1/2)[c, + c,2* + ;2> ™. (2.2.4)

The constants c; are completely determined by a,.

(iii) The fragmentation functions (2.2.3, 2.2.4) have the conceptual disadvantage that they lead to
different results depending on where the chain starts. This unattractive feature has been avoided in the
formalism suggested in ref. [57]. They propose a primordial fragmentation function

(1-q)"
1

f(n) = exp[—bm*/n] . (2.2.5)

If transverse momenta are also considered m*— m” + pé. Another free parameter b is introduced in
addition to a,. Both affect the particle distribution like the multiplicity and the rapidity ordering. An
essential feature of this formula is its prediction of a mass dependence of the fragmentation function.
No such dependence is conceived in the framework of the other formulas. The difference is small for
the light quarks, but renders a harder fragmentation function for heavy quarks.

Additional parameters have to enter the simulation of hadron production. Each quark acquires a
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transverse momentum being assigned at each step according to a probability function, normally
assumed to be a Gaussian

g(pr) = exp(—py/207) . (2.2.6)

The p; component is taken to be independent of the c.m. energy or the longitudinal momentum of the
particles. As a consequence the transverse component of the prompt hadrons is given by the sum of the
transverse momenta of its quark and antiquark. Assuming that the transverse momenta of subsequently
produced quarks are uncorrelated, and Prq = ~Pr it follows that

<pT>meson = \/’I—T(Tq . (227)
These assumptions about the dynamical properties of jets have to be supplemented with those about
the flavour and spin of the hadrons produced.
In the chain approach outlined above, the flavour of a hadron is naturally given by the flavour of the
quark/antiquark pair picked out of the sea. In a linear potential the probability for a qq pair to
fluctuate out of the vacuum is given by

|M?| xexp(—mm/F), (2.2.8)

where m_ is the mass of the quark and F describes the strength of the potential. In the string model it is
identified with the string constant x = 0.2 (GeV/c)”. Thus the probability of producing a qq pair in the
sea 1s rapidly decreasing with the quark mass. In particular, it follows that charm and bottom quark
pairs in the sea should be completely negligible and only u, d and s-quarks have to be considered.

The agreement between the data and the model is considerably improved by taking into account
resonance production. This requires a parametrisation of the fraction of the various spin states
produced in the primordial fragmentation. In general only pseudoscalar and vector particles are
considered. The relative abundance of vector particles is parametrized by the V/(P + V) ratio.

Thus four essential free parameters are implemented in the most simple models to describe hadron
production. Experimental progress led to the introduction of additional parameters, e.g. to describe
baryon production. They are summarized in table 2.2.1. Only vague phenomenological ideas exist for
the values of these parameters. In general they have to be determined from the data. Since they
frequently affect the same kind of distribution (e.g. the p.. distribution of the final hadrons is related to

Table 2.2.1
Frequently used parameters in chain models of fragmentation
Distribution shape typical value
longitudinal fragmentation f(n) =(a, +1)n" a, =05
f('q)=l*az+3a2n2 a,=0.77
(1-9)° (—bnf)
o exp\ —— a,=1, b=07
S~ expl = .
transverse momentum g(p)= exp[~p2T/(2tr§)] a, = 0.3 GeV ,
flavour content Po:P.: P Pe 1:1:03:10
vector particles VI(P+V) 0.5

baryons Paq 0.07
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both o, and V/(P +V)) they are difficult to disentangle and their uncertainties are substantial. The
values given are only approximate, the consistency between data and the models will be discussed
below (in particular in section 4). As will be shown throughout the following discussion, these models
work remarkably well and form an important guideline for the interpretation of jet development.

There exist two frequently applied approaches to recursive models. In the (historically) first one each
parton fragments independently of the other partons until all its energy is used up. This type of model is
named the “Independent Jet Models”.

In the second approach colour neutral strings between the partons are formed which then break up
to produce a hadron. Thus the partons are glued together at all times and do not fragment
independently. These models are called “String Models.

2.2.2. The Independent Jet Model

The model of Field and Feynman [56] is the prototype of an Independent Jet Model and has been
one of the most successful and frequent approaches to jets. It is based on the iterative scheme outlined
above, assuming that each individual parton fragments independently (fig. 2.2.1a). The chain continues
until all the energy of the parton is used up such that no hadron can be formed any more. Although the
model accommodates the data in a wide range, it has some inherent problems:

STEP 1 : PARTON DISTRIBUTION

As dn

HIGH Q2-CUTOFF 0.CD-SHOWER

STEP 2 : HADRONISATION

q1 q;,_ @ =» Reshuffling of {E,p)
lh S to conserve quantum
t—l % numbers
q qz

% &

A. INDEPENDENT FRAGMENTATION

o

%
String 1 String 2
B. STRING FRAGMENTATION
Split g g

Formation of colour
neutral cluster

Two-body decay
C. CLUSTER HADRONISATION

Fig. 2.2.1. Schematic view of the various models for jet development. Step 1 refers to the parton distribution, step 2 to the hadronisation. (a)
Independent Jet Model. (b) String model. (c) Cluster model.
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(i) The basic property of colour confinement is not even conceptually included in the model. The single
parton, although being coloured, has no relation to its colour compensating partner.

(i1) The energy and momentum are not conserved. The primary partons with typical masses of 300 MeV
evolve into jets with masses of 4-5 GeV.

(iii) The result is not Lorentz invariant since the fragmentation depends on the energy of the quark.

Some of these flaws can be overcome in a separate step by joining the individual jets and reshuffling
energy, momentum and quantum numbers. Technically this imposes no problem. Several prescriptions
exist how to redistribute energy and momentum among the particles produced, e.g., affecting only the
low energy ones and thus changing the overall topology of an event only marginally. However, it seems
unnatural to proceed in these two discrete steps.

Hard QCD corrections are straightforward to implement: instead of the two quarks now each of the
quarks and the gluon hadronises independently. In general the gluon jet requires an additional set of
free parameters: whereas the probability functions for the momentum and flavour content of the quark
and the antiquark jets are the same, the gluon may fragment differently. For example, in the scheme
developed by Hoyer et al. [58] the gluon is converted into a qq pair, and one of them obtains all the
energy. Thus effectively the gluon fragmentation is set equal to the quark fragmentation. In the
simulation program of Ali et al. [59] the quark energies are distributed according to the Altarelli-Parisi
function [47]

f()=2"+(1-2) (2.2.9)
with 2= E /E,.

2.2.3. The String Model

The string model has turned out to be the most successful and popular description of jet properties at
c.m. energies around W =30 GeV in recent years. After being developed for ¢ "¢ -interactions it has
been applied to jets in various types of processes like leptoproduction or hadron-hadron collisions. The
string concept evolved into a large system of computer programs mainly due to the work of the Lund
group [60].

In contrast to the Independent Jet Model not the individual partons fragment but a colour neutral
system stretching between the partons. Hadronisation is viewed as the break up of a string built up by
the colour fields of two quarks flying apart. The linearity of the Regge trajectories, the potentials of
quarkonia and other measurements suggest a linear rise of the colour potential with increasing distance
between the colour sources

®=kx. (2.2.10)

k is the string constant, k = 0.2 GeV".

In e"e -annihilations the string is built up by the primary quarks q, and q, flying apart. Classically
the potential (2.2.10) would lead to an oscillation of the quark and antiquark, however, within a
relativistic quantum mechanical system the potential energy can condense into the production of a
flavour neutral parton pair. The string breaks up into a q,J,-pair at the space—time (r,, #,) (fig. 2.2.1b).
Subsequently other pairs q,q, at (r;, ¢,) will be produced. These quarks q;, g,,, combine to form

hadrons followed by a chain of steps like those discussed before. In a two-dimensional model with space
and time coordinates (x, t) the energy and momentum of the qq system are given by
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E(qy,q,) = k(x, = xy) , (2.2.11a)
p(q, Q) = (6, — 1) (2.2.11b)

Imposing the constraint that the quark and antiquark form a system with mass m, the points of
hadronisation must lie on a hyperbola in space-time

(x, = x,)" = (t,— t,)} =m’x’. (2.2.12)

Compared to the Independent Jet Model the string approach has some attractive features.
(i) Although not calculable from the fundamental theory its basic assumptions agree better with the
general ideas of QCD and quark and gluon couplings.
(ii) Energy, momentum and flavour are conserved at each step of the fragmentation process. This
conservation is more easily included in the string scheme since at each step the whole massive system is
considered whereas in the Independent Jet Model only part of it is treated. Only the last step requires a
special procedure for conserving energy and momentum to ensure that the particles acquire the correct
mass.
(ii1) Related to this is the smooth joining of the two jets. Whereas in the Independent Jet Model
energy, momentum and flavour of each jet do not conspire to fulfill the conservation laws at the end of
the fragmentation, they are naturally conserved in the Lund scheme. Thus no artificial procedure has to
be applied to join these last partons to form a hadron.

In spite of the conceptual differences of the two approaches they lead to very similar results for
events of the type e "¢ — qq, since the parameters can be properly adjusted in both algorithms.

The two approaches exhibit a fundamental difference in treating hard gluon emission and predict
different properties in three-jet events. Within the string model the gluon is interpreted as a transverse
excitation of the colour field between the quark and the antiquark. Basically the gluon is split up into
two parts inducing two strings being formed by the quark and a part of the gluon and by the antiquark
and the other part of the gluon, respectively. These strings fragment in the usual way. This procedure
avoids the introduction of new parameters, since the gluon jet is in the first approximation interpreted
as the overlap of two qg-strings. This different treatment of the gluon is reflected in different
predictions for the particle and energy flow by the two approaches and allows one to make a
discriminative test with the data (see section 6.2).

To apply string fragmentation in the case of higher parton multiplicities one has to develop
prescriptions as to which partons form a common string. These problems become especially relevant
when strings supplement the shower algorithm. Procedures have been developed in ref. [61].

2.2.4. The Cluster Model

The Cluster Model has been proposed by Wolfram [62] as the hadronisation mechanism for the
shower approach. Since only two primary hadrons are produced in a cluster decay, no recursive scheme
is needed (fig. 2.2.1c). The hadronisation of the generated quarks and gluons proceeds in three steps.
At first each of the final gluons is split into a quark-antiquark pair. These are then combined into
colour singlet clusters formed by ““colour connected”” qq pairs. As a result they come out to have a low,
O’ independent mass such that their distributions resemble those of the partons very closely. A typical
distribution of the cluster mass as generated in the Webber—Monte Carlo is shown in fig. 2.2.2. These

prescriptions are in agreement with the idea of preconfinement [63] or the local parton—hadron duality
[64].
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Fig. 2.2.2. Distribution of cluster masses formed in a QCD shower model at two different energies [39].

In a third step these clusters decay. In the most simple approach they decay according to two-body
phase space and spin degeneracy into two known resonances. Since the clusters are assumed
unpolarized, they decay isotropically. Due to their low mass O(1 GeV) their descendents are found
relatively closely together in momentum space.

This scheme of hadronisation leaves the distribution of final particles rather unchanged from that of
partons. It attempts to minimize the number of ad hoc assumptions by avoiding parameters like the
fraction of ss pairs in the sea, the probability for diquark pairs or the ratio of pseudoscalar to vector
particles which are necessary in the String and the Independent Jet Model.

As will be discussed later, this model is too simple to describe the hadron distribution in full detail.
Its deficiencies are for example the high-x region of the fragmentation function (section 3.2.2) and the
angular distribution of pp pairs (section 8.3) indicating that the most simple phase space decay has to be
modified.

To this end string fragmentation replaces the cluster decays in more recent approaches. This
complicates the fragmentation pattern and deprives the shower approach of some of its simplicity since
now again one has to worry about the various uncalculable parameters listed in table 2.2.1. It allows an
increased flexibility and a comparison to the data indicates that it accommodates the measurements very
well [65]. The deficiencies of the pure phase space decay are overcome in such an approach.

2.3. General remarks

The models discussed and their materialization in computer algorithms have turned out to be
essential tools for disentangling the properties of jets. Since the jets measured in e "¢~ annihilations are
a complicated mixture of different kinds of configurations of hard partons, different flavours, probabilis-
tic distributions of hadrons, kinematical effects like decays and finally interactions in the detector, they
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are ideal for a simulation with the Monte Carlo technique. Such an approach helps in discriminating
between the various stages of jet development and is unique for addressing specific questions.

These models require several free parameters in the hadronisation stage for steering the type and
kinematic properties of the hadrons produced. The number is especially large for the models which use
a high O cut-off since phenomenology has to replace explicit QCD matrix elements at an early stage.
When the theoretical calculations are applied to low Q° as in some shower algorithms, the parton
distribution approaches the final hadron distribution rather closely. In such a case one hopes to get
along with a smaller number of parameters. Still, how partons turn into hadrons is a completely
unsettled question in both approaches.

The uncertainties about hadronisation limit what can be learned from the simulations. In the course
of their application, conclusions have been drawn, which turned out to be of only limited validity. The
most prominent example is the determination of the strong coupling constant «, from event topologies
which differs by ~50% depending on whether the data are compared to the Independent Jet Model or
to the String Model [66]. This indicates potential pitfalls which have to be carefully avoided when trying
to derive absolute conclusions about the hadronisation process.

With increasing availability of experimental data one can hope that the shapes of the probability
functions used in the Monte Carlo and the values of the corresponding parameters will be known more
and more precisely, placing the interpretations on firmer grounds.

Two approaches based on QCD algorithms have been discussed in the previous sections. In their
extreme versions these approaches differ conceptually as to how the parton distribution is calculated. In
the first one high cut-off masses are applied to the exact QCD matrix element. Corrections have only
been determined up to order '’ seeming to be just enough for c.m. energies around W~ 30 GeV (see
section 3.2 and section 9). There are indications that higher orders have to be included at higher
energies. Their exact calculation, however, is an enormous task and little hope exists for a solution in
the near future. The other QCD approach works in a logarithmic approximation of the QCD formulas
and assumes non-perturbative effects only to be relevant at very low masses ~1 GeV. It therefore
presumes that a large number of partons can be determined. Although the QCD matrix elements used
there are only approximations, it seems to be the only possible way to accommodate the higher jet
multiplicities expected at higher energies.

As will be shown at various places in this article, according to today’s insight into the Q> dependence
of the structure of hadronic events, the merging of the perturbative QCD shower approach with a
non-perturbative fragmentation scheme as supplied by the string algorithm is the most promising way to
proceed further.

PART I. INCLUSIVE PARTICLE SPECTRA AND EVENT TOPOLOGIES

In this part we present a general overview of the appearance of jets. The inclusive single particle and
event shape distributions will be discussed both for a fixed energy and as a function of energy. We will
start from a most inclusive picture summing over all particle species, proceed with the measurements of
identified particles and finish this part by summarizing the features of jets of identified flavour.

The distributions discussed put rigid constraints on any model of fragmentation. They form the basis
for extracting properties like energy and direction of partons from the jets. Insight into the processes
inside the hadronisation region is provided both by the production yields of hadrons as well as the Q°
dependence of jet properties.
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3. Inclusive particle spectra in jets

The most easily accessible information on jets is obtained by considering all final particles and
events. The outcome is a mixture of various types of particles, decay products and promptly produced
hadrons, events originating from quarks of different flavour and events of various parton multiplicities.
In total the resulting distributions have a complicated pattern of kinematical and dynamical effects that
has to be taken into account before drawing conclusions on jet dynamics. Still, they provide a basic and,
as will be seen later, a representative picture of global jet properties.

In this section the overall jet properties as reflected in the distributions of stable charged particles*’
will be discussed. They are easy to measure and since the spectra of charged and neutral particles
coincide they provide a representative view of the jet properties.

3.1. Multiplicity
3.1.1. Average charged multiplicity

A compilation of the average charged multiplicities measured at different energies and by different
detectors is shown in fig. 3.1.1. The data show that the pure logarithmic rise

(ney)=a+blns, (3.1.1)

which provides a very good description for energies W =9 GeV [67, 68], underestimates the multiplicity
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Fig. 3.1.1. Average charged multiplicity as a function of the c.m. energies. The compilation is taken from ref. [3] and supplemented by results from
ref. [96]. The curves are results from a fit to the measurements using parametrisations discussed in the text.

*) In most experiments the following convention is applied: particles with a lifetime of 7>3 X 107" s are considered as stable. That is, the K
and A are assumed to have decayed, and their decay products contribute to the particle spectrum whereas charged particles from K -decays are not
included.
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observed at higher energies W~ 30 GeV. With the values of a=2.1 and b =0.84 derived from the
MARKI data, eq. (3.1.1) gives (nqy) =8 at W=34GeV, a value almost only half of the average
multiplicity observed at this energy.

Such a simple logarithmic dependence as given in eq. (3.1.1) is expected e.g. from longitudinal phase
space (e.g. ref. [69]) and in fragmentation models without hard QCD effects. Its failure can therefore
be taken as evidence that jets do not develop along these simple terms. Although such a dependence is
not appropriate for the whole energy range displayed, it gives a fair local description of the data in the
intervals W =10 GeV and W =10 GeV separately. To divide the total range in these two intervals,
however, is bare of any physics motivation*’.

Instead the energy dependence of the average multiplicity in the total range can be described by
various other parametrisations (the fit results are taken from ref. [3]):

(a) A parametrisation successfully applied to the multiplicities measured in pp-collisions [70] is

(ney)=a+blns+cln’s. (3.1.2)

A fit to the e "¢ -data yields @ =3.33 £ 0.11, b = —0.40 = 0.08, ¢ = 0.26 = 0.01. Its result is indicated by
the solid line in fig. 3.1.1.
(b) A power law is predicted from phase space:

(ney)=as'™. (3.1.3)

The measurements can be described with a =2.18 £ 0.01. However, it should be noted that a phase
space model in general does not reproduce the jet properties at higher c.m. energies.

(c) QCD calculations interpreting jet evolution as a branching process predict a rapid exponential
increase [71-74]

{ney)=a+bexp{c-(In[s/QZ])""*}. (3.1.4)

With Q,=1GeV this function accommodates the measurements for a =2.71 £ 0.08, b =0.058 = 0.010,
¢=1.97+0.06. The result is displayed by the dashed-dotted line in fig. 3.1.1.

All these parametrisations describe the measurements reasonably well**). None of them can be ruled
out from the energy dependence of the average multiplicity.

3.1.2. Multiplicity distributions

The multiplicity distributions at a fixed energy as well as their energy dependence has provoked a
substantial amount of discussion (see e.g. the review of Carruthers and Shih [75]). The most popular
parametrisations and predictions are the Poisson distribution, KNO scaling and negative binomials.

Poisson distribution. The Poisson distribution is one of the most straightforward distributions
considered. It follows from a completely incoherent emission of particles and can only be valid if no

*) Note that the passing of the b-threshold cannot significantly affect the multiplicity since the bottom pair production e — bb contributes
only ~9% to the whole event rate.

**) We refrain from giving the x* of the fits. They are only meaningful if the complete errors and their correlations would be well known. This is
not the case, in particular for the data at low energies <7 GeV.
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constraints like conservation laws affect the particle production considerably. A Poisson distribution is
e.g. expected in longitudinal phase space models (e.g. [69]).

In fig. 3.1.2, the charged multiplicity distributions for the three different energies W= 14, 22 and
34 GeV are compared to two types of Poisson distributions. The dashed curves represent

N(n)=2-(A"nl)e™" (3.1.5)

with n = ney and A = (n.y), the average charged multiplicity. This distribution is narrower than the
data. This discrepancy becomes more pronounced with energy. Deviations from this shape are expected
since charge conservation implies an equal number of positive and negative particles thereby intro-
ducing some coherence. A more meaningful parametrisation is

(/\/2)11/2 e—A/Z

N(n) = — . (3.1.6)
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Fig. 3.1.2. Charged multiplicity distributions at W= 14, 22 and 34 GeV. The lines drawn correspond to Poisson distributions. The dashed line was
calculated for all particles, the full line for particles of only one charge [3].
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This distribution is shown by the full line. It is seen to be broader than the data, better agreement can
be found with increasing energy. The deviation from a Poisson distribution indicates that the particle
production in a jet is not uncorrelated. As was pointed out in ref. [76] a possible reason for this is that
energy and momentum conservation still influence the shape of the multiplicity distribution.

The energy variation of the multiplicity distribution can be studied by considering its moments.
Frequently used is the dispersion

D=((n*)y - AH)". (3.1.7)

As can be seen in fig. 3.1.3 the measured ratio A/D is about 3 and almost independent of energy. An
exception is the measurement of the HRS collaboration who find a ratio of 3.51 +0.18 [70] which is
~3¢ above the values determined by the other experiments. For a Poisson distribution D is given by

D=VA—=A/D=VA. (3.1.8)

Since the average multiplicity increases with energy, the ratio A/D should do the same for a Poisson
distribution. Again the two alternative schemes can be analysed. If all particles are considered (dashed
line) the observed ratio at W= 34 GeV is substantially larger than the expectation. If only a particular
sign of the charge is considered*’ the prediction approaches the measured value from below. Again the
result obtained by the HRS collaboration digresses from this trend. They find A/D =3.51 and
VA =3.59 in perfect agreement with the expectation from a Poisson distribution. Since their measure-
ment is restricted to one energy, nothing can be inferred on the energy variation of the dispersion from
their data.
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Fig. 3.1.3. Ratio of A/D of the multiplicity distributions in e*e~ annihilations. Compilation taken from ref. (3] and supplemented by ref. [77]. The

dashed (solid) line indicates the expectation from a Poisson distribution taking into account all (only particles of one charge). Also shown are the
measurements for a single event hemisphere.

*) Note that D,, =2D_; A,, =21, implies (D/A),, = (D/A).. Here “all” denotes all particles, “+” only particles of one charge sign.
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KNO scaling. A non-Poissonian behaviour was anticipated by Koba et al. [78]. Assuming Feynman
scaling, i.e. perceiving that the momentum distribution of the particles follows a function fxy),
x, =2p,/W, which is independent of W,

[y, W)= flx) (3.1.9)

they derived for s— that the multiplicity distribution can also be parametrised in an energy
independent way

AP, = F(n/h). (3.1.10)

Here P, = (1/N)(dN/dn) is the probability that an event has a multiplicity ». The data obtained in pp
and pp collisions are found to approximately follow KNO scaling for Vs between 23 and 63 GeV [70].
The data from the SppS collider between v§ =540 and 900 GeV, however, show deviations from a
scaling behaviour [79].

Figure 3.1.4 shows the multiplicity distribution measured in "¢~ annihilations in terms of the KNO
variables z=n/A and P, A for energies between 5 and 34 GeV from PLUTO [80], LENA [81] and
TASSO [3]. The data indicate KNO scaling to hold within ~20%. Data by the JADE collaboration [82]
are in good agreement with these results (not shown). The measurement by the HRS collaboration at
W =29 GeV [83] shows a somewhat narrower distribution, which, as the authors state, is consistent with
the data of fig. 3.1.4 within statistical and systematic errors. With the exception of low values of z the
HRS collaboration can describe their data well with
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Fig. 3.1.4. Multiplicity distribution measured in e"e~ annihilations in terms of the KNO variables P(ncy)- (ncy) versus g,/ {ncy,) (compilation
from ref. [3]).
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k

F(z)= (k]il)! ¥ exp(—kz) (3.1.11)

with & obtained by a fit as k =12.3.

In contrast to the Poisson distribution KNO scaling implies that A/D is independent of the energy.
Taken at face value the data indicate a gentle rise of ~10% between W=5GeV and W=34 GeV.
However, since the statistical and systematic errors are of the order 7-10% this rise is not significant.
The data show no evidence for a violation of KNO scaling.

As will be discussed in section 3.2, Feynman scaling is broken in the energy range considered
invalidating the original basic assumption for KNO scaling. In this light the rather small (if any) energy
dependence of the KNO distribution is surprising. Bowler and Burrows [84] simulated the multiplicity
distributions using the Lund Monte Carlo distribution and found that within this scheme they are quite
well described. Within their studies the apparent KNO scaling is due to the conspiracy of several effects
like energy conservation, passing of the b-threshold and scale breaking due to gluon emission. KNO
scaling in e¢"e” collisions therefore seems more an accidental property than to be related to the
fundamental dynamics. We note in addition that KNO scaling can also be reproduced by the QCD
shower Monte Carlo of Webber.

Both the TASSO and the HRS collaborations have also studied the multiplicity distribution within a
single hemisphere. To this end the hadronic events were divided into two hemispheres with respect to
the sphericity axis and the multiplicity distribution determined for the two hemispheres separately. As
for the total event KNO scaling holds approximately also for the single jet. The ratio A/D for single jets
is shown in fig. 3.1.3. The data are consistent with a constant of ~2.3. The ratio (A/D),,,/(A/D);,, is
measured as about 1.3 and 1.41 by the TASSO and HRS collaboration respectively. Both values are
very close to V2, indicating that the multiplicities of the two jets are uncorrelated. Further and more
direct evidence for this property will be discussed in more detail in section 7.1.

Negative binomial distribution. After the discovery of the violation of KNO scaling in pp-collisions
much attention has been paid to the negative binomial distribution. It was originally developed
assuming that the particles originate from & independent cells. The particles are emitted according to
Bose-Einstein statistics with an equal a priori probability in each cell. The multiplicity distribution is
[85, 86]

P = nl(k—1)! \1+A/k7 (14 A/k)F" (3.1.12)
This function approaches the Poisson distribution for k— . Its width is given by

D' 1 .1

F_X+E . (3.1.13)

Note that for k— =, eq. (3.1.13) is identical to (3.1.8) for the Poisson distribution. For A/k > 1 the
function P." depends only on z = n/A and approaches eq. (3.1.11).

Several interpretations of negative binomial distributions for multiparticle production exist. In ref.
[87] it was pointed out that it can be interpreted as being either due to a stimulated emission (like a
laser) or to a cascading process. In the former approach the stimulation occurs in k cells, in the latter



170 P. Mittig, The structure of jets in e e collisions

approach k™' is the ratio of the probability for two particles originating from common cells to the
probability that they originate from two different cells. For both interpretations the emissions are
assumed to occur independently in each cell.

The negative binomial has been successfully applied to multiplicity distributions in pp collisions [88]
and later 7" p [89]. It has been used by the HRS collaboration to describe their data obtained in ¢ e~
collisions. Keeping in mind that their multiplicity distribution at W =29 GeV is very Poisson-like (see
above), it is not surprising that they find a very good agreement between data and the negative
binomial. Their data gives a high value of k=259 [90]. Fits to the data published by the TASSO
collaboration give k = 62, 44 and 35 for W= 14, 22 and 34 GeV [91]. These values of k are substantially
larger than the total multiplicity, thus it is difficult to interpret these values as the number of emitting
cells. Plotting the energy dependence of 1/k as a function of the c.m. energy, one finds it to grow with
Ins. It starts with a negative value and crosses zero (i.e. k— x, as expected for a Poisson distribution)
around W~ 25 GeV [92].

Whereas in general the emission is assumed to occur incoherently in the cells, Carruthers and Shih
[93] propose an additional coherent contribution to the emission from k cells expressed by a “signal to
noise” ratio m. This model describes the data with a small number of cells k = 2 and m rising from ~0.1
to ~0.2 for an increase of W from 12 to 34 GeV. The additional contribution broadens the distributions
and its increase leads to an approximate scaling behaviour in the KNO variables. It is suggestive to
identify this value of k with the number of jets and the more prominent coherent contribution at higher
energies as being due to the emission of a third hard parton. No prediction for m, however, is possible
within this formalism.

From hadronic interactions ([89], see also ref. [87]) the interpretation of a cascading process is
preferred. The stimulated emission according to the Bose-Einstein statistics would imply that the
number of cells k_ for the multiplicity distributions of the particles of only one charge would be
k_~ 3k, k being the equivalent number for all charged particles. This is in contradiction to the
measurements*’.

Multiplicity distributions in rapidity intervals. The various models for the multiplicity distribution
have also been analysed by considering only particles in restricted intervals of the rapidity

E+
)

y=0.5In

As was pointed out (e.g. ref. [76]), the shape of the multiplicity in the central region should be less
distorted by energy and momentum conservation. Therefore a broader distribution for smaller intervals
of rapidity is expected.

The HRS group studied the multiplicity distributions in intervals —y, <y < y,, where y, varied from
0.1 to 2.5 [94] and indeed found the distribution to broaden with decreasing y,. KNO scaling does not
hold for the different y,-intervals. The distributions are well described with a negative binomial. The
parameter k increases strongly with y, from k ~5 for y, =0.1 to k ~25 for y, =4.

The multiplicity in rapidity intervals of Ay =1 has been analysed in ref. [95]. The data from the
TASSO collaboration have been compared to the prediction from the LUND simulation in the rapidity
plateau for 0<y <1, 1<y<2 and 2<y<3. Without hard gluon bremsstrahlung the Monte Carlo

*'T am grateful to W. Kittel for pointing this out to me.
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calculations exhibit the same shape of the multiplicity for all intervals and energies of W= 14, 22 and
34 GeV. Gluon emission leads to a significant tail at large multiplicities n> A for W=34 GeV in the
interval 0 <y <1. Such a tail is also visible in the data.

3.2. Momentum distribution
3.2.1. Energy dependence of the average momentum

The average momenta of the final charged particles are displayed in fig. 3.2.1 [3, 96, 65] as a function
of W together with the prediction from a QCD model. In the energy range considered, the increase of
the average momentum is approximately linear and can be parametrised by

(p)(W)=0.51+0.028-W . (3.2.1)

Since the average multiplicity is known to rise with energy this equation can only be correct in a limited
W-range. The average momentum should increase slower than perceived from eq. (3.2.1).
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Fig. 3.2.1. Average momentum components as a function of the c.m. energy W [3, 65, 96, 105]. (top:) Total momentum and parallel and transverse
component with respect to the jet axis. (bottom:) Squared transverse momentum. The measurements are compared to model calculations: full line
including QCD effects, dashed line just for qq pair production.
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3.2.2. x-Distribution

A simple pattern of the energy variation of the momentum distribution evolves in particular when
the particle energies are scaled with the total c.m. energy x =2E,/W. The use of this variable was
suggested by Feynman [97]. It obeys the normalisation

j D(x)xdx=2, and f D(x)x’dx=n.

Here n is the multiplicity. In the quark-parton model the inclusive cross section ¢ 'e” —h+ X is
described by

1 do 1
i -2 el [Dhx,s)+ Di(x,5)]. (3.2.2)
tot q

Here the sum refers to all types of quarks that can be produced at a c.m. energy Vs and e_ is the charge
of the quark q. DZ(x, s) describes the way the quark breaks up (“fragments”) into the final hadrons and
is called fragmentation function. It is the probability of a hadron h acquires the scaled energy x from a
primary quark q. In general D depends on the kind of primary quark, the type of hadron and s.

Hadron production in e e~ annihilation can be expressed in analogy to spacelike lepton—nucleon
scattering in terms of the structure functions F, and F,. The differential cross section as calculated by
Drell et al. [98] is

d’o

_tv x- B :
drdcosd %O'OxB[2F1(X, s)+ = Fy(x,s) smze] . (3.2.3)

g, is the zeroth order QED cross section. F, and F, can be expressed in terms of the longitudinal and
transverse structure function

Fi(x,s)=2F,(x,s), (3.2.4a)
F(x,5)=2F,(x,s) + xF,(x, s). (3.2.4b)
such that in the relativistic limit

d’o

drdcosd = %(TOX[FT(l + COSZB) + %FL sin20] . (3.2.5)

In analogy to the scaling behaviour observed in spacelike scattering, which is considered as some of the
most convincing evidence for the existence of partons, Drell et al. assumed F, and F, and therefore F|
and F; to scale:

F(x,s)=F(x) fors—o.
Within the quark—parton model the photon couples to a spin-4 parton and thus

F(x)=0, (3.2.6a)
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xFr(x)=3-2 €2+ [D (x) + D,(x)] (3.2.6b)

Therefore the scaling hypothesis implies the fragmentation functions D are independent of the c.m.
energy W.

These formulas do not hold within the framework of QCD. Gluon radiation causes a violation of the
scaling property and contributes to the longitudinal structure function. Again both these modifications
are in analogy to deep inelastic spacelike scattering. Qualitatively they are easy to understand. The
emission of a gluon reduces the energy of the quark from E, to E .. Its hadronic descendents are
distributed according to a function scaling in x' = E,/E . instead of x = E\/E_ and thus acquire a
momentum which is reduced compared to the quark—parton prediction (see fig. 3.2.2). Therefore QCD
scale breaking should lead to an increase of the particle yield at small x but a decrease at high x for
increasing c.m. energy. In addition, gluon effects modify the angular momentum properties of the
parton configuration giving rise to a longitudinal component F; .

The change of the quark fragmentation function with Q7 is given in leading logarithmic expansion by
[99, 100]

h b s ’ ld .
Dq(xhs QZ) = Dq(xh’ Q(z)) + - (27QT ) {j = [qu<%) *In Q_z ’ Dq(xh’ Q(Z))

5 X Qo
+ qu<%> ‘In %2 -D(x,, Qg)]}. (3.2.7)

Here P, and P, are the Altarelli-Parisi splitting functions determining the energy spectrum of a quark
and a gluon from a quark decay (see - 2.1.11). D" o(xns Q 2y and D" s @ 2) are the fragmentation
functions of the quark and gluon at Q7. These functlons cannot be calculated from the basic theory but
instead have to be determined from the data. Equation (3.2.7) then predicts their evolution with Q°

In the formulas given above, x is considered the scaled energy. A precise test of scaling or the
predicted QCD behaviour therefore requires particle identification. Data exist and will be discussed in
section 4. Their accuracy is limited due to additional experimental requirements. However, for large
enough c.m. energies and momenta the following relations hold:

_2E 2 _ 2p
b Iat by e Tl R (3.2.8)

Thus the scaling property of the fragmentation function should reveal itself in data without particle
identification.

Figure 3.2.3 shows the results from two different experiments. The data are in very good agreement
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Fig. 3.2.2. Schematic view of scaling violations of the fragmentation function due to gluon emission.
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Fig. 3.2.3. Measured fragmentation functions at various energies in terms of x, =2p/W. (a) From MARK2 [101]. (b) From TASSO [3].

with one another. The data from the MARK2 collaboration [101] cover a large energy range
(5<v5<29GeV, fig. 3.2.3a). However, since mass and p; effects are important for their low energy
data, the assumption of eq. (3.2.8) is not valid. Additional distortions are due to the crossing of the
b-threshold. The data from the TASSO group [102, 3] are above the b-threshold, however, cover a
smaller range in energy (fig. 3.2.3b). Similar results have been obtained by the JADE collaboration
[82].

The measurements show a steeply falling fragmentation function decreasing by three orders of
magnitude between x, ~0 and 0.8. With respect to the energy dependence of the fragmentation
function the data exhibit some general features:

(i) For low x, <0.1 the particle yield rises strongly with energy. In particular in this region mass effects
become important and scaling cannot be expected. Obviously the strong increase of the multiplicity
discussed in section 3.1 is happening here.

(ii) For x >0.2 the particle spectra are rather similar for different energies. Even though for the data of
fig. 3.2.3b the total c.m. energy is changed by a factor 2.5, the particle yield drops only by about
20-30% indicating that scaling holds approximately.

(iii) All data show a systematic decrease with increasing energy in the region of x >0.2. This is just
what is expected from QCD scaling violations.

In the following sections we will discuss the properties of the x-distribution in different intervals.
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The high x-region. The shape of the particle spectrum in the region x— 1, i.e. near the kinematic
limit is undisturbed by decays. Predictions for the behaviour of the fragmentation function in this region
are due to dimensional counting rules and the standard fragmentation models. Using their very good
momentum resolution the HRS collaboration studied f(xp)*) up to values very close to x, =1 (fig. 3.2.4
[103]). A fit of the fragmentation function for x,>0.5 to the form

fx,) = (1=x,)"x,, (3.2.9)

yields n =2.08 = 0.21. A similar result has been obtained by the TASSO collaboration [3]. The results
agree with predictions from dimensional counting rules [104-106]. Higher twist effects would distort the
fragmentation function as

flx,)=(1-x,)*+CIQ? (3.2.10)

[107]. The parameter C is found to be smaller than C =2 GeV> at 9% C.L.

The LUND-Monte Carlo can describe the high x-distribution equally well. The simplest cluster
decay as included in the Webber—-Monte Carlo predicts too steep a fall-off for x— 1. With some
adjustments in its hadronisation part, however, the data can be reproduced.

The medium x-region. The measurements are most sensitive to QCD scaling violations in the region
0.2<x,<0.7. Both data of high accuracy are available for various energies W > 10 GeV and mass and

pr-cffects should only play a minor role for these momenta and c.m. energies, though they are not
negligible.
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Fig. 3.2.4. Fragmentation function measured close to the kinematical limit x— 1 [103] together with predictions from an early version of the
Webber and from the LUND model. Also shown is the result of a fit to (1 — z)> Here z denotes the scaled momentum x,

*) The function f(x,} should be very close to D} (). There are two differences: firstly the argument x, only approximates the scaling variable x.
Secondly f is a summation over all kinds of primary quarks, D not. Therefore we use a different notatlon
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Figure 3.2.5 displays the particle yield in various x-intervals as a function of s. Results are shown
from the TASSO [3], the MARK?2 [101, 65], the JADE [82], and the HRS collaboration [96] in an
energy range 25 < s <2000 GeV’ extending nearly over two orders of magnitude. The results from the
various experiments are in good agreement with one another. Whereas for small x,, the particle yield is
rapidly rising with energy, it levels off at x, ~0.2 and decreases for x,>0.2.

Motivated by the QCD equation (3.2.7), one can parametrise the s-dependence by

L do_ ¢,[1+ ¢, In(s/s,)] . (3.2.11)

Oy dxp

The results from a fit of this equation with s, =1 GeV” to the data from TASSO*’ are indicated by the
full lines. The resulting coefficients are listed in table 3.2.1. The slope c, is negative for x, >0.2 with a
high statistical significance of ~10¢. Within this region the particle yield decreases by ~25% for an
increase of W from 14 to 41.5 GeV. For x > 0.2 the slope does not depend strongly on the x-interval
considered.

As discussed above, such a decrease is expected from QCD. However, it was pointed out [108] that
kinematical effects have also to be taken into account in interpreting the scale breaking observed.

The kinematical effects to be considered are (a) mass and p, effects and (b) the fragmentation
properties of heavy quarks.
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Fig. 3.2.5. Fragmentation function in various intervals of x, as a function of 5, the square of the c.m. energy W [3, 96, 65, 101, 82]. The solid lines
are results of a fit according to eq. (3.2.11).

*' Here only one experiment was used to properly take into account the correlations of the relative systematic errors between the various
measurements.
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Table 3.2.1
Coefficients obtained from a fit of eq. (3.2.11) to the s-
dependence of the fragmentation function

X < )

0.02-0.05 0.50 £0.05 25.3+2.49
0.05-0.10 1.97+0.87 0.32+0.08
0.10-0.20 26.80 = 1.40 —0.022 £0.008
0.20-0.30 14.99 +0.81 —0.071 £0.005
0.30-0.40 7.27+0.54 —0.081 + 0.006
0.40-0.50 3.29+0.37 —0.084 = 0.008
0.50-0.70 1.09*0.16 -0.075+0.012

(a) The scaling of the fragmentation function has been perceived in the Bjorken limit Q°—
assuming the transverse momentum with respect to the event axis p; <s and the particle masses m <s
to be negligible. At the energies experimentally accessible, the transverse momentum and the mass still
influence the distribution. Particles of different mass and the same momentum p have quite different
values of x,; for moderate values of x, and lower c.m. energies (forx, =0.2: xz = 0.201, xy =0.212 and

=0.244 at W=14 GeV). Because of its steep fall-off the fragmentation function is affected more
strongly. On the other hand most of the particles with momenta around x, =0.2 or p = 1.5 GeV are
pions (see section 4.1). Thus the fragmentation function in terms of x, does not differ considerably
from that in terms of x,. Its overall contribution to the scale breaking can be estimated by simulating
the fragmentation of light quarks u and d neglecting QCD bremsstrahlung. The result of such a Monte
Carlo study using the LUND program is shown in fig. 3.2.6. Plotted (from ref. [109]) is the ratio of
particle yield at W= 14 GeV over that at W=34GeV. For curve (a) only prompt, i.e. not decayed
particles with an intrinsic p; =0 have been considered. For curve (b) g, was chosen as 440 MeV, a
value for which the measurements can be reproduced. For curve (c) the ‘simulation was extended to
include resonances. As can be seen both masses and the transverse momenta modify the ratio of the
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Fig. 3.2.6. Monte Carlo study (LUND V4.3) of kinematical contributions to the scale breaking of the fragmentation function. Displayed is the ratio
of the particle yield at W= 14 GeV over that at W =234 GeV (from ref. [109]). (a) Only prompt particles are considered, 0,.=0MeV. (b) Only
prompt particles are considered, o, =440 MeV. (c) Resonance decays included.
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particle yield leading to a decrease by 10% for x, ~0.2. Their impact dies out with increasing x,. The
ratio approaches unity, only 2-3% less particles are produced with x, >0.6 as W increases from 14 to
34 GeV.

(b) Since heavy quarks inside jets can only be produced as primary particles (see sections 2.2 and
4.4), their yield is completely defined by their photon coupling and thus (almost) independent of the
c.m. energy W. On the other hand they can populate a region in x that increases with energy leading to
a depletion of charmed and bottom hadrons at high x-values. The potential effect for the scale breaking
is visualised in fig. 3.2.7 for a constant fragmentation function for D*’s. Since for this fragmentation
function the D*’s are spread out considerably more towards low x, for W= 34 GeV, the net effect is a
higher D* yield at x >0.2 for W= 14 GeV. These distributions suggest that the D* alone can cause
substantial scale breaking in the energy range considered. How this is reflected in the yield of final
particles depends on (i) the fraction of heavy quark events (~36% for charm, ~9% for bottom) in the
energy range between W= 14 to 34 GeV; (ii) the decay multiplicity of heavy hadrons (~3.5 for charmed
hadrons, ~8 for bottom particles); (iii) the hardness of the fragmentation function. An estimate of the
combined effect is rather involved and can be pursued most reliably with a simulation program.

To this end the parametrisation of ref. [108] with a value of £¢=0.04 has been applied which
reproduces the measurements very well (see section 4.5 and in particular eq. (4.5.4)). For the results
presented in fig. 3.2.8 QCD effects have again been switched off. Displayed is the scale breaking in
charm events between W= 14 and 34 GeV in terms of the ratio of the fragmentation functions at W= 14
and 34 GeV. The x, distribution of the D* (full line) exhibits substantial scale breaking in the relevant
region 0.2<x, <0.7. The high ratio at x, <0.2 is due to the 1/ term in the derivative do/dx, =
(1/B)(do/dx) affecting the distribution at W= 14 GeV more strongly. The rapid decrease of the ratio
at high values of x is due to the kinematical constraint p_ = (E2_, — m®)"'% It should be noted that

beam

according to the measured fragmentation of D*’s only very few of them are produced at W= 34 GeV
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Fig. 3.2.7. Schematic display of the possible scale breaking of the D* fragmentation function. Here a flat fragmentation function has been assumed.
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Fig. 3.2.8. Effects of the scale breaking due to D*’s for a fragmentation function as proposed in ref. [108]. Displayed is the ratio of the production
yield between W= 14 and 34 GeV for the D* itself (solid line), its decay products (dashed) and all particles in charmed events (dashed-dotted line).

with an x, less than the kinematical threshold for W= 14 GeV (see fig. 4.5.2). This is a basic difference
to the model of a constant fragmentation function used for fig. 3.2.7. As a result the scale breaking is
less prominent in the data. Further one has to note that in the measurements on the scale breaking of
(table 3.2.1) the final state particles are considered.

A further step is to consider the scaling property of the D* decay products. The x, distribution of
those is concentrated at smaller values of x, even showing a behaviour opposite to QCD scale breaking:
there is less production yield at W= 14 than at W= 34 GeV for x,>0.2.

This picture changes again once the residual fragmentation is considered. Since more phase space is
available for the non-leading system at W= 34 GeV, the overall particle distribution is affected more
strongly. The particles from the subsequent fragmentation in a charm event induce a scale breaking of
~5-10% between 0.5 <x, <0.8.

To relate this to the scale breaking of the overall event yield, i.e. summing over all quark flavours
one has to take into account that the particle yield in charm events is considerably lower than in u, d, s
events for high xp*). As a result the final particles from charm events contribute somewhat to the scale
breaking observed, however, it is only a small fraction of what has been measured. '

To summarize, both kinematical effects discussed above affect the s-dependence of the particle
spectrum leading to some scale breaking with increasing W at high x. This depletion, however, is much

* As will be discussed in section 5.1.3 this fact served to tag light quark jets.
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smaller than what has been measured. The data can only be explained by additional contributions due
to QCD bremsstrahlung.

In fig. 3.2.9 the prediction of the second order QCD Monte Carlo of the LUND group with a value
of the cutoff mass M, =4 GeV (see section 2.1) and A, = 0.5 GeV, of the QCD-shower Monte Carlo
of Webber, and of the LUND shower program combining shower evolution up to a cut-off mass of
M, =2 GeV with string fragmentation are compared to the data. The scale breaking is analysed in terms
of the ratio of the normalized cross sections for W = 14 to that at W =34 GeV as well as that for W =22
to W= 44 GeV.

Whereas the general trend of the data can be reproduced by the various QCD models, they tend to
underestimate the scale breaking between 0.2<x,<0.5. This is in particular true for the LUND
second-order model, its deficiency is more pronounced for the ratio between W= 22 and 44 GeV. The
QCD shower models reproduce the data fairly well, the shower model combined with string fragmenta-
ion exhibits an even closer agreement. These results may point towards the need for including higher
than second orders of QCD corrections in the simulation.

It was the hope expressed in ref. [108] to determine the mass at which non-perturbative effects
become relevant (cut-off mass). This will be studied more closely in section 9.2.

Effects in the low x-region. The exact treatment of infrared divergencies in leading order in the
calculation of the fragmentation function led to the prediction of coherent gluon emission. As shown by
Mueller [41], Bassetto et al. [42], and Ermolaev et al. [43, 44] this coherence has a striking effect on the
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between (a) W= 14 and 34 GeV, (b) W=22 and 44 GeV. The models used are the LUND Monte Carlo including the exact second order QCD
corrections (solid line), the Webber Monte Carlo (dashed line) and the combination of shower development and string fragmentation (dashed-
dotted line).
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shape of the fragmentation function. The distribution x(do/dx) is changed from a plateau as perceived
by showering processes without this coherence to a Gaussian

st oVl Gl i

8c, (0.25In(Q%Q5) —In(1/x))*]
xexp[—3 b 1H3/2(Q2/Q(2)) .

(3.2.12)

Here ¢, =3, b =(33 - 2n,)/127 and n, is the number of flavours, Q, is the energy scale of the QCD
calculations. The first exponential describes the increase in the total multiplicity as already discussed in
section 3.1.1, the second represents the x-dependence of the particle yield. The distribution is predicted
to have a maximum at

In(1/x) = } In(E/Q,) (3.2.13)

and to decrease for small x.

This depletion is due to a destructive interference of diagrams contributing to gluon emission.
Consider the decay of a quark q— q' + g, (cf. fig. 3.2.10). A second gluon can be emitted from each of
the three partons. The diagrams for the emission from q and those from the g and q’ cancel each other
outside an angular region given by the emission angle of g, (see e.g. ref. [110]). As a result not only the
energy but also the emission angle of low energetic gluons is ordered: low energetic gluons have smaller
emission angles (fig. 3.2.11). This dynamical suppression in phase space leads to a decrease of the gluon
yield at low energies and thus to the dip in the In x distribution.

The effect is closely related to the Chudakov effect in electromagnetic processes in cosmic rays [111]
and can be qualitatively understood in terms of the resolving power of an emitted gluon. A gluon with
high QO and/or an emission under a small angle can resolve the colour content of a gluon cloud. It thus
has a high probability of interaction. However, for a gluon of low Q° emitted under a large angle the
gluon cloud acts as an entity and the probability of interaction is diminished (see e.g. the discussion in
ref. [112]).

Since only hadrons and not gluons can be measured, a meaningful experimental test of this
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Fig. 3.2.10. Interfering diagrams contributing to the coherence phenomenon [110].
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Fig. 3.2.11. Sketch of the angular ordering.

prediction can only be done if the spectra of hadrons and gluons are similar. This is the essence of the
local parton-hadron duality conceived by the Soviet group [63] or of preconfinement [64].
In fig. 3.2.12 the x-distribution in terms of

1 do 1 do

Go P dx, oy, din(l/x))

measured by the HRS collaboration [96] is plotted. The particle yield decreases for x < 0.03 as expected
from coherent gluon emission. The interpretation of the dip, however, is not obvious. Since the partons
are assumed to be ultrarelativistic in the calculations, these cannot distinguish x, and x =, leaving some
ambiguity in the choice of the appropiate variable. If x, instead of x, is considered, the data points of
fig. 3.2.12 have to be transformed as

1 do do

E—z—de_xp:XEa;' (3.2.14)

Since in the region of the dip 8, ~0.89, By ~0.51, and B, ~0.3 (at x, =0.02) this mass effect is not
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Fig. 3.2.12. (1/N)x,(dN/dx,) distribution as a function of x, (here x, is denoted by z) [96].

*'1 am grateful to Yu.L. Dokshitzer and V.A. Khoze for communications on this problem.
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negligible. In addition phase space effects are important in the momentum region considered. The
distributions in x using identified particles will be discussed in section 4.

Another experimental distortion is due to decays. Their effect is visualized in fig. 3.2.13 for which
the distribution x,(do/dx,) for prompt particles as well as for final (stable) particles was generated
using the LUND Monte Carlo. As can be seen the maximum of the distribution of final particles is
shifted by about one unit of In(1/x) to the lower x-values compared to that of the primary ones. Thus
the measured distribution is a mixture of two apparently unrelated contributions: the fragmentation
function determined by QCD and the decay properties. A somewhat different view is taken by Azimov
et al. [S0] who conjecture a duality of fragmentation and hadronic decay. In addition the figure
indicates that the dip at low x-values is not unique to the QCD-leading log approach but instead arises
also in the classical LUND approach.

These kinematical distortions cancel out in part when the energy variation of the maximum is
analysed. Phase space leads to a variation of the maximum like x__ 0.5 In s whereas from eq. (3.2.13)
it follows that x_, «0.25Ins. The measurements [3] are compared to this prediction in fig. 3.2.14. The
data are in agreement with what is conceived from coherent gluon emission as is indicated by the
straight lines which have a slope of § Ins. It should be noted that the 2nd order LUND Monte Carlo
predicts a similar slope, whereas the simulation of just qq hadronisation gives a higher slope. Thus
again the LUND QCD simulation coincides with the prediction from coherent gluon emission.

At this stage of the analysis it can be concluded that the QCD prediction of coherent gluon emission
is consistent with the data. But the implications of coherent gluon emission can also be described by
other approaches, in particular the LUND model. A careful experimental test of the validity of the
theoretical prediction has to include kinematical constraints. We return to the status of the experimental
evaluation of coherent gluon emission in sections 4.4 and 6.2.

3.3. The momentum distributions with respect to the jet axis

Since jets are characterized by a distinct reference axis, it is natural to analyse the particle yield with
respect to this axis. Experimental methods to find the jet axis from the measured particles are discussed
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Fig. 3.2.13. Monte Carlo comparison of the particle spectrum before (dashed line) and after (solid line) decays.
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Fig. 3.2.14. Energy dependence of the maximum of the In 1/x, distribution for various types of particles [3]. The lines indicate the slope expected
from coherent gluon emisssion.

in the appendix A.2. Although, in particular, for events of low multiplicities, the reconstructed axis may
be biased, it reproduces the direction of the original parton in general quite well and allows one to
obtain a representative picture of the longitudinal and transverse properties of jets in € 'e¢” annihila-
tions.

3.3.1. The average longitudinal and transverse components

Whereas the average longitudinal momentum increases roughly proportional to the c.m. energy, the
transverse component increases only marginally. The measurements of the average transverse momen-
tum from TASSO [3], PLUTO [113], HRS [96], and MARK?2 [65] are shown in fig. 3.2.1a. The { p,)
grows by ~30%, the average longitudinal momentum by ~130% for an increase of W from 14 to
41.5 GeV. This indicates that on the average the particles within a jet are more collimated with
increasing energy. On the other hand the growth of ( p%) is much more prominent: it is doubling (fig.
3.2.1b) in the same energy range, suggesting the change in p, is due to particles with large momentum.
Such a high p,-component arises naturally from a third jet and constitutes one of the prime indications
of hard gluon emission.

The transverse component can be analysed in more detail by separating the contributions in and out
of the event plane (their definition and the method for their determination are discussed in the
appendix A.2). The measurements are displayed in fig. 3.3.1 and show that the high transverse
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Fig. 3.3.1. The average squared transverse components of the events in and out of the event plane as a function of the c.m. energy W {3].
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component is concentrated in a plane: { p3,,) increases much stronger than { p3 ... ). In interpreting
these results one has to be aware of biases due to the calculation procedure of the event plane. These
tend to reduce the reconstructed component out of the event plane in particular for events of low
multiplicity. Also shown are the predictions from simulation studies with and without QCD brems-
strahlung (which are also subject to these biases). Whereas the model without hard gluons falls short of
describing the rise of { pZT’in ), the results can very well be reproduced by models including hard gluon
bremsstrahlung. It should be added that models without the emission of a hard gluon but an increase of
the (azimuthally symmetric) transverse momentum of the hadrons (crpT, see section 2.2.6) do not
reproduce the trend of the data.

3.3.2. The inclusive distribution of longitudinal and transverse components

For completeness the longitudinal scaled momentum of the final particles (1/0)(do/dx)) is displayed
in fig. 3.3.2*). Qualitatively it is very similar to (1/¢)(do/ dx,) discussed above. Again the scaling
violation is seen for x; >0.2.

The hard component of the transverse momentum can be directly studied in fig. 3.3.3, where the
particle yield depending on p; and p5; with respect to the sphericity axis**’ is displayed for various
energies between W =14 GeV and 41.5 GeV. The picture exhibits a core of particles of low transverse
momenta as well as a tail extending to very high transverse momenta with increasing energy. For the
low transverse momentum p, <0.5 GeV, the particle yield at the various energies has a rather similar
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Fig. 3.3.2. Longitudinal fragmentation function for various energies [3].

*) Nearly all of the figures shown in the rest of this section are taken from ref. [3].
**) The absolute values of the differential cross section depend significantly on how the event axis was reconstructed. In particular this is true for
the high transverse momenta. However, the general trend of the data, especially its energy dependence, is not biased.
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Fig. 3.3.3. Transverse component of the particle spectrum [3]. (a) (1/N)(dN/dp;). (b) (1/N)(dN/dp3).

shape, its increase reflects the higher multiplicities at higher W. For larger transverse momenta the
particle yield falls off differently for the various energies, exhibiting a tail which becomes more
pronounced with increasing W.

The p,-distribution or equivalently the angular distribution around the jet axis as a function of the
longitudinal momentum follows a pattern that is nearly independent of W. The particle yield for
W= 14, 22 and 34 GeV and different p is displayed in fig. 3.3.4 as a function of the angle a with respect
to the jet axis. The data reveal two features:

(a) As expected, the particles get more and more collimated around the jet axis with increasing parallel
momentum. The particles at low parallel momentum are nearly isotropically distributed.

(b) Although the p,-distribution for the various c.m. energies is quite different, the angular spectrum
of particles with a certain p, is remarkably independent of W. This “fan invariance” holds only
approximately as can be seen by analysing the dependence of { p;) on py (see fig. 3.3.5). The angle
and p; are related by

pr=pte(@). (3.3.1)

For parallel momenta of p| ~3-4 GeV, the average transverse momentum at W= 34 GeV is only about
10% higher than that at W= 14 GeV, considerably less than the increase in the total { p,). The
transverse component becomes more prominent only for larger p at higher c¢.m. energies, when the
kinematical limit is reached.
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A pattern like the fan invariance can arise from a p.-distribution that is independent of p; and W.
For simple two-jet events this is a straightforward assumption, it is, however, not trivial that the effect
should persist in events with gluon bremsstrahlung. The fan invariance is closely related to the
transverse pattern of QCD effects, and can be reproduced by the standard QCD Monte Carlo (see lines
in fig. 3.3.4).

The longitudinal and transverse components of the momentum are treated in a fundamentally
different way in the quark parton picture of jet development. Independence of W is obtained by scaling
the longitudinal component but considering the absolute transverse momentum. However, with
increasing energy the hard transverse component is more and more determined by QCD brems-
strahlung and thus induces approximate scaling in x. = p./E, . .

As can be seen from the first order QCD formula for a parton of transverse momentum x

24 1 Xy [1+VI-x3] 1
=7_T§as |:<1—ﬁ+ﬁ> —_—‘_—_—T]_Z 1*X§(3_xi)} (3.32)

1 do
0, di2 2 4 4 Xy

2
g, de

(e.g. ref. [114]) the transverse component is independent of the c.m. energy up to logarithmic
variations. Neglecting scaling violations in the fragmentation function, such a behaviour can also be
anticipated for the transverse distribution of the particles, once their transverse momenta exceed that of
single parton fragmentation. In fig. 3.3.6 the scaled transverse momentum spectrum is displayed for
energies between W= 14 GeV and 41.5 GeV. As expected the yield at low x increases strongly with W.
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Fig. 3.3.6. Distribution of the scaled transverse momentum (1/N)(dN/dx,) for various c.m. energies [3].
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In this region the transverse component is dominated by fragmentation effects (2.2.6). As discussed
above in the context of the (1/N)(dN/dp;) distribution, the shape of the transverse component is
rather similar in terms of p, in this region. However, for large x; and increasing energies the
distributions at the various energies become more and more similar and the high x distribution tends to
scale as expected from hard QCD effects.

These results suggest that two contributions determine the transverse spectrum, which can be
separated according to their variation with energy. In the standard simulation approaches the part
which exhibits an invariant distribution in p, is considered being due to non-perturbative effects, the
high p.. part, which scales approximately in x;, is due to hard QCD effects.

The broad transverse distribution of jets makes them experimentally rather inconvenient objects.
The energy of a single parton is spread considerably in space. In particular, the hard gluon
bremsstrahlung complicates the assignment of particles to partons. This problem will be addressed again
in section 11.

3.3.3. The rapidity distribution
The rapidity

E-I;QH
E-p

y= O.SIn(

combines the transverse and longitudinal momentum components. The distribution of particles in terms
of this variable is particularly nice and simple. As can be seen from fig. 3.3.7 [3] the rapidity spectrum*’
exhibits a plateau stretching out with W and a rather steep fall-off towards the maximum rapidity value

Vmax ~ In(W/m_) .
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Fig. 3.3.7. Rapidity distribution at various energies. Particles from both jets are folded around y =0 [3].

*) For the inclusive spectra pion masses have been assumed. The data are folded around y = 0 since neither of the hemispheres with respect to
the jet axis is distinct.
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This fall-off is very similar for the different energies. Figure 3.3.8 displays the height of the plateau as a
function of W. The rise of the plateau is another indication of the scale breaking of the fragmentation
function.

A closer look at the plateau reveals that it is not exactly flat. Rather the particle yield decreases by
10-20% for y— 0. This dip in the rapidity has also been observed in refs. [96, 65]. Several checks have
been made to establish that it is not due to experimental biases. Its magnitude depends on how the jet
axis is determined, e.g. the sphericity axis leads to a more flat behaviour. Simulation studies indicate
that the thrust axis is more appropriate for the rapidity distribution. The dip is also not due to the
assignment of wrong particle masses and/or the special properties of heavy quark fragmentation and
decays (see section 5). Both affect higher rapidity values and lead to smaller deviations from a flat
distribution than observed in the data.

The increase at low values of rapidity is more clearly shown in fig. 3.3.9, where the ratio of the
particle yield at y =y’ to the particle yield for 0.1 <y <0.2*’ is displayed both for the data and the
simulation using the string approach supplementing a 2nd order QCD matrix element. This ratio seems
to increase with energy. The existence of the dip can be well described by the LUND model, if and only
if gluon emission is included, whereas the Independent Jet Model fails to reproduce it. It therefore
seems to be due to a conspiracy of hard QCD effects and fragmentation properties.

It is very suggestive to relate this dip to the prediction of coherent gluon emission discussed in
section 3.2.2 and indeed the QCD shower model by Webber does reproduce the effect. Azimov et al.
[50], however, argue that coherent (as well as incoherent) gluon emission should induce a maximum
around y = 0. Bengtsson and Sjostrand [48] analysed this dip in the rapidity with different Monte Carlo
approaches at a futuristic energy of W=1TeV. Comparing the outcome of the calculations on the
parton level using shower algorithms with and without the coherence, they find that the dip at y ~0
only occurs with coherent branchings. After hadronisation they find the dip for showering without
coherence which they attribute to the string fragmentation applied.
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Fig. 3.3.8. Height of the rapidity plateau 0 <y <1 as a function of W [3, 96, 65].

*) This rapidity interval is relatively free of systematic uncertainties. For y <0.1, however, there exist considerable uncertainties which are due
1o a limited acceptance and the ambiguities in the reconstruction of the event axis.
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Fig. 3.3.9. Particle yield at rapidities 0.2 <y <2 normalized to that at 0.1 <y <0.2 for various energies [3].

The shape of the fall-off at high rapidity values in terms of
Y=Y Yiax

is similar for the different c.m. energies (fig. 3.3.10) but discloses a systematic trend with energy: the
data at high W are below the measurements at lower W. This reflects the scaling violation property
discussed before (see section 3.2). Its interpretation is complicated due to the particle masses involved
in the definition of y (note, for fig. 3.3.10 pion masses have been assumed). For example, a proton of
y, =2.1 for a correctly assigned mass, will yield a value y, =4.0 if it is considered a pion (assuming
pr=0). For a correct mass assignment the rapidity spectrum should therefore drop faster. Since the
heavy particle content is increasing with rapidity and does not change very much with W for a certain

momentum (see section 4), the y_-distribution is expected to underestimate possible effects from scale
breaking.

3.4. Event shapes

Condensing the kinematical properties of all its particles into one variable, one can obtain measures
of the topology of an event. The most important ones refer to the jettiness and the flatness of an event
and are defined in the appendix.

The sphericity and thrust are the variables most generally used for characterizing how jetlike an
event is. Perfect two-jet events have S =0 (T = 1), isotropic events have a large value of S (small value
of T).

The energy dependence of the average sphericity (and 1 — T') values are shown in fig. 3.4.1. Both
distributions fall off quite rapidly between W= 14 GeV and ~25 GeV, but decrease rather little above
W~30GeV. The thrust (1 - T) distribution is displayed in fig. 3.4.2 for different energies. The
distributions exhibit a core of events becoming more narrow at larger thrust values with increasing
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Fig. 3.3.10. Rapidity distribution as a function of y —y,.. [3].

energy. In these events the bulk of particles have an almost energy independent distribution in p,
discussed before. For higher energies a tail emerges at low values of T, marking the considerable
fraction of broad events expected from hard gluon emission.

We can understand the general features of the energy dependence in these variables by schematically
dividing the events into two classes. The first one consists of only two-jet events with a p-distribution
that is independent of the energy. The other component is made out of three-jet events. Scale breaking
effects in the single jets are neglected.

For the first class ( p>) = ¢ is energy independent and { p*)  ¢'W> Thus

3 <E pi) 3 ne 1
<Sfrag> ~§ frag (341)
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Fig. 3.4.1. Energy variation [3, 96, 65] of (a) the average sphericity S, (b) the average thrust 1— T. The lines represent results of the simulation
studies using the LUND-shower-Monte Carlo.
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Fig. 3.4.2. Thrust distribution at W= 14, 22 and 34 GeV [3].

Here n denotes the multiplicity. As discussed before, the most prominent contribution to the transverse
component in the second class is due to hard gluon emission and (x;) is approximately energy
independent.

2 (2 pi) 3 ()W)
<SQCD>~§ L plocs 2 W const. (34.2)

The total average sphericity is the sum of the two contributions according to
<S>tot~(1_r)<sfrag>+r<SQCD>’ (3.4.3)
where r is the fraction of events with a hard bremsstrahlung changing with energy as
roca (W)«1/In(W?). (3.4.4)

Since r is only slightly decreasing with W and (S, ) is constant, the energy dependence of the average
sphericity changes from 1/W? to 1/In(W?). This considerable slowing down of {§) is visible in the data
for W =25 GeV. The data are reasonably reproduced by the LUND shower Monte Carlo as displayed in
fig. 3.4.1a and b.

Whereas thrust and sphericity parametrise the overall broadness of an event, the aplanarity and, in a
similar way, the acoplanarity characterizes its flatness (see appendix A.2). Only the components out of
the event plane contribute to A, perfectly flat events have A =0. As for the sphericity and thrust their
shape is determined both by non-perturbative effects and hard bremsstrahlung. The latter one only
contributes through second or higher order QCD effects, whereas the first order hard bremsstrahlung
lies within the plane. The acoplanarity distribution measured by the JADE group at W=22, 34 and
44 GeV [115] is displayed in fig. 3.4.3 together with model predictions (see discussion in section 9.4).
The bulk of the events is increasingly flat with energy. However, in addition to these planar events a
wide tail of acoplanar events emerges at high energies. The sensitivity of the aplanarity distribution to
second-order corrections can be seen from fig. 3.4.4 [116]. Here the aplanarity is compared to the
outcome of simulations including first and second order QCD corrections. In both cases the fragmenta-
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Fig. 3.4.3. Distribution of the acoplanarity (1/N)(dN/dA) at various energies together with model calculations using the second order LUND
program and the shower algorithm of Webber [115].

tion parameters (see section 2.1) have been optimised to describe this aplanarity and other distributions
being sensitive to the fragmentation parameters. It is evident that at least second order corrections are
needed to reproduce the data. As wiil be discussed in more detail in section 9.4, the JADE analysis
even indicates the need for higher than second order contributions.

A more detailed view of the topological properties of the events is given by correlating the aplanarity
and the sphericity. The measurement by TASSO [3] is shown in fig. 3.4.5 for W= 14, 34 and 41.5 GeV
together with a general characterization of the events and Monte Carlo simulations. The events show a
relatively broad distribution in the sphericity but even those of high sphericity have only very small
values of aplanarity. Such structure is expected from two-jet events (low sphericity, low aplanarity) and
three-jet events (high sphericity, low aplanarity). Only very few events are found in the region of high
sphericity and high aplanarity at least for W > 30 GeV. This region is expected to be populated by
events containing more than three jets and also by potential heavy quark production. The relatively
high population at W= 14 GeV can be partly explained by the vicinity of the bottom threshold. The
absence of spherical events at W > 40 GeV indicates that no open top is produced at these energies.

The definition of aplanarity is based on the sphericity tensor or more generally on contributions
being quadratic in momentum. The equivalent concept can be applied to variables being linear in
momentum leading to the definition of “major” and “minor” (in analogy to py and p3"). The
oblateness O = F, F, as measured by the MARKIJ group [117] is shown in fig. 3.4.6 and

major minor

compared to the two-jet and QCD prediction. As for the other distributions discussed, the oblateness
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Fig. 3.4.4. Measured aplanarity distribution (open cirles) compared to Monte Carlo calculations including first (a) and second (b) order QCD
corrections (histograms) [116].
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Fig. 3.4.5. Scatter plot of the sphericity versus the aplanarity of events. The left column displays what kinds of events contribute to which region (a)

and the expectation for events coming from u, d, s, ¢ and b quarks supplemented by QCD effects (b) and from top production (c). The right column
displays the measurements at various energies [3].

reveals the need for QCD bremsstrahlung in the simulation in order to reproduce the data. A two-jet

Monte Carlo with an exponential p -distribution and { p,) =650 MeV is not excluded from this plot
(but from others).

3.5. Conclusions

The hadronic events at high energies W =30 GeV exhibit jet structures in a clear and convincing
way. The first evidence for jets at SPEAR was based on statistical arguments, since at these energies
the momenta of particles parallel to the event axis did not exceed their transverse component
considerably. At the higher energies of PETRA and PEP (p)> ( p;) and jets reveal themselves
beautifully in events. These data allow one to study the basic properties of jets both at a fixed c.m.
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energy and as a function of W. One of the most prominent features at these energies is the occurrence
of a third jet. All the event properties indicate that it is due to a gluon.

The average multiplicity increases sharply, much stronger than expected from an extrapolation of the
low energy behaviour or from longitudinal phase space. It is in agreement with QCD predictions. The
multiplicity distributions can be described quite well by a negative binomial, with a large value of k,
however, also KNO scaling holds within ~20%.

The increase in the particle yield is due to particles at low x. The particle yield at x, > 0.2 shows a
slight but significant decrease with energy. The scale breaking is of the order 25% for x >0.2 between
W=14 and 41.5GeV and cannot be explained by mass and p. effects alone. Rather one needs a
substantial QCD component to accommodate the measurement.

In contrast to the longitudinal component, the transverse one rises only weakly. Jets become more
and more collimated. On the other hand there exists clear evidence for a hard component in the
transverse spectrum growing with energy and giving rise to very broad events. All their features indicate
that they originate from hard QCD bremsstrahlung. As a result the energy dependence of the general
event shapes is slowing down. QCD effects are also observable in other parameters like the rapidity.
The acoplanarity distribution indicates the need for corrections higher than first order at energies above
W =130 GeV.

4. Identified particles in jets

The overall distributions of stable particles discussed in section 3 revealed the global structure of jets.
A more precise picture is provided through the identification of the particle type:
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(i) Kinematical properties are e.g. due to resonance decays superimposed on the distributions of
prompt particles which are closely related to the dynamics of fragmentation (cf. section 3.2.3). Particle
identification helps to overcome these distortions since promptly produced particles are made out more
easily.

(ii) The relative yield of the particles with different flavours and spins provides fundamental insight as
to how the conversion of quarks into hadrons depends on their quantum numbers.

(iii) As will be discussed in the following section, particle identification is an important tool for
studying the space-time development of jets as well as for tagging jets of a certain flavour.

Stable particles within jets are identified by special detector components measuring the time-of-flight,
Cerenkov radiation, the dE/dx loss or, in particular for photons, also the electromagnetic showering.
Resonances are found by forming the appropriate particle combinations and searching for peaks in the
invariant mass distribution. This search is hampered by the high multiplicity in a jet giving rise to a
large combinatorial background. In particular, this affects the measurement of broad strongly decaying
resonances. Long lived particles are easier to identify since their decay originates from a secondary
vertex and thus the background can be strongly reduced.

These additional requirements, however, introduce experimental distortions and inefficiencies reduc-
ing the data sample available. They sometimes lead to substantial systematic errors and allow one to
measure only part of the momentum spectrum. In addition some particles are very difficult to identify.
The absence of a measured yield or distribution is often just due to experimental problems and not due
to dynamical reasons.

4.1. The overall particle yield

Several kinds of mesons both of different spin and flavour have been identified. Mesons with J© =07,
07, 17 and 2" have been found and their fragmentation function has been measured in most of these
cases. The average yields per event of mesons consisting of u, d and s quarks measured at 10 and
30 GeV*' are listed in table 4.1.1 (partly taken from a compilation of Saxon [118], all values at

Table 4.1.1
Yields of identified mesons. N, = number of strange quarks
J N, type W=10GeV W~ 30 GeV ref.,
0” 0 w” 59+03 [121-124]
L 8.3%0.4 10.9+0.3 [125, 126]
1 K’ K’ 0.92 £0.12 1.46 £ 0.06 [127-132]
K* 13202 1.51+0.10 [125, 126]
m 0.64 £0.15 [121]
0° £,(975) >0.05+0.02 [133]
1 0 p’ 0.50+0.09 0.80 +0.05 [134-137]
1 K*° 0.38 +0.09 0.54+0.06 (134, 136, 138]
K** 0.45+0.08 0.87+0.18 [126, 137]
2 é 0.08 +0.02 0.08 +0.01 [139, 140]
2" 0 £,(1270) seen 0.14+0.04 [133]
1 K*°(1430) 0.12+0.06 [133]

*) The data from PETRA (W~ 35 GeV) and PEP (W~ 29 GeV) have been considered together. The difference expected due to the different
energies is in most cases negligible compared to the statistical and systematic error.
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W= 10 GeV were taken from ref. [119]). Charm and bottom hadrons are special and will be discussed
in a separate section.

The values include decay products from resonances. The spin and flavour dependence of the primary
fragmentation can only be inferred from a complicated unfolding of the contributions from prompt
production and decays involving several assumptions about yields of not yet measured resonances, their
fragmentation function, their exact branching ratios etc. This is most easily realized with a Monte Carlo
program including primary production and decays. How strongly decays affect the measured distribu-
tions can be estimated from a simulation study using the LUND algorithm. In the case of pions the
prompt production contributes only ~15% of the total finally detected pion yield. The fraction of
prompt p’’s, however, is considerably higher (75%). The dynamical properties of jet development are
reflected more closely in the spectra of heavy particles that are only rarely decay products.

Baryons are produced with a much smaller rate than mesons. Still, their yield is larger than first
expected and came out as a surprise. It triggered the development of special models for their
production. The rates measured so far at W~ 10 and ~30 GeV are listed in table 4.1.2 (partly taken
from ref. [118]). The results at 10 GeV are due to refs. [119, 120]. Assuming the same proton and
neutron yields it can be seen that together about 1.3 baryons and antibaryons are produced in an
average event at W= 30 GeV, i.e. about 7.5% of all particles in an event are baryons. As in the case of
mesons the feed through from a decaying particle to its descendents has to be known for estimating the
production of prompt baryons. Due to their higher mass and the conservation of baryon number the
properties of final baryons resemble those of the prompt production more closely.

The final particle yield per event (1/N)(dN/dm) measured around W =30 GeV is displayed in fig.
4.1.1 as a function of the particle mass. Only one sign of charge was considered per particle type. The
measurements of the various experiments for each particle species are in good agreement with one
another. The yield is a steep function of the particle mass and exhibits a surprising regularity. It follows
an exponentially falling distribution

dN/dm~ae™" (4.1.1)

over about three orders of magnitude. The errors for the individual measurements are rather large and
hamper the interpretation. Beyond the global regularity that all particle yields are confined in a rather
narrow band, another trend is visible.

There seems to be some dependence on the flavour of the quarks contained in the hadrons and the

Table 4.1.2
Yields of identified baryons. N, = number of strange quarks
type N, W~ 10 GeV ref. W~ 30 GeV ref.
Octet p 0 0.64 +0.08 [125, 126]
A 1 0.23+0.01 [127, 128]
(141, 142)
3! 1 0.33701 x N(A) [120]
E 2 0.08 £ 0.01 X N(A) [120] 0.019 +0.005 [143-146]
Decuplet AT 0 <0.12 x N(p) <0.09 [147]
3 1 0.05 £ 0.005 "5 %07 x N(A) {120] 0.017 = 0.005 [146]
E* 2 0.26 +0.04"0°% x N(E) [120, 148] <0.35 x N(E) [145}
Q° 3 (54£1.8+12) [120] 0.014 = 0.006 = 0.004 [149]

%107 x N(A)

Dibaryon d 0 >1.67,9%107° [150]
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Fig. 4.1.1. Yield of final baryons and mesons as a function of the particle mass for W~ 30 GeV. The measurements are taken from table 4.1.1 and
4.1.2. The two lines correspond to an exponential dependence of the yield (formula (4.1.1)). They approximate the yields of hadrons with no and
with one strange quark.

baryon number of the hadrons. An example is the K°, K* yield which is about the same as that of the
p’, though its mass is considerably less. The same is true for particles with two strange quarks: the ¢
yield lies considerably below the band of particles made out of u and d quarks, although its total
strangeness is zero. This is another indication that the structure of jets is not due to longitudinal phase
space. Moreover, it indicates that the particle production depends primarily on the quark content and
not on the quantum numbers of the hadrons themselves. Thus hadronisation proceeds via the emission
of quarks. The yield of the particles containing strange quarks is below that of only u and d quarks
corresponding to values of a, ;~9 and 4, , 4~ 5. The measurements of particles with two strange
quarks are still too scarce to give a reasonable value. It should be noted that this regularity is in
particular surprising as the particles originate from what is generally believed to be different sources
(see however ref. [50]): from the primordial fragmentation and decays*’. The contributions from these
two sources differ for the various kinds of particles.

*) In fact the decay properties have to induce some breaking of this simple pattern. For example, the 3° decays almost 100% electromagnetically
into A’s: (3°— Ay). Since their masses are quite comparable, the exponential mass dependence would imply a ratio of 0.68 between the 3° and the
A-yield. A’s from other sources or promptly produced A’s would therefore contribute only about a third of the whole yield. This is difficult to
conceive (I am grateful to M. Dittmar for this argument). Also the ratio of 3° to A production at W= 10 GeV (see table 4.1.2) is inconsistent with

such a pattern. Note, however, that the regularity observed should be due to strong interactions, some breaking due to electromagnetic and weak
decays is therefore not surprising.
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A compilation of the production yield in terms of
_a(e’e >h+X)
ole’e —p'p)

R,

as a function of the c.m. energy W is shown in fig. 4.1.2 (from refs. [127, 118]). Whereas for lower
energies W <10 GeV the production rate of heavy particles increases more strongly than that of light
particles, the ratios of the single particle rates change only slowly for higher c.m. energies.

4.2. Fragmentation functions of identified particles

The fractions of charged stable hadrons as measured by the TASSO collaboration are displayed in
fig. 4.2.1 for different c.m. energies as a function of the momentum [151, 125]. Also shown are the
results from the TPC [126] and HRS collaboration [129] at W =29 GeV. In general the data from the
various experiments at W~ 30 GeV agree with one another. TASSO finds a somewhat higher kaon yield
at momenta of ~600 MeV.

Particles at low momentum (~300MeV) are nearly exclusively pions. Their fraction decreases to
about 60% for the highest momenta. The fractions of protons and kaons are steadily increasing with
momentum. Protons are always produced less than kaons. At momenta above 10 GeV about 15% of the
particles are protons. A comparison of the data at different energies suggests that these fractions do
only depend on the momentum but hardly vary with W.

As discussed in section 2 and section 3.2, the more appropriate variable to study fragmentation is the
scaled momentum x =2E/W. In figs. 4.2.2a-c the fragmentation functions of different mesons are
compared. In fig. 4.2.2a a selection of measurements of pseudoscalar particles is displayed, in fig. 4.2.2b
that of vector particles and 4.2.2c shows yields of mesons with the same quark content but with
different spin.
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Due to the rather substantial errors and since the various sources contribute differently to the various
yields only rather qualitative conclusions can be drawn:

(i) All distributions are steeply falling over two to three decades for an increase of x from x =0 to
x ~0.7. This means in particular that the total particle yield discussed in section 4.1 is almost exclusively
determined in the narrow region of x <0.1.

(if) Most of the differences between the shapes of the various fragmentation functions are in the low-x
region. In particular particles like pions that are frequently decay products exhibit a steeply falling
distribution here.

(iii) At high x-values the fragmentation functions have a quite similar shape. The precise dependence
is, however, hidden under still considerable statistical and systematic errors.

The measurements can be well described with the standard fragmentation models. The cross sections
of «° [123], K’ p’ and K*(892) [134] are displayed in fig. 4.2.3a together with the outcome of a
simulation using the LUND Monte Carlo. In fig. 4.2.3b the inclusive cross section of the tensor mesons
£,(1270) and K3%(1430) [133] are compared to the prediction of the Webber model. In both cases the
agreement is very good.

Compared to the overall yield the x-distributions allow a more reliable unfolding of the contributions
from prompt production and decays and thus constrain the fragmentation parameters within a model.
As discussed in section 2 in the Independent Jet Model and LUND model these parameters are in
particular the softness of the fragmentation function, the relative probability for an ss pair to fluctuate
out of the vacuum, and the ratio of the production rates of vector and pseudoscalar particles.
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The simulation programs rely on certain assumptions such as on the shape of the fragmentation
functions or the production of pseudoscalar and vector particles only. A change in these assumptions
will affect the outcome for the parameters within the model. The discoveries of the f,, the K}(1420)
and the £,(975) in jets [133] shows that these assumptions are only approximately true. In this sense the
values obtained for the various parameters are only valid within a certain model. In addition the
measurements have to be frequently restricted to only some part of the total x-spectrum. In particular
the low x-region, which dominates the overall yield, is difficult to access experimentally (see e.g. figs.
4.2.2 and 4.2.3). One corrects for these losses by assuming some shape of the fragmentation function. It
is obvious that such an extrapolation can cause substantial systematic uncertainties. Therefore it is
difficult to estimate the systematic error in a reliable way and we only will quote approximate numbers
for the relevant parameters. In spite of these limitations, these parameters provide useful guidelines and
are necessary to proceed towards a consistent simulation of fragmentation.

In general the fragmentation parameters are assumed to be independent of the flavour and spin of
the hadrons, with the notable exception of charm and bottom hadrons (see section 4.5).

The probability p, to pick an s-quark out of the sea has been determined from the ratio of K%/,
&/K*°, and K*/p° production. A compilation of the various measurements is given in ref. [118]. The fit
results are consistent with one another and give

P, =Dq~0.425, p,~0.15.



204 P. Mattig, The structure of jets in e e collisions

The ratio between pseudoscalar (P) and vector (V) particle production has been obtained by comparing
w/p, K/K* and D®/D* production. No correction has been made for the feed-through from tensor
particles or other excited states. For example, the feed-through from the direct decays K3(1420) — K*
or K° contributes about 10% of the total K*(892) and 8% of the K" yield. The data are compatible with

VI(P+V)~0.6.

No value has been given for the production of tensor particles, the results from the HRS collaboration
suggest that they are produced about five times less than vector particles.

In alternative schemes the parameters are proposed to depend on the spin and flavour of the
particles produced. Mass dependent terms occur in the left—right symmetric fragmentation function (see
eq. 2.2.5), which, however, predicts noticable variations only for particles with heavy quarks (charm,
bottom, etc.). Similarly the production ratio of vector and pseudoscalar particles is suggested to depend
on the masses [60, 152]. Measurements of the V/(P + V') ratio are shown in fig. 4.2.4 as a function of
the ratio of their masses (M,/M,) (compiled in ref. [134]). As can be seen the relative yield can be
described by a constant as well as by some mass dependence like

v=3la)
v=3\a) (4.2.1)

® This expt.
O TPC
® Jade

o Tasso

V/(V+P)

0.

0.6F
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0.4 7

VIe———
M,/M,

Fig. 4.2.4. Relative production yield of vector over pseudoscalar mesons as a function of the ratio M,/ M, (from ref. [134]).
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Both the JADE [137] and the HRS collaboration [134] have fitted the data to this form and find
a ~0.5. Note that the value of o depends heavily on the D*/D ratio which is still only marginally
known (see section 4.5.7).

Since the simulation algorithms describe the particle distributions quite well, they can be used for
estimating the contributions of certain kinds of particles to the production. Figures 4.2.5a,b show the
contributions to the total charged pion cross section and the p° cross section. As already pointed out in
the previous section, most of the pions are decay products. In particular in the low-x region the fraction
of prompt pions is tiny. The p’ spectrum reflects the primary fragmentation function quite well (note,
however, that contributions from tensor particles are not included).

Using the simulation program one finds that although an average event contains ~13.5 charged and
~14 neutral final particles at W= 35 GeV, in total only 10 neutral and charged particles are produced
directly.

4.3. Baryon production

The same questions raised for mesons are also valid for baryon production in a jet. The extra
dimension in modelling baryon production is to find how a quark manages to pick up two instead of one
parton to form a hadron. The first measurements of baryon production in jets at PETRA showed a
rather high abundance of baryons and were followed by a variety of models describing their production
mechanism. These models can be classified according to their basic ideas as follows.
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(a) Stochastic parton production. The model of Cerny et al. [153] is one example. In this approach
partons are produced according to a limited p, phase space. Within this model mesons are formed if a
quark and an antiquark are adjacent in rapidity, a baryon (antibaryon) if there exists a local
accumulation of three quarks (antiquarks). The baryon number in such a model is therefore only
globally conserved. A baryon and an antibaryon can be kinematically quite far apart. The ratio of
mesons and baryons is fixed by combinatorics. The ratio of the various kinds of baryons is related to the
product of the probabilities to pick each quark contained in a baryon individually out of the sea. In
practice both the ratio of meson to baryon yield and the various production rates of baryon types can be
changed by hand. However, it would invalidate the basic idea of the model.

(b) Diquark model. To incorporate baryon production into the mechanism of hadronisation, a
variety of models introduced the concept of diquark loops (fig. 4.3.1). Several different ways to realize
this have been suggested.

(b1) Diquarks couple directly to the virtual y or the Z°. Such a mechanism has been perceived by
the Stockholm group [16] and Meyer [154] as a way to describe the baryon production at high x-values.
Such a scheme would result in a pair of leading baryons in opposite jets.

(b2) Instead of picking a qg-pair out of the sea, a quark combines with a diquark leaving an
anti-diquark to form an antibaryon in the subsequent step of fragmentation (fig. 4.3.1a). The most
frequently applied models are due to Meyer [154] and in particular due to the LUND group [155], a
similar mechanism has been suggested in ref. [156]. Within these models the baryon number is
conserved locally, the baryon-antibaryon pair is supposed to be produced with similar rapidities. To
incorporate this idea into the standard fragmentation models requires additional free parameters. Again

! f

Diquark Quark
loop loop

a) Simple diquark model
M

B B
— O\ _——

Um QUW
!

!

Diquark Quark Quark
loop loop loop

b) Popcorn model

Fig. 4.3.1. Models of baryon production. (a) Via a “pointlike” diquark/antiquark pair; (b) Popcorn model. The quark indices refer its colour.
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they have to be adjusted by comparing the model to the data. Each kind of diquark has in general a
different probability to fluctuate out of the vacuum. Meyer correlates the probability of producing a
diquark with its flavour content: sd- dlquarks are reduced by a factor p(s)/p(u) compared to ud-
diquarks, ss-diquarks by a factor ( p(s)/p(w))*. He thus introduced elements of a stochastic production of
diquark flavours into his model. Within the LUND program the diquark is treated as an entity and its
probability is determined by the mass of the diquark according to eq. 2.2.8. However, since these
masses are not known*’, the probability can be adjusted to agree with the data. Strange diquarks are
suppressed since they are assumed to be more heavy. Out of the same reason decuplet baryons which
are formed by spin-1 diquarks are supposed to be produced less frequently.

Diquark scattering has been observed in pp-collisions [158] with a strong Q’ dependence as
anticipated from a diquark form factor. Other measurements too, contradict the concept of pointlike
diquarks such as the total hadronic cross section in e e~ annihilation at high Q* which leaves no room
for a (large) contribution in addition to gluon radiation (see however [16}). Therefore models of
extended diquarks have been introduced.

(b3) One way to introduce extended diquarks is to assume that a quark—antiquark pair q""'q""" not
matching the colour of an unsaturated diquark D, fluctuates out of the vacuum. The squark content is
reshuffled such that a meson is produced leaving a modified diquark e.g. (lower indices denote the
colour, upper indices its rank) (see fig. 4.3.1b)

(qn 1 n)+(qn+1 n+1)_)(qn n+1 )+(qn 1 rrH-l) . (431)

It takes the production of at least one other qg-pair to form a colour neutral baryon (“Popcorn model”)
[159-161]). As a result the production sequence baryon—antibaryon—meson is replaced by baryon—
meson—antibaryon. Other schemes just convolute the probabilities for picking out two instead of one
quark. In all cases the extended diquark picture predicts a fragmentation function that is softer than
that of a pointlike diquark.

(c) Cluster decay. Within the cluster decays frequently used in QCD shower algorithms, colour
neutral clusters are formed that decay isotropically into two particles. In its most simple version the
kinds of particles produced are determined by conservation of quantum numbers and phase space.
Depending on the mass of the cluster they can decay into baryons. Since the cluster masses are typically
1-2 GeV and fall off rapidly towards higher masses, baryon production is suppressed. The low g-value
in a decay of a cluster into a baryon-antibaryon pair leads to a short range baryon number
compensation. The approach can be modified by introducing special probabilities to include diquark
production.

These models can be tested experimentally by measuring the overall baryon yield, the relative
abundance of the different kinds of baryons, the x-distributions and in particular the way the baryon
number is compensated. The latter issue is related to the dynamics of jet evolution in a more general
way, its discussion will be deferred to section 8. Still, the first three points already introduce substantial
constraints on the various models.

For example the prediction of the stochastic model (a) for the overall baryon yield is twice as high as
the measurement [162]. These discrepancies can be cured by supplementing the model with additional
free parameters. These ad hoc corrections, however, sometimes weaken the basic ideas of the models.

*) Estimates exist ¢.g. within the potential model [157].
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More challenging 1s the correct prediction of the relative yields of the various types of baryons.
Within the LUND model the various particle yields can be described with a few basic parameters that
have to be inferred from the data:

(1) The probability to pick out a diquark instead of a quark is found to be P, ~0.07-0.1 [143, 127].
(i1) A value of d=(us/ud)/(s/d)=10.2-0.35 for the extra suppression of strange diquarks has been
obtained by the TASSO [127], TPC [142] and MARK?2 [145] collaborations by comparing their E and A
cross sections. The HRS collaboration [163] digresses from this value and obtains d = 0.89 = 0.10)%°
by varying the branching ratio B(A,— A + X) and the number of charmed baryons produced and by
comparing the A fragmentation function and the production rate of AA-pairs to the LUND model. For
B a value of 0.23 = 0.10 [164] was assumed.

(iii) The relative suppression of spin-1 diquarks compared to spin-0 diquarks is P, = (ud),/(ud), =0.08
with 95% CL [147]. This value is in agreement with the result on %* production in ref. [146] which can
be described by P, ~0.05. The ARGUS collaboration [120] finds some indication that the ratio of
spin-1 to spin-0 diquarks depends on the strangeness content of the diquarks. For example they find
N(E*)/N(E) ~1/4. In comparing the prompt production one should notice that the E* decays with
100% into =, thus the ratio of prompt production is about 1/2. On the other hand N(%*)/N(A) ~ 0.05
corresponding to a ratio of prompt production of about ~0.2.

As already discussed in the case of mesons, these numbers have to be used with caution and should
be interpreted as general guidelines, but not as precise measurements.

With the appropriate parametrisation both the size and spectrum of baryon production can be well
described in the LUND model. This can be seen from fig. 4.3.2, where the fragmentation functions for
various octet baryons are reproduced together with curves obtained with the LUND simulation
program. For the model calculation the same fragmentation function for baryons and mesons has been
assumed. The feed through of E’s into A’s and A’s into protons has been included.

These results are already in contradiction to some concepts of baryon production. For example, the
straightforward assumption that the ratio of decuplet to octet production equals that of vector to
pseudoscalar production (see ref. [153]) is ruled out. Also the expectation of d =1 for stochastic qqq
accumulation without diquarks is in contradiction to most experiments. However, this result is still
disputed. The most simple cluster model in the Webber—Monte Carlo has difficulties in describing the
suppression of Z’s and decuplet baryons. Some of these deficiencies can be cured by introducing
additional parameters, by, for example, introducing a splitting g— D + D where D denotes a diquark.

The measurement of a surprising large yield of Q-production by MARK2 [149]*’ digresses from the
simple prediction of the LUND group. Note that the much lower yield determined by ARGUS [120] at
W=10GeV is affected by phase space. The remarkable result is that the € yield (0.014 =0.006 +
0.004) is larger than the upper limit of the Z*~ (<0.008). Since the quark content of the Q is (s +ss,),
but of the 2%~ (s +ds,, d + ss,), where the lower index 1 indicates spin-1 diquarks, one would expect at
least one additional suppression due to the strange instead of the d-quark contained in the (). The
LUND prediction for (-production is

Po d*(pdp,)'PpiPaig ~2% 107 (4.3.2)

or about 0.0002 (’s per event in gross disagreement with the data. It seems difficult to accommodate all

*) Measurements of {}-production from other experiments (TASSO, TPC) at W~ 30 GeV are contained in an internal report [165] and a
conference contribution [166], they are quoted in ref. [167] but never made it to a publication.
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Fig. 4.3.2. Fragmentation function of various baryons at W =34 GeV [144]. The curves are obtained with the LUND Monte Carlo.

measurements of the baryon sector with the simple parametrisation of the LUND group. Of course it
would be interesting having more reliable calculations of the diquark masses to estimate the production
yields in jets. Final conclusions require more precise data on the decuplet baryons.

All the data are in very good agreement with the idea of diquarks. In particular the reduced yield of
3" baryons can be naturally explained in these models. Not much information is available for a
discrimination between the different versions of the diquark model. The ARGUS collaboration [120]
compared their measurements of ratios of baryon yields to the popcorn and the pointlike diquark
model. The decuplet baryons are less suppressed in the popcorn model since in that case the diquark
and antidiquark are not both required to be in a spin-1 state. However, the measurements are not
conclusive enough to discriminate between these two approaches.

It is remarkable that the fragmentation function assuming pointlike diquarks can describe the baryon
yield even at high x. A comparison of the proton fraction as a function of x, [125, 126] with a possible
parametrisation for extended diquarks

- b-m’
sy« -2 exp( - - ). (43.3)

where 7 is the light cone variable defined in eq. (2.2.1), shows that in the decisive region of high x the
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data are not accurate enough to discriminate between pointlike and extended diquarks (fig. 4.3.3 taken
from ref. [168]).

In addition to the fragmentation function several experiments determined the transverse momentum
spectrum of the final hadrons. As an example the A yield as a function of p2 is displayed in fig. 4.3.4
together with that of all charged particles [141]. The A’s have a considerably wider distribution. The
MARK?2 collaboration parametrised the yield by the sum of two exponentials

_Pr

2

dip(% =, exp< 2df> e exp("z%) (4.34)
and found consistent results of the d’s for the two data sets

d}=0350+0.035GeV/ic, d)=0.655=0.055GeV/c,

d; =0.310+0.005GeV/c, d, =0.627+0.014 GeV/c.

The relative contributions of those two components, however, is different. This can be explained by
the different importance of the various contributions to the p -spectrum. According to the standard
ideas about hadronisation, those are (i) the primordial p; of the hadrons (cf. section 2.2) of ~440 MeV;
(ii) the transverse momentum due to decays of ~300 MeV; (iii) in a fraction of events the transverse
momentum due to hard gluon emission which leads to particles of high transverse momentum ~1 GeV.

Since the large majority of the charged particles are decay products from heavier resonances, but a

high fraction of A’s is directly produced, those are expected to have a wider spectrum extending to
larger values of p;.
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Fig. 4.3.3. Proton fraction as a function of x, measured at W=29 and 34 GeV together with model predictions assuming pointlike (dashed curve)
and extended diquarks (solid line) {168).
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In table 4.3.1 we list other measurements. The measurements are difficult to compare since they
refer to different jet axes and have been determined in different x and even p; intervals. Due to the
different weight of the various contributions to the transverse spectrum and the different conventions
applied one cannot meaningfully determine an average value. For those particles that are not frequently
decay products the measurements indicate an average { p>) of about 0.5 GeV’. The values for o * tend
to be smaller than the corresponding value of o ~0.5GeV. This can be explained by the special
parametrization and cuts applied. It should be noted that the p; spectrum of all particles is well
described in the standard fragmentation models assuming the same primordial p. (e.g. the LUND
group sets o, ~ 320 MeV, see eq. (2.2.6)) for all quark/diquark species.

Other results on baryon production will be discussed in sections 4.5, 5.2, and in particular in sections
8.3 and 8.4 where results on the local compensation of quantum numbers are presented. These are
more sensitive to basic assumptions of the various models.

4.4. QCD effects in the particle spectra

The QCD effects in the fragmentation have been discussed in sections 3.2.2 and 3. As was pointed
out mass effects wash the QCD properties out both for the predicted dip in the rapidity and the scale

breaking observed for x -values >0.2. The use of identified particles should increase the sensitivity to
the dynamics of jet evolution.

*) Assuming an exponential fall-off with p? it follows & = ({ p3}/2)"
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Table 4.3.1
Average squared transverse momentum of various particle species
particle {p3) [GeV7] o [Gev] ref.
all charged 0.53+0.05 [181]
0.311+0.02 [3]
0.31 +0.005 [141]Y
™ 0.30+0.01 £0.02 [131]
K’ 0.51+0.10+0.18 [131]
0.31+0.01 {127}
K*’ 0.57£0.07+0.13 [131]
¢ 1.00 = 0.40 [139]
A 0.56 +0.07 [181]
0.38+0.04 (127]
0.350 = 0.035 [141)¥
D* 0.62 +0.08 [181]

036+002+0.04  [192]

* only first exponent of 4.3.2 taken.

The scaled cross section (s/B8)(do/dx,) for pions and kaons, respectively, measured at c.m. energies
betwen 5.2 GeV [169] and 34 GeV [151] is shown in fig. 4.4.1a and b. No clear interpretation is possible
due to the high statistical and systematic errors. Whereas for x = 0.15 the particle yield is significantly
higher at W= 5.2 GeV than at the PETRA energies, very little variation is visible in the PETRA range
only.

The use of a specific type of particle allows also a more reliable check of the prediction for a drop in
the particle yield due to coherent gluon emission discussed in section 3.2.2. The particle yield is shown
in terms of dN/d In(x ;) in fig. 4.4.2 (the data are taken from ref. [126]). Here the scaled energy instead
of the scaled momentum has been used. In the case of the pions there is some indication of a decrease
for x;<0.03 below the plateau values with a significance of ~70—-8c. Between 0.03 <x, <0.06 the
yield is about constant and then drops for higher x-values. No depletion at low x-values is observed for
kaons and protons. It seems to be premature to interpret these results as evidence for the coherence
effect predicted, in particular since also phase space effects would qualitatively lead to such a decrease.

4.5. Heavy quarks

The identification of charmed and bottom hadrons in jets provides new methods to tackle new
questions of jet development. The special flavour of these measurements is that hadrons of known rank
can be examined. The results obtained about jets of tagged flavour will be discussed in sections 5 and 7.
In this section the properties of the charmed and bottom hadrons themselves will be discussed.

4.5.1. Phenomenology of the fragmentation function of heavy quarks

Following kinematical ideas of Suzuki [170] and Bjorken [171], Peterson et al. [108] suggested a
parametrisation of the heavy quark fragmentation function which is widely used by experiments. The
energy transfer AE in the hadronisation of a heavy quark Q—H +q is

AE=E,+E,—E,. (4.5.1)
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With P being the momentum of Q and x the momentum fraction retained by the hadron H, this can be
rewritten as

AE=\m}+ P+ \ml + (1 - xy’P* —\/m} + P*, (4.5.2)
where m ~ m, was assumed in the first term. For P> m,, this can be expanded to give
- 1 o
AE=1  T-x (4.5.3)

with &, = (m,/ m,)”. Since the transition amplitude is proportional to (AE)™' the energy spectrum of
the hadrons containing heavy quarks is

1
x[1-1/x—go/(1— x)]?

Di(z) (4.5.4)

where the 1/x term takes into account the longitudinal phase space.

This equation has just one free parameter £,. Although derived under rather simple assumptions
without any dynamical considerations, it describes the data remarkably well and is|used as a guideline
for analysing the data. The essential idea behind it is that the hadrons containing the heavy quark retain
most of the energy of the heavy quark. In contrast to u, d and s-quarks, heavy quarks are therefore
supposed to have a hard fragmentation function. The average value of x as a function of ¢ is displayed
in fig. 4.5.1 (from [172]).

Other authors proposed different shapes for the fragmentation function of heavy quarks:

(i) A continuation from the Kuti-Weisskopf model [173] for deep inelastic lepton nucleon scattering to
e e annihilation into charmed hadrons leads to

I'G-a,) (1-x)

D(x) = . (4.5.5)
Ft—oa) x*
<z > TTTTT T T T T T T |<Xp>
9 0.
09 Eou 296ev |7
08 —0.8
07 —0.7
06 —0.6
> i
—«2z) Peterson ~ >~
L ~ —0.5
03r.... 2> used in MC (Lund) \i\ 0
= --—«xp> DT QED unfolded ST
O4p——xp» D* —04
03l .l ) Co Lol 11 1 ]03
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Fig. 4.5.1. Average value of (x,) of the Peterson fragmentation function of charmed quarks as a function of ¢ (from ref. [172]). The z-variable is
z=(E+ P))y/(E + P)q (see 2.2.1), whereas x, =2p,/W. The various lines correspond to various options in the simulation and the expected
outcome of a direct measurement.
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where «, is the Regge intercept with a value between —2 and —4 {174]. When this formula is compared
to the data, a, is left as a free parameter*’.
(it) Assuming heavy quark kinematics in an Artru—-Mennessier string Bowler [175] finds

1-x { 2<m12\,I 1 ma )}
2 (Tl g 4.5.6
D(x) = —= exp| ~bmq, . x 1-In p— (4.5.6)

with one free parameter b, and m,, the meson mass.
(iii) The left-right symmetric fragmentation function of ref. [57] (see section 2.2) leads to

D(x) « (1/x)(1 - x)* exp{—b - m3/x}, (4.5.7)

where a and b are free parameters, m, =\/m’ + p’. For large values of m.. the maximum of D(x) is
shifted to higher x-values. Note that since m,, ~ m, and m7 ~ my, this equation is quite similar to that
of Bowler.

In all these parametrisations the kinematic effect due to the high mass of these quarks is implicitly
included. The different formulations reflect the different dynamical assumptions used.

The properties of heavy quarks inside a jet have been measured with two methods:
(1) The direct reconstruction of the hadrons containing heavy quarks. In the high energy continuum
only charmed hadrons have been successfully reconstructed. The large decay multiplicity of bottom
hadrons implying a substantial amount of w*’s makes their identification very difficult. The reconstruc-
tion of the few bottom hadrons at their threshold takes advantage of a momentum constraint [176, 177].
(2) The identification of semileptonic decays of c- and b-hadrons. To tag charm and bottom particles
events with electrons and muons of high transverse momentum relative to the jet axis have been
selected. This method works due to the high g-value of heavy quark decays and since charm and bottom
quarks are nearly the only source of prompt leptons in a jet. Up to now this is the only way to extract
information about the fragmentation of bottom quarks. It involves, however, in addition to an excellent
electron and muon detection system, a complicated unfolding of decay branching ratios, decay
properties, and relative yields.

4.5.2. Experimental results on the charm system

The cleanest signal for studying the fragmentation properties of heavy quarks is provided by the
decay D**— 7*D° It has a very small g-value, the mass difference is Am = m_. — mpo~m_. This
transition can therefore be identified with only a very small background. Other reconstructed charmed
particles are D°, D*, D*°, D**°(2420), D_, D*, and A_ (see e.g. the compilation in ref. [118]). In fig.
4.5.2 (taken from ref. [178]) the fragmentation function of a D** is displayed as measured by various
experiments around W= 30 GeV [178-181]. Their results agree with one another in the region x =0.5.
Some discrepancies exist for the low-x region x <0.5. There the background to the D* signal becomes
considerable. Compared to the fragmentation function of the light quarks, that of the D* is found to be
significantly harder, only very few D* can be found at low x. Note that the D* from B-decays should
predominantly populate the region 0.2 <x, <0.4.

In fig. 4.5.3 the measurements at W~ 10 GeV [182-184] based on a much larger data sample than
those of fig. 4.5.2 are compared to various models. Threshold effects may still be important at these
energies since By. ~0.9. The different parametrisations lead to similar results and describe the data

*) For application to the data the equation is simplified to x*(1 - x) with @ a free parameter.
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Fig. 4.5.2. D* fragmentation function from various experiments at W~ 30 GeV compiled in ref. [178] together with the result of a fit to e data of
ref. [178] using eq. (4.5.4).

quite well. This suggests that the kinematical effects dominate the distribution such that it is not
possible to discriminate between the various dynamical concepts at the moment. It is therefore justified
to keep the relatively simple parametrization of eq. (4.5.4) as the basic guideline.

In applying this equation to the data, one has to carefully discriminate between various possible
definitions of x, as well as to take into account QCD and QED effects properly. How the shape of the
effective fragmentation function (4.5.4) is changed by various dynamical effects is displayed for
W=34GeV in fig. 4.5.4 (from ref. [172]). As can be seen both QCD bremsstrahlung and initial photon
radiation shift the D*’s to smaller values of x and change the shape of the distribution. In analysing
their data, the various experiments used different variables and quote therefore results of quite large
variations. Bethke [172] has analysed the published data on D* production at energies around
W =30 GeV and corrected them consistently for QED and QCD effects on the basis of the fragmenta-
tion function (4.5.4). He then determined

(4)=<%%%%%?>

and finds a high consistency of the various measurements yielding

(z.)=0.71+0.01=0.03
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Fig. 4.5.4. Monte Carlo simulation of the Peterson fragmentation
function at W=34GeV and distortions due to QCD and QED

bremsstrahlung. Also shown is the expected contribution from decays
B—D* +X [172].

which corresponds to ¢, ~0.04 and to a directly measurable average scaled energy of charmed particles
(x.)~0.6.

The fragmentation functions for other charmed hadrons have also been analysed in terms of the
parametrisation (4.5.4):

(i) For the D*’ [185, 186] the data are consistent with the parametrisation obtained for the D**
fragmentation function.

(ii) For the D** [187] the ARGUS collaboration finds &= 0.12 £ 0.05 (uncorrected for QED or QCD
effects).

(iii) For the D [188, 140], the two experiments obtain larger values for £, with substantial errors.
(iv) The A, fragmentation function [189] (see below) can well be described by the fragmentation
function for charmed mesons (¢ =0.21 =0.08 for the A_, ¢ =0.14 for mesons).

The same is true for the value of ¢  obtained through the lepton spectrum. A compilation of these
measurements can be found in ref. [190]. A precise determination of the fragmentation functions from
the various types of charmed particles is interesting in view of testing the various functions suggested.
As an example consider the difference of D, and D°. Whereas the Peterson function predicts D, to be
softer (ep, /e, ~ m,/my), it should be harder for the symmetric LUND fragmentation since my, > my,.
However, the data are still too imprecise to be sensitive to these subtle effects. In addition the
feedthrough from D**, D¥*, etc. has to be known for a reliable answer.

A result of particular interest in view of the various models of baryon production is the fragmenta-
tion function of the A, spectrum measured by CLEO [189] (see also ref. [184]). The observed
distribution (fig. 4.5.5) is compared to the shape given in fig. 4.5.4 with a value of ¢ =0.14. The
application of the Peterson function is only meaningful if the two light quarks fusing with the charm
quark act as one entity like a diquark. The measurement is also compared to a convolution of quark
fragmentation functions [191] of the Peterson type assuming that two separate quarks u and d combine
with the charm quark. This can be regarded as one type of the extended diquark models. Figure 4.5.5
shows that it fails to reproduce the data. This result supports the assumption of (nearly) pointlike
diquarks, however, the data are not sensitive enough for detailed conclusions about a possible diquark

form factor.

In addition to the measurement of its longitudinal fragmentation function, the D*’s provide a
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relatively clean way to determine the p; spectrum of particles with respect to the parton axis. The D* is
known to be produced directly (leaving aside possible decays like D**— D*) and the original quark
axis coincides with the jet axis. Its p; spectrum is therefore a direct measure of the p, spectrum of
hadrons with respect to the original quark*’. The p’ spectrum is displayed in fig. 4.5.6 as measured by
the TASSO collaboration [192]. Also shown is a fit result assuming

(do/dp7) xexp(-pi/207),

As can be seen, the shape agrees very well with an exponential distribution, with o, = (0.36 = 0.02 =
0.04) GeV/c. A similar result has been obtained by JADE [181]. This result is in agreement with that
obtained for other particle species (cf. section 4.3).

The D*-measurement has also been used to determine the ratio of the production of vector mesons
to the sum of vector and pseudoscalar mesons (cf. section 2.2) r = V/(P + V) by comparing the D* and
D cross sections. The measurements are still subject to considerable statistical and systematic errors,
the latter largely due to uncertainties in the D and D* branching ratios. Assuming that the charmed
quark has the same chance as the light ones of picking up quarks from the sea, r can be estimated from
the D* cross section alone. We denote by R(x) the cross section for inclusive production of particle x in
terms of the pointlike QED muon pair cross section and by p,., p, the probabilities for picking a
diquark or s-quark out of the vacuum (see sections 4.2, 4.3). It follows

R(D)=2(1-p,)(1 - p,)R(cc) — R(D*), (4.5.8)
R(c)=3(1+ a/m). (4.5.9)

*) Note that possible distortions due to gluon bremsstrahlung are reduced since in most cases only D*’s with a large x are selected for such an
analysis. These events therefore have only a limited phase space for a third jet.
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Then

14 ) _ R(D%)

R(D)~2.21 - R(D*):(H v o1

(4.5.10)
No attempt has been made to correct for contributions from charmed mesons of higher excitation like
the D** since the information about them is too scarce. Since most experiments are sensitive to the high
x-region only, the contributions from B-decays can be neglected. To obtain R(D*), its cross section has
to be extrapolated to lower x-values using one of the parametrisations given above. The results from the
various experiments are listed in table 4.5.1. Here all results have been consistently modified according
to the by now best known values of the branching ratios BR(D’— K ~n ") = 0.042 + 0.004 + 0.004 [193]
and BR(D*" —»D"r") =0.49 + 0.08 [2]*.

As can be seen, the measurements agree reasonably well with one another, however their errors are
still large. Assuming R(D**) = R(D*’ + D*°) as well as uncorrelated errors and adding statistical and
systematic errors in quadrature as well, one finds R(D*) from charm events to be ~2.08 = 0.23 and
therefore r, = (V/(P + V))_ ~0.94 = 0.10. One should be aware that this value is inversely proportional
to the BR(D** —D’n*) X BR(D°— K «") which has changed considerably in the course of the
various measurements quoted above. The various experiments assumed values that differed by ~40%
depending on the time of publication. It is not obvious that the number will not change in future time.

The result indicates a very high inclusive cross section of D*’s: nearly all charmed, non-strange,
primarily produced mesons seem to be vector particles. The HRS collaboration has measured both D*
and D’-production and determined r, as 1.07)73 [134], consistent with the measurements discussed
above. These values are larger than the ratio for light quarks (see discussion above), however, a definite
conclusion about a possible mass dependence requires more precise data.

4.5.3. Experimental results on bottom hadrons

The fragmentation function of the b-quark can only be measured indirectly through the longitudinal
and transverse momentum spectra of prompt leptons. To extract it one has to unfold the fragmentation
and decay properties of bottom (and charm) hadrons. The MARKIJ collaboration [196] fitted their
p-spectrum leaving the muonic branching ratios for charm and bottom quarks as well as ¢_ and ¢, as

Table 4.5.1
Measurements of the cross section of D* and D’-production in terms of the pointlike
QED muon cross section

Experiment R(D**) R(D*%) R(D*)
MARK2 [194] 2.00=0.99

CLEO [189)] 0.97+0.1120.31

TASSO [180] 0.80+0.20+0.28

JADE [185] 1232036 1.44£0.48

HRS [179] 0.960.31 0.63+0.22 1.92 % 0.46”
DELCO [195] 1.27£0.20£0.28

TPC/2y [178] 1.01=0.16

*) b-decay products included.
" only x> 0.4,

*) Since most experiments do not discriminate between the various contributions to the systematic error, it was not attempted to appropriately
scale down the error according to the by now more accurate determination of the branching ratio.
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Fig. 4.5.7. Bottom fragmentation function unfolded from the p-spectrum by ref. [196]. Also shown (full line) is the fit using eq. (4.5.4). Here
h, = V'€, the dashed lines represent the curves allowing for a 1o deviation of k,.

free parameters. For the charm fragmentation function they obtain (z_) =0.46 +0.02 = 0.05, a value
less than what has been determined by the more direct analysis of the D* fragmentation function. The
bottom fragmentation function extracted is shown in fig. 4.5.7 and is seen to be even harder than that
for charm. This is expected from the arguments given in section 4.5.1. A compilation of the
measurements of the b-fragmentation function is given in ref. [197]. The average value is (z,) =
0.83x£0.01+0.02 or & ~0.006 £0.001 £0.002 and thus

& _ 0.006 N(g)z
g, 0.04 m,
in rough agreement with eq. (4.5.3).

4.6. Energy fractions of the different components in a jet

Now that all measurements on the fragmentation into specific kinds of particles are discussed, they
can be summarized with respect to their response in the various components of a typical e "e” detector.
Such measurements are interesting e.g. for searches for possible yet unknown non- or weakly
interacting particles inside a jet. In particular, such a compilation is relevant for designing experiments
aiming to measure the total energy of jets. In fig. 4.6.1 the contributions of charged particles, neutral
electromagnetic particles, neutral hadrons (K, n) to the total energy are displayed as a function of the
c.m. energy W [124, 198, 199, 3, 96, 127, 151].

The fraction of neutral and charged energy in hadronic events has been measured directly using the
drift chambers and the electromagnetic calorimeters. The contribution from K{’s and neutrons was
estimated from the cross sections for K? and p assuming (K} ) = o(K?) and o(n) = o(p)*.

As can be seen from fig. 4.6.1 the energy fractions show no significant energy variation. The charged
hadron component amounts to 60%, the neutral electromagnetic component to 25%, 6% can be
attributed to K ’s [127], about another 7% to neutrons [151]. The remaining energy can be explained as
being due to electrons, muons and neutrinos leaving essentially nothing for any unknown, non- or

*) Note that this is presumably an overestimation of the neutron yield. The LUND simulation predicts 10-15% less neutrons than protons due
to decay properties.
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Fig. 4.6.1. Components of the energy of a jet with respect to their response to different parts of the detector (3, 96, 124, 127, 151, 198, 199].

weakly interacting particle. These results are also important in view of the experimentation with jets at
future accelerators. They will be reiterated in section 11.1.

4.7. Conclusions

Although there are about 13.4 charged and 14 neutral final particles (mostly photons) in a jet at
W=34GeV, only ~10 particles are produced directly during the evolution of jets according to
simulation studies. A large fraction of particles originates from decays.

The data can be well described with a single primordial fragmentation function for all hadrons from
u, d or s-quarks. The function is relatively soft, leading to an average value {x) ~0.10. In contrast the
heavy quarks charm and bottom have a hard fragmentation function with (x ) ~0.6 and (x%) ~0.75.
The data are in very good agreement with the parametrisation of the eq. (4.5.4) which is derived from
kinematic considerations only.

The mass dependence of the production yield of the various hadrons exhibits a remarkably regular
behaviour. It is steeply falling according to an exponential mass dependence. Particles of different
quark content have a different yield even though their mass may be similar. The yield decreases with
the mass of the partons. This is consistent with the conjecture that the probability of picking a quark q
out of the sea is suppressed with increasing mass of q. Up and down quarks are each produced about
three times as frequently as strange quarks. There exists no indication for charm and bottom production
in the sea.

The production of baryons can be well described assuming the existence of diquarks in the sea. Both
the fragmentation functions and the relative particle yields agree with the assumption of pointlike
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diquarks. Strange and decuplet baryons are suppressed compared to (u,d) or octet baryons, as
expected due to the higher masses of diquarks containing strangeness or having spin 1.

The best estimates for the relevant parameters used in simulation programs like that of the LUND
group are p,~ (.15 (probability to pick an s-quark out of the vacuum), p.. ~ 0.08 (diquark production)
and V/(P +V)~0.6 at least for u, d, and s-quarks (fraction of vector mesons produced).

The results reveal that the production of particles is predominantly depending on the parton content.
Even particles of similar mass and same quantum numbers are produced with a different frequency if
their quark content differs. This excludes any phase-space-like models, but shows that a jet develops via
the emission of individual quarks.

5. Jets of known flavour

The hadronic events produced in ¢’e collisions evolve from various kinds of primary partons:
quarks (u, d, s, ¢ and b) and to a lesser extent from gluons. The identification of a certain primary
parton and the examination of its impact on the general jet properties supplies ways of extracting the
dynamical properties of jet evolution. One example is the contribution of charmed events to the scale
breaking of the fragmentation function discussed in section 3.2. Moreover new questions can be
addressed e.g. as to what extent does the original parton affect the subsequent fragmentation. In
addition it may provide means for tagging jets of a certain flavour. The first aspect will be discussed
more thoroughly in section 7, the possibility of kinematic flavour tagging in section 11.

In this section we will summarize the inclusive distribution of particles in quark and gluon jets.

5.1. Quark jets

Once a more detailed insight into the general properties of fragmentation had been obtained and a
high number of events accumulated, it became possible to study the properties of jets originating from a
special kind of quarks. The first results were published by the TASSO collaboration [192] on the
properties of charm jets. The method developed there (see fig. 5.1.1) was subsequently applied to other
kinds of partons and by other experiments. It consists of two steps. In the first one events with a
property specific to a certain flavour are selected, e.g. in the case of the charmed events those where a
D* has been detected. An event is then divided into two hemispheres. One of these hemispheres bears
the marks from the special selection applied and is thus biased, e.g. not all x-values or decay modes of
the D* have been considered. The opposite hemisphere, however, is free of special requirements and

Unbigsed charm jet /
Detected
%%ﬁ,:ﬁ» 0%
<« —
—h
Hemisphere 1 Hemisphere 2

Fig. 5.1.1. Schematic picture of the method for tagging an unbiased jet of known flavour.
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therefore gives a representative, unbiased picture of a jet originating from the kind of quark tagged in
the other jet. This unbiased jet is analysed. In most cases it is compared to an average jet.

Results have been obtained for jets originating from both bottom and charm quarks. In the case of
the light quarks no discrimination between u, d, or s jets has been achieved. Instead a mixture of light
quark jets could be isolated from the total event sample.

5.1.1. Bottom jets

The properties of jets originating from bottom quarks have been measured by the DELCO [200],
MARK?2 [201], and TPC collaborations [202] at W =29 GeV. For their tag they required electrons and
muons with a high transverse momentum p, with respect to the jet axis. The size of the samples*’ as
well as their estimated purity and the tagging efficiency ¢ are listed in table 5.1.1. It should be noted
that the lower efficiency in the sample of the DELCO collaboration is due to their more stringent
requirements on the purity.

The average multiplicity in b-jets compared to those in average jets are listed in table 5.1.2**’. The
measurements indicate a significantly higher multiplicity in bottom jets

(ewdo = (Rep ) ~ 1.6

The TPC collaboration determined the fraction of particle types in bottom jets. The results suffer
from still considerable errors. It seems that the higher yield is due to pions which contribute 6.9 = 0.5
(b-jets) compared to 5.45 + (.25 (average jets) and possibly to a smaller part due to kaons: 0.85 +0.30
compared to 0.70 = 0.05. Within the large errors no difference is seen in the proton yield: 0.35 +0.30
for b-jets and 0.30 £ 0.05 in average jets.

Characteristic distributions of the unbiased bottom jet are displayed in fig. 5.1.2 where they are
compared to the average jet. Whereas the pZ distribution for bottom jets resembles that of average jets,
their fragmentation function (1/N,,)(dN/dx,) is softer, which is reflected in the significantly higher
mean charged multiplicity already discussed. The most spectacular differences occur in the rapidity and
sphericity distribution. The rapidity distribution is not flat as for the average jets but has an
enhancement around y ~1.4. In addition the particle yield (1/N,, )(dN/dy) decreases more rapidly in
bottom jets: it drops below 1 at a rapidity of y ~2.20 for bottom jets but at y ~2.65 for average jets.
Since the p7 distributions are similar but the x-distribution is softer in bottom jets, it follows that the
sphericity S = 3/2(% p2/L p°®) of bottom jets should be broader. As can be seen from fig. 5.1.2d, this is
indeed the case.

Table 5.1.1
Characteristics of samples of tagged bottom events
Experiment lepton  number events b [%] c[%] uds[%] ¢ {%}
DELCO e 146 836 11x4 6=2 24
MARK2 et 688 64+8 168 208 12.8
TPC e 83 696 20%3 11£3 3.6
TPC n 193 646 17+4 192 8.6

*)The TPC collaboration used b-cnriched as well as c-enriched samples for the analysis. Their results were obtained by unfolding the two
samples. The values quoted here and in the following section about charm jets refer to the appropriately enriched sample.

**) The value determined by the TPC collaboration includes only hadrons, the additional contribution from leptons can be estimated from the
semileptonic branching ratios of the b and c-quarks to be ~0.4.
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Table 5.1.2
Multiplicity in b-jets
Experiment E. [GeV] {(no). (ngy)
MARK?2 14.5 8.0520.25x0.5 6.45x0.05+0.3
TPC 14.5 7.95+0.50 6.4x03
DELCO 14.5 7.61+0.46 6.16x0.01

The values for some representative average parameters are listed in table 5.1.4 together with results
from jets originating from charm and from light quarks.

As already becomes clear from the multiplicity, the properties of bottom events are dominated by
the properties of the bottom hadrons at the c.m. energies discussed. The CLEO collaboration [203] has
measured an average charged multiplicity from b-decays of (n,;) =5.5 and thus only ~2.4 particles in
the b-jets at W~ 30 GeV originate from the subsequent fragmentation. In addition the rapidity interval
for the fragmentation of the residual system is limited. Using the measured b-fragmentation function
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(cf. section 3.5) yielding (x,) ~0.75, the typical energy of the residual system is found to be

(E...)=(1—{x,))(W/2)~3.6GeV

TES

and the corresponding maximum rapidity is therefore

2(E,)
max In =
m

w

39.

Since most particles are found within a rapidity range y <y_. —2.5 (cf. section 3.3.3), the majority of
particles from the subsequent fragmentation are expected to be in a small range of y <1.

A more thorough evaluation of the various contributions to bottom jets can be obtained by
convoluting the b-fragmentation function, the decay distributions of bottom hadrons (which have been
inclusively determined at DORIS and CESR), and a model of the subsequent fragmentation. This has
been done by the DELCO group in the case of the rapidity distribution. The different components as
calculated with the LUND Monte Carlo are shown in fig. 5.1.3. The overall distributions of the data
and the result of the simulations agree very well. The simulation reveals the enhancement around
y ~ 1.4 as being due to the decay products of the bottom particle. The high decay multiplicity reflects
itself in a high particle density around y ~1.4. The position and width of the enhancement can be
estimated from the properties of bottom hadrons and their fragmentation function [204].

The particle yield at low rapidity values is least influenced by the bottom decay and most sensitive to
the subsequent fragmentation.
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Fig. 5.1.3. The measured rapidity distribution of bottom jets compared to a Monte Carlo simulation (full line) [200]. Contributions of the first rank
(dashed—dotted line) and higher rank (dashed line) mesons as predicted in the Monte Carlo calculation are displayed.
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5.1.2. Charm jets

Results on the properties of charm jets have been published by the TASSO [192], the HRS [205], the
MARK?2 {201}, and the TPC [202] collaborations. The first two used the reconstruction of a D* as a tag,
the other two high p leptons.

The D* selection resulted into ~100 events or about 1% of the total charmed events collected. The
purity is ~85%. With the high p-lepton tag a much larger sample of ~1000-2000 events or 10% of the
charmed sample has been selected. However, the purity is only 35 = 8% (MARK2) and ~50% (TPC)
hardly exceeding the fraction of charmed events in the overall sample.

The multiplicities in charm jets and those in average jets can be read from table 5.1.3. In contrast to
bottom jets, the multiplicity of charm jets does not differ significantly from the average ones, although
all measurements indicate somewhat more charged particles. Considering just the statistical error of the
measurements (the systematic ones are presumably strongly correlated), one finds

(Rew)e = (Mey) o ~0.3.

The TPC collaboration has studied the particle content of charm jets and measured 5.40 = 0.45 pions in
charm jets compared to 5.35 £0.25 in average jets and 0.30 = 0.05 protons. Some indication exists for
an increased kaon yield in charm jets, although the errors are too large for any definite conclusion:
1.0+0.25 in charm jets, the average jet contains only 0.70£0.05. Since the TPC collaboration
considered the bottom and charm enriched sample together, the errors quoted for the two samples are
correlated. Combining the heavy quark sample they find a higher kaon yield than in the average jet of a
significance of 360-4¢. They are unable to determine if the difference is due to charm or bottom jets.

The results on the particle distributions and the topological properties as measured by the TASSO
experiment are displayed in fig. 5.1.4. Shown are the measurements of the fragmentation function, the
rapidity, the p2-distribution, the sphericity and the thrust for both the charm and the average jets. None
of these distributions exhibits significant differences between the two samples. For example, the height
of the rapidity plateau is 2.3 + 0.2 for the charm jet and 2.32 £ 0.02 for the average jet.

Thus in contrast to the bottom jets, charm jets are not significantly different from average jets. This
is of course only true within the still quite large systematic and statistical errors. For example, the
simulation programs predict that the fragmentation function of the final particles in charm jets falls off
more steeply at high x than that for light quarks. This has been mentioned in section 3.2 and exploited
by the HRS collaboration to tag light quarks (see next section). As can be seen from fig. 5.1.4a the data
are consistent with such a behaviour, but the statistical significance i1s too small for any definite
conclusion.

It is suggestive to relate the similarity of the two kinds of jets to the fact that the properties of charm
jets are dominated by the subsequent fragmentation. Repeating the arguments given above for the
bottom jets one estimates that ~5.2 charged particles are produced in the subsequent fragmentation,
compared to the average multiplicity from charm decays of ~2.3 {206]. With (x,) ~0.6 the charmed

Table 5.1.3
Multiplicity of c-jets
Experiment E,, {GeV] (Mew ). (P Vv
TASSO 17.0 75+05+03 6.70+0.02 0.3
MARK?2 14.5 6.6 +0.25*+0.49 6.45+0.05+0.3

TPC 14.5 6.6=0.9 6.40 = 0.30
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Fig. 5.1.4. Characteristic properties of charm (full circles) and average (histogram) jets [192]. Shown are (a) x =2 p/W; (b) rapidity; (c) transverse
momentum squared; (d) sphericity; (e} thrust.

hadrons cluster around y ~ 2.3 leaving 2 maximum rapidity interval for the subsequent fragmentation of

typically y,... ~5.0

No enhancement in the rapidity distribution like that for bottom quarks can be seen for charm jets.
The reason for this property is threefold: (i) The multiplicity from charm decays does not strongly
exceed the density in average jets of ~2.2; (ii) the rapidity distribution of charmed hadrons is much
wider than that from bottom hadrons and therefore the final particles are spread out more; (iii) the
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position of the charm rapidity is centered around y ~ 2.3 where the particle yield from the subsequent
fragmentation starts to decrease (y,_,, —2.5~2.5). This apparently broadens the plateau.

The contributions from the charm system and from the subsequent fragmentation to the rapidity
spectrum are displayed in fig. 5.1.6.

5.1.3. Light (uds) quarks

The HRS collaboration [205] has selected a sample of 314 events originating from uds quarks
(~1.4% of all uds events collected) with a purity of ~89%. The events have been obtained by requiring
that they contain at least one charged stable particle with x, >0.7 (“trigger particle”). They were
compared to a sample of charm jets. The number of events observed is displayed in fig. 5.1.5a as a
function of the momentum of the trigger particle p,,;, together with the momentum distribution of the
reconstructed D*’s. Although the D* has a considerably harder fragmentation function than the
hadrons from light quarks, their decay products are found at low x-values and therefore heavy quarks
do not contribute significantly to events with a high p,, . Their contribution to the background is
estimated from a Monte Carlo study and shown in fig. 5.1.5b as a function of p,,. The HRS
collaboration required a momentum of the trigger particle of x, >0.7 or p >10.15 GeV. To reduce the
impact of gluon radiation which should wash out possible differences between charm and (uds)-jets,
they applied a cut in both samples to select only two jet events.

The values of the mean jet variables are listed in table 5.1.4 together with those from bottom and
average jets. Note that due to the special cut applied against three-jet events, these values cannot be
directly compared to those obtained in other experiments and discussed in the previous sections. The
average values of the two data samples for charm and light quark jets differ only in their average
multiplicity (~3.50), the charm jets contain ~15% more particles than the uds jets. Correspondingly
the average momentum of particles in charm jets is somewhat lower. The average p, and the jet
variables sphericity and thrust are very similar.

The rapidity distributions of charm and light quark jets are displayed in fig. 5.1.6. Also shown are
the predictions from a Monte Carlo calculation. As can be seen the data are well reproduced (full
curve). The simulation program allows one to disentangle particles from the primary produced hadron
(cither directly produced or in decays) and those from the subsequent fragmentation. The overall
distributions are very similar for both samples although the two sources contribute in a different way to
both cases. The plateau is ~10% higher for charm jets and its width*’ is 2.8 = 0.1 compared to 3.0 £ 0.1
for light quark jets. The similarity between charm and average jets found by the HRS collaboration is
consistent with the result of the TASSO collaboration discussed in section 5.1.2.

5.1.4. Conclusion

The comparison of jets originating from quarks of different flavour revealed some dependence of
their properties on the flavour. All these differences, however, can be attributed to the properties of the
particles containing the first produced quark.

For uds and charm jets the differences are too small to use them for topological flavour tagging. The
jets from bottom quarks are significantly broader and exhibit an enhancement in the rapidity. These
features allow one to select b-enriched event samples at PETRA and PEP energies. Methods developed
for topological bottom tagging will be discussed in section 11.

*) The width is defined as the rapidity value where (1/N,,)(dN/dy) = 1. Note that the width is larger than that for the average jet discussed in
section 5.1.1. This discrepancy is presumably due to the cut applied against three jets.
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A compilation of the average values of some representative distributions for jets of different flavours
is listed in table 5.1.4.
The data can be well described by the fragmentation models which include both the decay properties
of bottom and charm particles and a fragmentation of the subsequent system independent of the first
rank hadron. This will be discussed in more detail in section 7.

Table 5.1.4

Average values of some variables for jets of different flavour
Parameter b-jet c-jet? uds-jet” average
Ry 7.84+0.3 6.6+05 6.1+0.2%0.65 6.16 £0.01
P 1.06 £0.04 1.33 £ 0.06 1.52£0.04 1.29£0.01
DPr 0.39£0.01 0.40+0.01
px 0.31+0.03 0.274 £ 0.001
N 0.26 +0.02 0.094£0.010  0.087 +0.007 0.141 £ 0.001
1-T 0.149+0.009  0.082+0.005  0.092 =0.004 0.106 = 0.003

 Additional cuts applied with the exception of the multiplicity.



230 P. Mattig, The structure of jets in e’ e collisions

5.2. Gluon jets

5.2.1. Global distributions

The discovery of events with hard gluon emission immediately raised the question if gluon jets differ
from quark jets. Experimental information on the gluon fragmentation from the e "¢~ continuum events
is, however, still rather scarce since the jets at W~35GeV are not well enough separated to
simultaneously allow an unambigous association of particles to jets and to extract a high purity of gluon
jets. Gluon jets from other processes like Y(1S)— ggg or the gluon scattering at high energy pp
collisions are more easily accessible and have contributed important information.

Results have been obtained on the fragmentation function and the particle content within a gluon
jet.

Since the three-gluon coupling determining the properties of a gluon jet is stronger than the
qqg-coupling relevant for a quark jet, the multiplicity in gluon jets is supposed to be higher and
correspondingly the fragmentation function softer than in quark jets. In the limit s— « lowest order
QCD calculations lead to a multiplicity in the gluon jet of

<n>gluon= %<n>quark (5.2.1)

and a larger width [207, 208]. The ratio j reflects the ratio of the colour charge of the gluon C, to that of
the quark C,. Higher order calculations modify the results to [209]

< n >gluon

T = 9[1-0.27ve, —0.07a] (5.2.2)
quark

where five flavours are assumed. The expression in the square brackets reduces the ratio by ~10% at
W =34 GeV.

Within the QCD shower models the higher gluon multiplicity is naturally taken into account since
the higher ggg-coupling is explicitly included in the parton evolution. This is not true for models with a
high Q7 cutoff like that of the LUND group and the independent fragmentation scheme. Within the
LUND model the gluon is not treated as a single entity but is split into a quark/antiquark pair and thus
contributes to two incoherently fragmenting strings. Still, this model predicts a higher multiplicity in the
direction of the emitted hard gluon since two strings contribute to the particle yield in the direction of
the gluon and the multiplicity in each of the strings is proportional to In(W), W being the mass of the
string. Within the Independent Jet Model the properties of the gluon jet can be adjusted by an ad hoc
parametrisation.

To determine the fragmentation function [210] and the multiplicity [211] of a gluon jet in e”e”
annihilations, the MARK?2 and HRS collaborations selected symmetric three-jet events, i.e. events
where all jets are emitted under a relative angle of 120 degrees. In such a configuration each jet has the
same energy E,, = W/3 and thus the same probability of originating from a gluon. The properties of
gluon jets can then be unfolded using the knowledge about the properties of quark jets.

The HRS collaboration selected 276 symmetric three-jet events. From Monte Carlo simulations they
estimate that a quark jet produced at W’ =2E, , contains ~5.2 charged particles. To find the ratio of
average multiplicities of gluon and quark jets, they compare the multiplicity distributions of the jets
within the selected events to a model assuming a Poissonian multiplicity distribution in each of the three
jets. The same average multiplicity (n,) = (n,) was attributed to two of the jets, the “quark jets”. The
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average multiplicity of the third jet, the “gluon jet”, (n,) was left free. The model reproduces the
measurement for (n;) =(n,)=6.7",] = 1.0 which has to be compared to (n,)=(n,)=5.2 thus

giving a ratio

(ns) _ <Lg>_
(ny)  (ny)

The large errors do not allow detailed conclusions. This result is consistent with an equal average
multiplicity of gluon and quark jets and is ~2.50 below the theoretical expectation (5.2.2). The
discrepancy with the QCD prediction may be attributed to the relevance of phase space effects at the
low jet energies considered. The observed distributions agree with predictions of the LUND model. A
higher multiplicity within gluon jets has been observed at the pp-collider [212].

The fragmentation function of the gluon was determined by the MARK2 collaboration also using
symmetric three-jet events. They unfolded contributions from quarks and gluons to the average jet
which has a fragmentation function given by

=1.297041+0.20. (5.2.3)

c.|o.
)

11
O 3
with x =3p/W. The quark fragmentation function at W' ~ 19.3 GeV was obtained by interpolating the
data of fig. 3.2.5. At this energy the fraction of events with hard gluon bremsstrahlung is very small and
it is safe to assume that all the particles originate from quarks. The fragmentation function of the gluon
can therefore be written as the difference

Ldo) (1 1depn 11 de)
< dx, o 3 dx, A5 2 dx, /w3 (5.2.4)

tot tOt tot

The average fragmentation function (full circles), the unfolded fragmentation function (open circles)
and the interpolated quark fragmentation function at W=19.3 GeV (dashed lines) are compared with
one another in fig. 5.2.1. The gluon jet tends to have a softer fragmentation function than the quark jet.
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Fig. 5.2.1. Fragmentation function in symmetric three-jet events at W =29 GeV [210]. Shown are the measured average function (full circles), the
expected quark function (dashed line), the unfolded gluon function (open circles).
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As mentioned before this behaviour is expected theoretically and is consistent with the indication for a
larger multiplicity discussed before. It is also supported by results in pp collisions [213].

The distribution of the transverse momentum of particles within quark and gluon jets has been
analysed by the JADE collaboration [214]. For this measurement a sample of events with three clearly
separated jets was selected.

Since the radiated gluon is predominantly low energetic the gluon jet was identified with the lowest
energetic jet found (see appendix A.5). The JADE group estimates that this is correct for about 50% of
the events. To unfold the distributions of the gluon jet, one has to take care of possible uncertainties in
determining jet energies, errors of the reconstructed directions and ambiguities in associating particles
to jets. It therefore requires a careful comparison with simulation studies.

The JADE collaboration determined the average p,’s of each of the three jets as a function of the jet
energy. Their measurements are displayed in fig. 5.2.2a. The ( p,) of jet 3 which has the highest
fraction of gluons is larger than that of jets 1 and 2 for all jet energies considered. Figures 5.2.2b and ¢
are obtained from simulation studies using the independent fragmentation scheme. For fig. b it was
assumed that the fragmentation in a gluon jet and in a quark jet is the same. As can be seen, the data
cannot be reproduced assuming an equal transverse momentum distribution. The Independent Jet
Model can describe the data with a broader p.-distribution of the gluon jet. For a Gaussian p,
distribution with respect to the jet axis (cf. eq. (2.2.6)) the data require

o™ =330MeV; 0! =500 MeV .

q =

As mentioned before, the gluon is not fragmented individually in the LUND model but is split to
form parts of two qq strings. Its prediction is in good agreement with the data without introducing new
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parameters (see fig. 5.2.2d). The TASSO collaboration [215] finds a result consistent with that of the
JADE group. However, their data do not exclude an equal transverse component in the quark and
gluon jet.

5.2.2. Particle content in the gluon jet

The main information about the quantum number content of gluon jets has been obtained through
data on the Y(1S) which is assumed to decay predominantly into three gluons. Data collected in the
continuum at W =30 GeV are still not conclusive.

Evidence for a more abundant baryon production on the resonance (Y(1S)) than in the continuum
around it (“off resonance”) has been found by DASP2 [216], CLEO [217], and ARGUS [120]. In the
case of protons the significance is only marginal as can be seen from table 5.2.1 where the yield of
protons, kaons and pions is listed for both data “on” and “off” the resonance. The DASP2*’ data
indicate a higher proton yield with a significance of ~2.70, the CLEO data [119] of ~2¢. Both
experiments find no increase of the kaon and pion yield on the resonance.

The data on hyperon production exhibit a more significant difference between the two data samples.
The ratio of particle yields on and off the resonance found by CLEO and ARGUS are the following:
(i) For A production: the CLEO group has determined the yield relative to the K° production. They
find N(A)/N(K®) to be in the continuum 0.07 £ 0.01 +0.01 and on the Y(1S) resonance 0.21 0.01 =
0.03. The ARGUS collaboration determined the ratio of A production on and off the resonance:
A, A =2.9%+0.4. That is, both experiments find about a 5o increase of the A-yield in gluon jets.
(ii) For the E production: both experiments determine the ratio N(E)/N(A) and obtain in the
continuum 0.07 +0.01 +0.01 (CLEO) and 0.09 = 0.02 (ARGUS), and on the resonance 0.10 = 0.01 +
0.02 (CLEO) and 0.08+0.01 (ARGUS), respectively. The results of the two experiments are
consistent with each other and indicate that the ratio is the same on and off the resonance. Thus also
the E’s are produced more copiously on the resonance.

These results suggest that baryons or at least hyperons are more abundant in gluon than in quark
jets.

No other significant difference in the quantum number content has been found. The numbers of
different particle species as measured by CLEO [119] are listed in table 5.2.2. It should be noted that
the total multiplicity differs by only ~25%.

The production rate for a particle containing a quark of flavour f is assumed to be

Nyxp.-n(g—oH+q),

Table 5.2.1
Proton, kaon and pion yield on and off the Y(1S)
) Table 5.2.2

Particle on/off DASP2 CLEO Yield of various particle species on and off the

protons on 0.081 =0.021 0.60 =£0.09 Y(1S)
off 0.015 = 0.011 0.40 +0.06 continuum Y(1S)

K* on 0.154 £ 0.027 1.3+0.2 all 13.4+0.8 16519
off 0.183 £0.039 14202 charged 10.0+£0.5 10.7+0.5

vector 29+04 3.6x0.7

w on 0.765 + 0.048 8.3+04 strange 23x03 2.8%04

off 0.802 £0.059 87+0.4 baryon 0.80£0.12 1.20£0.18

*) Data were only considered in the momentum range 0.3< p < 1.5 GeV.
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where p, is the probability to pick out a parton with flavour f from the sea and n the number of steps in
the fragmentation chain. Therefore two reasons for an increased N, can be envisaged. It could be just
due to a larger number of steps n(q— H + q') in the fragmentation chain or a larger effective p;. The
increase of the average multiplicity is too small to explain the higher hyperon yield, instead it indicates
that p, may be different in gluon jets.

The corresponding studies in the high energy continuum are hampered by the problems of
associating particles to jets already discussed before.

The TASSO collaboration [127] has selected three-jet candidates and reconstructed their energy and
direction along the lines explained in appendix A.5. The yield of K{ and A per jet is displayed in fig.
5.2.3 as a function of the jet energy. It is compared to the yield per jet in all events produced at W= 14,
22 and 34 GeV. Since the fraction of distinct three-jet events for this reference sample is small, the
corresponding jet energy was assumed to be W/2. The data show some tendency for both a higher K"
and A yield in the three-jet events than for two-jets. The significance is marginal. Also shown is a
simulation study assuming the K" respectively A-yield within the gluon jet to be f times that in the quark
jet. The lines correspond to f =0, 1, 2 and 3. No clear conclusion can be drawn from this measurement.
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Fig. 5.2.3. Number of K”s and A’s per jet as a function of jet energies both for two and three-jet events [127]. The lines are results of Monte Carlo
simulations assuming the yield of the K° (A) in gluon jets to be f times that in a quark jet.
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The MARK?2 collaboration [141] has compared the thrust distribution of events with at least one A
detected to that for all events. As can be seen from fig. 5.2.4, the fraction of events containing a A
increases with decreasing thrust, i.e. broader events. The interpretation, however, is not clear, since
low thrust events have a higher multiplicity. Thus the increase may just reflect that more steps are taken
in the fragmentation process (see discussion above).

A similar analysis has been pursued by the JADE collaboration [218] using their n-sample. In fig.
5.2.5 the ratio of v to " yield is plotted as a function of the event sphericity. Within the statistical and
systematic errors the data are compatible with a constant ratio, although some trend exists towards a
higher yield with sphericity.

No final explanation for the increased baryon yield in the Y(1S) decays has been found although it
can be accommodated in some models. The LUND-group [219] argues that it is because diquarks
cannot be primarily produced in continuum events. There the virtual photon only couples to quarks and
not to diquarks. Such suppression is not true in the three-gluon decay. Field [220] relates the high
abundance of baryons to the occurrence of higher cluster masses in the context of QCD shower models
on the resonance. To resolve this puzzle, more precise data in particular for the different types of
baryons would be helpful. Also measurements from the decay of toponium into three gluons (if it could
be identified) may indicate the solution.

A larger v yield in gluon jets is perceived in ref. [221] where it is assumed that the chromo-electric
flux tube developing through a gluon predominantly breaks up into an SU(3) singlet.

Results have also been obtained on the charge flow in gluon jets. In contrast to quark jets, those
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from gluons do not exhibit long range charge correlations, indicating that they have a zero charge [119],
see also ref. [213]. We will come back to this measurement in section 8.1.

5.3. Conclusions

In general only little difference has been found between jets originating from different kinds of
partons. This result is valid for the overall properties of jets as well as for the types of particles within a
jet. It holds true both for jets from the various types of quarks and from gluons.

These results indicate that the mixture of all flavours gives a representative picture of the jet and
event properties. Only small biases are introduced by not considering a specific type of jet.

There exist two notable exceptions.

The jets from bottom quarks at W=29 GeV are broader than the average jets. The particle
distribution exhibits a significant enhancement in the rapidity around

2 e

b

y~In

This accumulation as well as all the other specific properties of bottom jets can be attributed to the
decay properties of bottom hadrons alone.

Hyperons are significantly more abundant in gluon jets than in quark jets. Indications have also been
found for a softer fragmentation function, a higher value of the average transverse momentum and a
higher multiplicity. However, all these results require confirmation from higher statistics samples and
probably higher energies.

PART II. LOOKING INSIDE JETS

Whereas the first part covered single particle distributions and event measures, this second part is
devoted to correlations inside jets as well as to comparisons with fragmentation models. In some sense
the first part outlined only a static picture of jets in their final configuration. In this part the
experimental information as to how a jet develops and about the structure of the hadronisation region
will be presented. To this end we will discuss correlations between various parts of the event and
between individual particles. Its aim is to identify substructures in the hadronisation region, to explore
the shape and size of the sources, and to study the sequence of particle emission. In addition, the
information about the border line between perturbative and non-perturbative effects will be summar-
ized in section 9.

Various methods have been applied to serve as a microscope for the region between 10> and 1 fm.
We will enter this part by summarizing some of the most frequently used.

II.A. How quantum numbers are compensated inside a jet. The evolution of a jet is reflected in how
the particles succeed one another. Quantum number compensation is one of the most powerful tools for
studying the sequence of parton production during jet development.

The methods used and their general ideas can be visualized by the schematic event of fig. II.1 which
exhibits the typical features conceived for fragmentation. A primary pair of quark and antiquark is
produced that rapidly flies apart forming a string between them. The string breaks up at some point
giving rise to another qq pair. These combine with the primary pair to form a hadron and another
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Fig. II.1. Schematic view of mechanisms and methods for detecting quantum number compensation. (a) Fragmentation chain with two ss-pairs. (b)
Resulting particle momenta with four charged kaons. (c) Rapidity distribution. (d) Distribution of rapidity differences for pairs of particles with the
same and opposite strangeness. The full and dashed lines represent smoothed distributions. (e, f) Charge compensation function for two different
reference intervals.

string. The process continues until all energy is absorbed into hadrons. Since hadronisation occurs
stepwise the quark and antiquark are absorbed in subsequently produced hadrons. The small space-
time interval in which the qq pair fluctuates out of the vacuum translates into a small distance in
space-time between the production vertices for the hadrons. As a result those have very similar
rapidities. These features suggest to study the compensation of quantum numbers as a function of their
distance in rapidity.

The difference in rapidity Ay is related to the invariant mass M of system of two particles of mass m,
as (see appendix A.1)

(AM?) = (M® = m] = m3) ~ (mympe® + e ¥]) . (IL1)
Here m, =\/m’ + p2 and we assumed that the difference of the azimuthal angles
(Ap=¢, — ¢,) =m/2

and therefore (cos A¢) = 0. The rapidity difference gives an expanded view of the mass of the particle
pair and allows conclusions about the mass scale at which two hadrons are generated out of the vacuum.



238 P. Mg, The structure of jets in e e collisions

Particles with several kinds of quantum numbers have been tested for the compensation mechanism.
The most straightforward is the charge, studying the compensation of strangeness or baryon number
requires particle identification and is thus more difficult. However, as will be discussed below it is also
more rewarding.

The schematic event of fig. II.1 indicates two kinds of compensation mechanisms:

(a) The compensation due to the first partons. These are produced at a common point in space coupling
to the virtual photon (or Z"). Their (relative) Q° is very high and the hadrons containing them are
normally in different event hemispheres and quite far apart in rapidity space. Evidence for this long
range correlation would be extremely important. Firstly it constitutes a direct proof of the relation
between the rapidity and the rank of a particle and secondly it opens a way for determining the
quantum numbers of the first produced parton.

(b) The compensation due to the partons picked out of the sea. These are due to the emission of a
flavour neutral entity like a qq pair or a gluon splitting into a quark and an antiquark. They are
expected within a small range of rapidity and reveal more about the low Q° scenario.

The methods applied for studying the compensation mechanism depend on the size of the available
data sample and the experimental acceptance. They can be illustrated using the event of fig. 1I.1:

(i) If only a few pairs of particles in a wide region of rapidity have been collected, the events can be
divided into two hemispheres with respect to the event axis and analysed in terms of how many pairs
can be found in the same, respectively, opposite hemisphere.

(ii) A data sample in a limited range of rapidity can be analysed in terms of the distance in rapidity
between two particles (see fig. I1.1d).

(iii) If both a large rapidity interval and a large data sample are available, compensation can be studied
in the most detailed way. Each particle i with a rapidity value y! acts as a test particle and the
compensation of its quantum numbers at some position y can be studied. Several kinds of two-
dimensional functions f( y, y') have been defined. They are in general of the form

N 7y, y) =N () (11.2)
N 7y, y)+ Ny, )

A(y,y') =

Here + and — denote a positive or negative quantum number like the electric charge or strangeness of
the particle considered and e.g. N™"(y, y') is the number of pairs of positively charged particles with
one particle at rapidity y, the other one at y' (see figs. II.1e and f).

In all of these cases both the pairs of opposite and equal quantum numbers are considered. The main
physics interest is concentrated on the pairs of opposite quantum numbers, since they reveal the
kinematical and space-time relation of a parton and its conjugate partner. The equal sign pairs
constitute a very convenient way for determining the background in an event*’. This background can be
either due to experimental problems (e.g. misidentification of the particle type) or to trivial correlations
(e.g. between different pairs of strange/antistrange quarks, which are produced at different points in
space—time).

I1.B. Dividing an event into larger parts. In addition to the compensation of specific quantum
numbers of partons within two particles, several experiments searched for long-range correlations of

topological properties. Examples of such correlations have been found in pp collision. They provide an

*) See however sections 8.3 and 10 where interesting applications of particles with the same sign are considered.
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important check on the iterative jet development perceived in the standard models of jet evolution.
These assume that at each stage of jet development the residual system hadronises according to the
general rules that hold true for the total system. By separating some part of an event and studying its
property as a function of the residual part, this assumption can be experimentally tested. One special
application is to separate the particle containing the primary parton and to study the impact of the
primary flavour on the subsequent fragmentation.

I1.C. Comparing data and models. In the absence of a complete theoretical calculation of jet
properties, phenomenological models and their realization in computer programs to simulate fragmen-
tation have turned out to be an essential tool for studying jet properties. As discussed in section 2,
several models of hadronisation exist.

An understanding of how a quark converts into hadrons is therefore related to finding the model
based on the adequate concept. However, these concepts are buried beneath a variety of kinematical
constraints and uncertainties about the kinds of hadrons produced. These are reflected in the ad hoc
parameters needed in all approaches. A certain choice of those is unrelated to the basic concept of
these models but influences their predictions considerably. As an example the variation of the
fragmentation functions is displayed in fig. I1.2 for different values of the probability to produce vector
mesons in the jet (V/(P + V) ratio, cf. section 2.2). For the calculation with the LUND simulation all
other parameters were fixed. Shown is the fractional change of the fragmentation function of final
particles by changing P/(P + V) from 0.5 to 0.25 and 0.75, respectively. As can be seen the results
differ by more than 25% in some regions of x. In principle the fraction of vector particles within jets can
be measured, in practice the experimental results constraining these parameters are not very precise (cf.
section 4.2) and their values cannot be reliably predicted by theoretical calculations.

These models include in addition ad hoc solutions to overcome technical problems in generating the
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Fig. I1.2. Relative variation of the fragmentation function with the P/(P + V) ratio (Monte Carlo simulation).
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events. For example, in the Independent Jet Model the energy and momentum have to be reshuffled
among the particles after the fragmentation of each parton has come to an end (cf. section 2.2.2). How
this is done influences the particle distribution. In fig. I1.3 its effect on the scale breaking of the
fragmentation function is displayed. In particular the fall-off at high values of x , is purely a result of the
way energy and momentum are conserved in the particular model considered.

Thus, the following two criteria have to be fulfilled for a discrimination between the various
approaches and a selection of the model representing the underlying dynamics of jet development: (1)
Some discriminative distribution has to be found that is closely related to the basic ideas of the models;
(2) It has to be established that a possible failure of one model is not due to an inappropriate
parametrisation.

6. The space—time structure of the hadronisation region

As already stated in the introduction, jet development can be divided into three space-time regions.
In a small region up to ~0.05 fm away from the production point of the primary quarks, partons exist
asymptotically free. Outside of this region these partons convert into hadrons. This source of hadrons is
in the focus of fragmentation studies. In a third region of order one fermi away from the interaction
point, the jet consists entirely of hadrons which then decay and/or interact in the detector.

The global structure of the hadronisation region has to be inferred from the relation among the
observed particles which are detected at a distance of about 10" times the radius of the region of
interest. In the following sections we will present results from an interferometric method, first applied
in astronomy to measure the diameter of distant stars [222, 223]. It has the potential of providing
information about the local space—time structure between the emission of two particles. More related to
the global structure of the hadronisation region is the particle and energy flow in the events that will be
discussed in 6.2.

6.1. Bose—Einstein correlations

As was first discovered by ref. [224] pion pairs , and m, produced in pp-collisions behave differently
at small differences in momentum
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AP=,P1—p2| (6.1.1)

depending on whether they are of equal or different charge. Soon after the experimental findings this
behaviour was attributed to the symmetry properties of pions [225]: elementary quantum mechanics
requires the wave function for two indistinguishable bosons to be symmetric.

This effect can be understood (see refs. [226, 227]) by considering two indistinguishable pions with
momenta k,, k, emitted from two discrete sources A and B (see fig. 6.1.1). In addition we assume the
particle emission from these two sources to be completely incoherent. The conditional wave function at
the point C of the observer is then given by

A, =exp(ik, - x, + ¢,) exp(ik, - x5 + ¢3) . (6.1.2)
Here w, with momentum k, is emitted from x, and w, with momentum k, from x;. Since pions obey
Bose—Einstein symmetry, the total wave function must be symmetric under the exchange of =, and =,,
i.e.

A=(NV2)[A, +A,]

= % [exp(ik, - x, + ¢, ) exp(ik, - x5 + ¢y) + exp(ik, - x, + ¢, ) exp(ik, - x5 + d5)] . (6.1.3)
The rate of observing two pions of equal charge is therefore

P=1+cos Ak-Ax (6.1.4)

which is proportional to the ratio of the production yields of equally and oppositely charged pairs,

NN
N " +N*

R XTI+ COS Ak Ax .

The number of pairs of equally charged pions should be enhanced if they have similar momenta.
This argumentation can be generalized to sources of a density distribution p(x) which modifies the
probability function to be

Ro1+[p'(AK)], (6.1.5)
p'(Ak) being the Fourier transform of p(x). To be subject to the symmetrisation property, two hadrons

have to be produced at very close points Ax-Ap <1. The shape and size of the source is therefore
reflected in the energy and momentum distributions of the particles exhibiting this effect.

Source1 a:.a
n
n; Observer
Sou 2 -
rce X, Ky

Fig. 6.1.1. Schematic picture of the contributions to the Bose—Einstein effect from two distinct sources.
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In the argumentation given above, it was assumed that the two particles are emitted incoherently.
The effect of a coherent contribution is to reduce R [228] which is accounted for by introducing a
parameter «

Rocl+ alp'(Ak)|. (6.1.6)

The value of « has to lie between zero and one. For a totally chaotic source o takes on the maximum
possible value of 1, if the pions are emitted completely coherently o = 0*’.

The Bose—Einstein effect therefore is a probe of the local space-time structure of the emitting
source and is sensitive to both its size and shape as well as its coherence.

Some proposed shapes of the particle source or equivalently its Fourier transform p’, that have been
considered in experiments are given by the following.

(i) A spherically symmetric source in the rest system of the two particles considered can be
parametrized by a Gaussian shape

R(QH=1+ae ™, (6.1.7)

where Q> =M’ —4m’, M being the invariant mass of the two-particle system, m the mass of the
individual particles. This parametrisation has the advantage of being rather simple and of having a
Lorentz invariant argument. No axis in space is distinct, « and § are free parameters.

(ii) For a source without spherical symmetry, Q7 can be split into a longitudinal and transverse
component

R~1+ aexp[-Bq7 — v(q; — 45)]. (6.1.8)

Here ¢, = q,, — q,, is the component in the direction of the pair momentum. For high energies
4o~ |q,| and Q% ~ g2 thus this equation approaches eq. (6.1.7).
(iii) Parametrisations have also been derived within the string picture. Bowler [227] suggests a form

R=1+ap/p7 (6.1.9)
with p’ = exp[—B,Q7] and
1

l=A :
g 1- (B0 V1B, Q]

Note that for low momentum particles the factorization of the longitudinal and transverse density can
only be an approximation.

(iv) Also the parametrisation of ref. [229] has been developed on the basis of the string picture.
Considering the sequence 1-1-2 (2-1-1) of the particle production, where 1, 2 are identical particles
and I an intermediate state, they find

*) The formalism can be extended to more than two particles. However, it is not obvious if anything can be learned about the parameter « which
is not already known from the two-particle effect. Although measurements of three- and four-particle correlations have been published, they will not
be discussed here.
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cos(k - AA)
R’”1+<cosh(b-AA/2)>' (6.1.10)

Here « is the string constant (~0.2 GeV?), b is related to the correlation length in rapidity, cf. eq.
(2.2.5), and

AA=pE, = p,E +(p —p)E — (E, — Ez)PIKZ . (6.1.11)

This formula has been implemented in the LUND simulation program (see fig. 6.1.2). As has been
shown in ref. [230] this shape is similar to the eq. (6.1.9).
(v) The Kopylov-Podgoretsky parametrisation [231]

2J,(qr, f)]z 1
ng 1+q07'2

R(qr, q) =1+ A[ (6.1.12)

follows from a model of thermally excited oscillators on the surfce of a sphere. Here ¢ = g1, — g5,
where g, is the momentum of particle i transverse to the pair momentum and q, = |E, — E,|. J, is the
Bessel function of the first kind, ¢, A and 7 are free parameters. This parametrisation is not Lorentz
invariant.

The Bose-Einstein symmetry has been studied in hadron-hadron, lepton-hadron and €*e” colli-
sions (see review in ref. [232]), in the latter case by the MARK?2 [233, 234], TASSO [235-237], CLEO
[238], and the TPC [239] groups.

The main experimental difficulty is, besides particle identification, how to normalize the field of
equally charged pions. In addition to kinematical problems, that partly cancel in the ratio of equally to
oppositely charged particle pairs, dynamical differences between equal and unequal charge combina-
tions exist. They are due to the short range quantum number correlations addressed before as well as to
decays of neutral resonances into oppositely charged particles (o’ — w’w “n ). Both effects change the
shape of the measurement but are completely unrelated to the Bose—Einstein symmetrisation. The
distortions are corrected for by mixing particles from different events, by comparing the observed R to
that obtained from a Monte Carlo simulation (without the symmetrisation property), or by parametris-
ing the ratio in a region not affected by the Bose-Einstein correlations.
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Fig. 6.1.2. Measured ratio R of the number of particles of the same charge over the number of opposite charge as a function of 0 =V M’ —4m?
[239]. The lines are results from calculations of the model of ref. [229] assuming different parametrisations of « and b (see text). The dotted curve
takes into account effects from resonance decays.
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Most ¢ e experiments prefer to parametrise the measured effect by eq. (6.1.7). A compilation of
their results using this formula is listed in table 6.1.1. Here B is interpreted as the radius r of the source.
It should be noted that the results for @ and B are correlated.

As can be seen, all experiments observe the Bose-Einstein effect with high significance (as an
example the measurement of ref. {239] is displayed in fig. 6.1.2). The quantitative results, however,
show a considerable variation.

The size of the source is measured as ~0.8 fm. Since the Bose—Einstein effect is sensitive to hadrons
and not to quarks and gluons this result sets a bound to the region where quarks and gluons exist before
hadronisation. Quarks can be apart at most 0.8 fm before converting into a hadron. Such a limit is
consistent with the radii of hadrons.

The uncorrected values of the coherence factor as listed in the table spread considerably around an
average value of ~0.5. For interpreting the results in terms of incoherence one has to consider that the
value of « is reduced by particles that cannot exhibit the symmetrisation properties. Firstly background
from misidentified particles decreases the observed enhancement, secondly decay products from
long-lived particles like K?, A, charm and bottom hadrons are included in the total sample. Those are,
however, not subject to the symmetrisation property since they originate from points in space that are
too far away from the source. The fraction of fake combinations due to these effects can be large, for
example the TASSO group estimates that only about 50% of all pairs considered are capable of
exhibiting the Bose—Einstein enhancement. The corrections for these combinations affect its size only,
the radius remains unchanged. As can be seen from table 6.1.1, a approaches its maximum allowed
value after the corrections have been applied. This indicates an aimost completely incoherent emission.
Note that the correction procedures of each experiment are different thereby complicating a common
interpretation.

Measurements of the size, shape and magnitude of the coherence exist also as a function of several
event and particle properties. However, no significant dependence on either of these parameters has
been found. Data have been analysed (i) for different energies, (ii) for on and off a resonance [238],
(iii) for different multiplicities [239], (iv) for different angles of the particle pair with respect to the
event axis [236].

Within the systematic and statistical uncertainties no dependence on any of these special selections
has been found.

Several experiments attempted a determination of the shape of the source comparing the various
parametrisations (6.1.7-6.1.12) to the data. The measurements are not sensitive enough to discriminate
between the various models. They are consistent with the simplest parametrisation of eq. (6.1.7)
assuming a spherically symmetric emission in the rest system of two particles.

Table 6.1.1
Results for the Bose-Einstein effect
Experiment W [GeV] @ (uncorrected) a (corrected) r {fm]
CLEO 10.4 0.41x0.04 1.20+0.23 0.86+0.08
Y(1S) 0.50+0.09 1.45%0.25 0.99+0.14
TPC 29 0.61 £0.05=0.06 0.65+£0.04 =0.05

TASSO 34 0.35+0.05 0.70+0.06 £ 0.09 0.81+0.06
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6.2. The string effect

It is already evident from the existence of jets, i.e. narrow bundles of particles, that the hadronisa-
tion region is not isotropic. Rather the hadrons are emitted along one distinct axis in space coinciding
with the direction of the emanating primary quarks. However, do two subsystems exist each of which is
centered around one of the quarks as suggested by the Independent Jet Model? Or is there only one
system as proposed by the String Model? And how is the region of hadronisation shaped in the case of
gluon bremsstrahlung?

Whereas the Bose—Einstein effect has the potential of exploring how the structure of the hadronisa-
tion region is shaped locally around the emission point of two particles, the energy and particle flow
probes its global structure. Following a proposal of ref. [240] the JADE group was the first to compare
the measured energy and particle flow in three-jet events to the predictions of simulation models and
thereby to discriminate between the until then frequently used Independent Jet Model and the String
Model. Their analysis and the subsequent theoretical and experimental developments contributed
largely to the picture of the hadronisation region.

6.2.1. The high cut-off models

Although based on different concepts, the String and the Independent Jet Model can describe
two-jet events very well by suitably adjusting the fragmentation parameters. However, the treatment of
gluon bremsstrahlung leads to different event topologies such that the conceptual differences cannot be
concealed. The crucial point is that in two-jet events the axis of fragmentation coincides in both models
with the axis of the primary quark/antiquark pairs (fig. 6.2.1). This ceases to be true in the string
approach to gluon bremsstrahlung.

In the Independent Jet Model the individual partons fragment and as a consequence the fragmenta-
tion proceeds in three subsystems along the direction of the three partons. In the string approach a
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Fig. 6.2.1. Schematic diagram of Independent Jet and String fragmentation.
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colour neutral system, the string, fragments and therefore the axis of fragmentation coincides with the
axis of the string. Since these strings are formed by the quark and one part of the gluon, the antiquark
and the other part of the gluon, respectively, their directions are not identical to those of the partons
but move in the overall c.m. system of the event.

As suggested [240] this different treatment of fragmentation in three-jet events can be used to
discriminate between the two different concepts. In the LUND model the momenta of the particles
produced (neglecting decays and momentum components transverse to the string) are distributed along
a hyperbola. Defining as x the direction into which the whole string is moving and as y the axis
perpendicular to the direction of motion in the three parton plane, the hyperbola is given by

2.2 2

p.— P By =By’m’, (6.2.1)

where B and vy are the Lorentz factors of the string in the laboratory system, 8 = cos %qu, and m is the
mass of the particle considered. Within the Independent Jet Model, however, the particles are
distributed along the asymptotes

py—p,By*=0. (6.2.2)

The main difference between the two models should therefore be visible for low-momentum particles in
the region between the quark and the gluon. It should be more prominent for heavy particles. Although
the basic features remain, contributions from the transverse momenta in the event plane smear the
difference somewhat out.

The JADE collaboration [241-243] was the first to use the particle and energy flow of three-jet
events to compare the Independent Jet and the LUND model. The data could very well be described by
the string model, whereas the Independent Jet Model failed.

The energy and particle flow measured by JADE together with the model predictions of the LUND
group and of the Independent Jet Model as realized by Hoyer et al. is shown in fig. 6.2.2. The
procedure for reconstructing angles and energies is discussed in appendix A.5.

The data shown in fig. 6.2.2 exhibit accumulations of particles at § = 0°, ~155° and ~230°. According
to the discussion in appendix A.5, the first two are mainly due to quarks or antiquarks, the third peak
to gluons. The discrepancies between the String Model and the Independent Jet Model show up in the
regions between the peaks. Whereas the String Model reproduces the data nicely, the Hoyer et al.
model, the most frequently applied version of the Independent Jet Model predicts too large a yield
between the quark and antiquark and a too low one between the quark (antiquark) and the gluon. This
effect is visible for the particle and energy flow and even more pronounced for the flow of particles with
a high p .. The latter increase is due to the larger effect of the Lorentz boost on these particles.

The conclusions of the JADE collaboration have meanwhile been confirmed by the TPC [244, 245]
and the TASSO [215] collaborations. Both of them show that the effect also holds true if the second
order QCD matrix element is used.

As discussed in the beginning of this part, the models considered require a set of parameters that
influence the detailed predictions. To establish that the observed difference is fundamental, one has to
relate it to the basic concepts of these models as well as to show that it is not due to some inappropriate
parametrisation. The first criterion has been discussed before. In the string model the hadronisation
proceeds along the strings which are moving out of the region between the two quarks. In the
Independent Jet Model particles are distributed symmetrically around each of the jet axes. Therefore
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Fig. 6.2.2. Energy and particle flow in three-jet events. The data are compared to the LUND (solid line) and the Independent Jet Model (dashed
line) [241).

the lower particle yield in the region between the two quarks in the LUND model is indeed related to
its basic concepts.

Both the JADE and the TASSO collaboration have varied the fragmentation parameters over a wide
range. In particular the treatment of the gluon is uncertain in the Independent Jet Model and several
different options were tried to describe the observed behaviour. Although the particle yield changes
slightly in the Independent Jet Model depending on whether the gluon is treated as a single quark or
split into two quarks according to eq. (2.1.11), or the fragmentation function of the gluon is made
softer, or the energy-momentum conservation is not imposed, no reasonable parametrisation could be
found within the Independent Jet Model to reproduce the data. Note that since the gluon fragmentation
is replaced by a fragmentation of two qq strings in the string model, the particle flow along the gluon
direction is fixed and cannot be adjusted using special parameters.

This effect (named “string effect”) reveals a major failure in the concept of Independent Jet
fragmentation and strongly supports the string approach. It should, however, be noted that only a very
small fraction of the particles exhibit the different structure. Typically 10% of all events are used for the
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analysis and only a small part of the particles populate the regions where the difference between the
models is most prominent. In total only about 0.5% of the particles behave differently in both models.

It is already obvious from the collimation of jets that the particles are created within a narrow tube.
The string effect sheds light on the relation between these tubes and the hard partons. In events with
one hard gluon the hadrons originate from two sources and since these move within the overall ¢.m.
system, the hadrons are produced along a hyperbola in space and time. Although in principle only
shown for three-jet events, it is naturally generalized to the existence of strings in qq events.

The TASSO collaboration proceeded one step further. They analysed the string effect as a function
of the momentum of particles. In fig. 6.2.3 the ratio N(2)/N(3) is plotted depending on x,, = p, / E, ., ..-
Here N(2) and N(3) denote the particle yields in the region between jets 1 and 3 (the quark/antiquark
and gluon) and jets 1 and 2 (quark and antiquark) and p,_ is the momentum component in the event
plane. Also shown are the predictions from the LUND and the Independent Jet Model. The shaded
areas indicate the uncertainties of the model calculations. Most of the particles are at low x,, and here
the data agree with the expectation of the LUND model, however, for x;, =0.04 the data are lower
than the model prediction and tend to agree more with the Independent Jet fragmentation.

6.2.2. Shower models

The comparison of QCD shower models to the measurement of the particle and energy flow lead to a
surprising result. As can be seen from fig. 6.2.4 not only the string model can describe the data. Again
the energy and particle flow measured by JADE is displayed. This time their results are compared to
the predictions of the QCD shower models of Gottschalk [38] and Webber and Marchesini [39, 40]. The
two models differ essentially in that the latter does and the former does not embody the coherent gluon
emission in the matrix element for the QCD branchings [41-44] (cf. eqs. (2.1b and 3.2c)) whereas both
apply a relatively similar cluster mechanism for hadronisation. The comparison indicates that the
shower algorithm can reproduce the data only if this coherence is included at least for this hadronisation
scheme.

The Webber model can also describe the dependence of the string effect on the particle momentum
x, [52]. As was discussed above, the string model fails to reproduce it.

The agreement of the QCD shower model prediction with data for a distribution that has been
shown to be sensitive to details of jet models, caused a major breakthrough for QCD shower models
and in particular for that of Webber and Marchesini.
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Fig. 6.2.3. Ratio of the particle yield in the region between quark (antiquark) and gluon to that between quark and antiquark as a function of the
scaled momentum in the event plane [215].
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Fig. 6.2.4. Same as fig. 6.2.2. The methods compared to the data are here the QCD shower algorithms of Gottschalk (dotted line) and Webber
(dashed curve) [243].

It is very striking that the predictions from two basically different concepts like the classical string
and the QCD showering coincide for the sensitive energy and particle flow. Azimov et al. [50] showed
that this is not accidental. Analysing the angular distribution of a secondary gluon g, in qqg, events,
they find that coherent gluon emission causes g, to be lined up in the region between quark (antiquark)
and g,. However, a negative interference causes a depletion of the g, yield in the region between the
quark and the antiquark. Thus not only do the additional contributions in the direction of g, determine
the larger yield of g, in the direction of g, but the interference effects cause an effective drag of low
energetic particles by g,. As a result the coherence induces an angular distribution that can be
expressed as being due to an incoherent sum of two qq systems. This result is true up to O(1/N,) where
N_ is the number of colours and agrees exactly with the basic assumption for the treatment of gluons in
the LUND scheme.

As already discussed in the context of the other fundamental consequence of the coherence, the dip
in the x do/dx distribution (cf. 3.2.3), there exists a remarkable agreement between the calculations
based on the Leading Log Approximation (LLA) with coherence and the string model. In that sense
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the energy- and particle flow cannot be considered as a proof for either of these approaches. Even more
so as conventional (non-coherent) branchings in a shower algorithm can accommodate the string effect
if the cluster decay is replaced by the string fragmentation {48].

Both approaches interpret the string effect as being due to a Lorentz boost of a colour neutral system
that moves in the overall hadronic system in directions different from those of the partons. This is the
consensus of the LUND approach and the theoretical evaluation of the coherence phenomenon

discussed before. The string effect therefore sheds light on the global structure of the fragmentation
region.

6.2.3. Additional tests of the string effect

As was also pointed out in ref. [50] there exists a qualitative difference between the particle flow
between quarks in three-jet events and those of the type qqy, where the vy originates from either initial
or final QED bremsstrahlung. Both the TPC [246] and the MARK2 collaboration [247] find the
predicted difference. In fig. 6.2.5 the results obtained by MARK?2 are displayed together with various
model predictions. The data from qq events with photon emission exhibit the structure of boosted qq
events. The particle yield between the two quarks coincides with the prediction from the LUND model
with photon emission and the Independent Jet Model with gluon emission [59]. These results support
the assumption that the string effect is due to the gluon emission and the different interplay between
quarks/gluons and quark/antiquark. They provide a model independent test of the string effect.

There exist several other distributions for studying the string effect all showing that the string
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Fig. 6.2.5. Energy and particle flow in three-jet events qqg (full circles) and two-jet events with a hard photon qqvy (open circles) {247}. The data are
compared to the LUND and the Independent Jet Model.
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approach is superior to the Independent Jet Model. These tests are not independent of the results
discussed before. Due to the difference between the parton direction and the fragmentation axis, the jet
axes reconstructed from the final hadrons do not coincide with the parton directions. Instead those
representing the quark directions are pulled towards the direction of the emitted gluon. As a result the
distribution of the transverse momentum with respect to the jet axis of the particles in a jet exhibits a
systematic orientation in the event plane. This orientation has been measured and compared with the
Independent Jet Model and the String Model by the JADE collaboration [243]. For this analysis the
transverse momenta are orientated as indicated in the insert of fig. 6.2.6. Since the directions of the
high momentum particles coincide with the parton directions (see eq. (6.2.1)), they exhibit a bias into
one direction and thus their { p7') is different from zero, being directed away from the region of the
gluon. Figure 6.2.6 displays the measurement from JADE. The data exhibit the features expected from
string fragmentation. Again the Independent Jet Model fails to reproduce the data. A similar result has
been obtained by the TASSO collaboration [215], who weighted the particles by some power of their
momentum for the definition of the jet axis.

6.3. Conclusions

This section was devoted to the experimental results on the space-time structure of the hadronisa-
tion region. Information has been obtained both from the Bose-FEinstein effect which is sensitive to the
local structure around the point of a correlated emission of two particles, and the string effect,
exhibiting the existence of global subsystems in which the hadronisation occurs.

The collimation of hadrons in jets already shows that the particle source is not isotropically
distributed, but confined to a tube. In models like the Independent Jet Model fragmentation was
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Fig. 6.2.6. Orientation of the transverse momentum in the event plane with respect to the reconstructed jet axes as a function of the parallel
momentum [243].
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assumed to occur within subsystems with properties determined by the energy, direction and flavour of
the individual partons. The string effect reveals that this is not true. Instead hadronisation proceeds in
larger, colour neutral systems: “strings”. The particle and energy flow observed in events containing
hard gluons indicate that the particles originate from two systems made out of the quark and one part of
the gluon and of the antiquark and the other part of the gluon which are moving in the overall c.m.
system. The existence of two incoherent sources of particle production is an essential feature of the
string Monte Carlo’s and follows also from QCD-LLA calculations if coherent gluon emission is
included.

Besides offering an idea of the global structure of the hadronisation region, the discovery of the
string effect had another aspect of more technical nature, but which was of no minor significance in the
process of the experimental evaluation of the jet development. The string effect was the only sensitive
method for discriminating between basic concepts of simulation algorithms for fragmentation. It not
only proved that the Independent Jet Model includes a fundamental flaw, but in addition gave a major
push to QCD shower models, once they were shown as being capable of reproducing this measurement.
The important step forward within these approaches was the inclusion of coherent gluon emission. This
feature, and not the dip in the rapidity discussed in the previous sections, is considered the strongest
support for these QCD calculations.

It would be extremely interesting to know more about the local space—time structure at the emission
point of a hadron. In theory this could be achieved by studying the Bose—Einstein effect since its shape
1s the Fourier transform of the space-time distribution of the source. However, the data collected are
not sensitive enough to discriminate between various models of its shape. Four experiments in e e~
collisions have observed the Bose—Einstein effect. Their results are in agreement with a spherically
symmetric two particle emission in their rest-system. Its size is ~0.8 fm and the results indicate that the
particles are emitted almost chaotically (incoherently).

7. How does the jet evolution depend on its prehistory?

As discussed in section 2 and visualized by the typical event displayed in the introduction to this part,
the standard ideas on fragmentation assume that the quantum numbers of a hadron in a jet are
correlated only to the hadrons produced immediately before and after. The pair of subsequently
produced hadrons is supposed to be of similar flavour, transverse momentum, and rapidity. These short
range correlations will be examined in section 8.

Otherwise every left-over parton (or pair of partons) is treated as though it forgot the history of how
its jet has developed so far and acts as a source of a new jet at the residual energy. Its only relation to
the particles produced before is therefore the global conservation of energy, momentum and flavour.
This assumption forms the basis of the iterative scheme adopted in all simulation programs discussed. It
is a relatively simple approach and has its theoretical motivation in the short distance behaviour of
strong interactions. Still, the size of possible correlations cannot be calculated. In fact the prediction of
the coherent gluon emission discussed several times before, digresses from these simple considerations
in that it implies an angular ordering of the gluons with progressive jet evolution. Its effect on larger
topological properties, however, is small.

The iterative scheme can be tested experimentally by searching for long-range correlations between
different parts of an event. For the measurements discussed in this section, each event was divided into
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Fig. 7.1. Schematic event visualizing the measurements of correlations between larger parts of events.

two parts P, and P,. The properties of one part (“P,”) were then studied as a function of those of P,
(see fig. 7.1). In particular, what has been considered as P, are an event hemisphere and a single
primary particle.

7.1. Forward-backward correlations

Topological correlations in events have been observed in soft pp collisions. Dividing the event into
two hemispheres*’ with respect to the beam direction and counting the particles in each of them
(“forward” and “backward” hemisphere) one finds that [248] the average multiplicity n, within one
hemisphere depends linearly on the multiplicity n, in the opposite hemisphere

(ng)=a+ bn, (7.1.1)

with b~ 0.5 at a pp c.m. energy of V5 =540 GeV and rising logarithmically with energy. One way to
explain this behaviour is to assume that, since the protons are extended objects, they interact with a
different impact parameter in each individual collision. In e“e” annihilations this impact parameter is
always zero and therefore multiplicity correlations are not supposed to exist.

The forward—backward multiplicity correlation in e*e” annihilation has been measured by the
TASSO group at a c.m. energy of W=34GeV [235, 236] (see also results of the HRS and TPC
collaborations discussed in ref. [249]). For this analysis all events surviving their standard hadronic
selection criteria were divided into two hemispheres with respect to the event axis (sphericity axis). One
arbitrarily selected hemisphere, ‘“backward hemisphere”, was chosen as reference and the average
multiplicity of the opposite ‘“forward” hemisphere determined as a function of n,. The measurement is
displayed in fig. 7.1.1, the results are not corrected for detector effects and acceptance cuts. An
uncorrelated production in the two hemispheres would imply a constant value of (n.). The data (fig.
7.1.1a) exhibit a strong negative correlation for n; <4 and some positive correlation for ny = 4. As will
be discussed below, these correlations are largely due to experimental distortions.

The curve in fig. 7.1.1a is the prediction of the LUND model folded with a simulation of the TASSO
detector and the cuts applied. It reproduces the data very well and can be taken as a guideline to
understand the observed correlations.

(i) The most relevant cut for this analysis refers to the total multiplicity n, + ny: to exclude
background, only events with at least five charged particles were accepted. How the distribution
changes if all multiplicities could have been detected, is displayed in fig. 7.1.1b. Here the result of the
simulation is shown with and without applying the cut on the multiplicity. Without it there is a positive
correlation for all multiplicities ny.

*) These measurements have not to be restricted to such a partition. Every cut in rapidity, x-distribution, etc., should be equally valid.
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Fig. 7.1.1. Forward—backward multiplicity correlations. (a) Measured average multiplicity (n.) as a function of the multiplicity in the backward
hemisphere n,, [236]. The full curve represents the result of a Monte Carlo calculation. (b) Monte Carlo result with and without the cut on at least
five charged particles. (c) Monte Carlo result for u, d and s-quark jets without initial QED bremsstrahlung. (d) Monte Carlo resuit of u, d and
s-events omitting QCD bremsstrahlung.

(ii) As discussed in section 5.1, jets from charm and bottom quarks have larger multiplicities than
those originating from u, d or s-quarks. Since the events considered are a mixture of all flavours, these
different multiplicities induce positive correlations. Restricting the simulation to just u, d and s quarks
and in addition eliminating initial QED bremsstrahlung leads to fig. 7.1.1c. The positive correlation
persists, although it is significantly smaller.

(iii) These residual correlations can be explained by QCD bremsstrahlung. A gluon affects the
multiplicity strongly if it is emitted under a fairly large angle. Therefore the additional spray of particles
contributes to both hemispheres. Generating just two-jet events originating from u, d and s-quarks in
the Monte Carlo leads to fig. 7.1.1d. No significant forward—backward multiplicity correlation is visible.

Thus, apart from trivial correlations due to experimental effects, the jets in e "¢~ collisions exhibit
forward-backward correlations due to the mixing of events from different flavours and QCD brems-
strahlung. They are, however, much smaller than those observed in pp collisions and their origin is
already found on the level of hard partons. If the models are restricted to jets of specific flavour and
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two quark-configurations, no forward-backward correlation exists. In that sense the conversion of
partons into hadrons is independent of its position in space—time and therefore the fragmentation in
one hemisphere is independent of that in the other. These features can be described by both the
Independent Jet Model and the String Model. For the first one this is expected from its basic concept.
In terms of the String Model the data indicate that the string breaks up uniformly along its axis.

The study of multiplicity correlations can be generalized to higher moments of the x-distribution. By
replacing the exponent of x

nCH=2xO - Na=2x" (7.1.2)

particular regions in x contribute dominantly to the moments depending on a. Here the sum goes over
all particles in a hemisphere. Thus a variation of « is similar to scanning over the x-distribution and
allows one to search for correlations between different regions in x.

The result for (N, ) is displayed as a function of N” for a = 0.2 (fig. 7.1.2a) and 0.75 (7.1.2b), F and
B again refer to the two hemispheres in an event. The uncorrected data from the TASSO group
(crosses) are compared with results from a simulation study using the LUND Monte Carlo in
combination with a parametrisation of the TASSO detector (full line) and with the various options
discussed for the case of multiplicity correlations (dashed and dashed-dotted line). The results are
essentially the same as those for the multiplicity correlations and support the conjecture of an
uncorrelated fragmentation.
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Fig. 7.1.2. The same as for fig. 7.1.1. Here higher moments of the fragmentation function are used. (a) M = I x"2 (b) M = £ x"” The resuits of
the model calculations for the various conditions outlined above are compressed into one plot.
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7.2. The non-leading system

The assumption of an iterative scheme of fragmentation can best be tested with events originating
from heavy quarks. As already discussed in section 5.1, the structure of these events is both due to the
fragmentation and decay properties of the charmed and bottom hadrons themselves and the fragmenta-
tion of the residual system. Since the multiplicity and momentum distributions of the decay products of
the hadrons containing the primary quarks as well as their fragmentation function are well known, their
contribution can be subtracted either directly or statistically. The residual system has a c.m. energy W'
which is substantially below the total c.m. energy W due to the hard fragmentation function of charm
and bottom. It allows a meaningful comparison to events produced directly at these W'

In figs. 5.1.3 and 5.1.6 the rapidity distributions for bottom and charmed jets is compared to the
results from simulation studies. For these Monte Carlo calculations the subsequent fragmentation was
assumed to proceed like the standard fragmentation at reduced energy which is only a small fraction of
the total energy (~50% for charm-, ~20% for bottom-events). Since the resuits from the simulation
coincide with the data, this is a first indirect evidence that a jet indeed develops in discrete steps, each
of them determined by the energy of the residual system.

The MARK?2 [201] and the TPC collaboration [202] determined the multiplicity and energy of the
residual system by

(WY =E_(1-2(x,)), (7.2.1)

€S

<”?e?> =(ney) — 2(”8}1) - (7.2.2)

Here (n2,) is the average charged decay multiplicity of hadrons containing the heavy quark Q, Xq
their fractional energy. Their results are listed in table 7.2.1. Here the multiplicity of the average jet is
taken from measurements at a total energy close to the residual energy, its error corresponds to a linear
interpolation in the energy range of the residual jet. Within the considerable errors there is a good
agreement between the residual and the average jet. The results are displayed in fig. 7.2.1 and
compared to the average multiplicities found in events of all flavours at various c¢.m. energies. With
average values of W =12.2+0.5 and nS, =8.4+0.6, Wiy, = 6.177% and nl, = 5.4+ 0.8, the multip-
licities of the subsequent fragmentation fit nicely into those of the average jet.

Since the residual system is due to u, d and s-quarks only (in a different ratio than in the direct
production), a precise comparison requires to subtract the contributions from charm and bottom events
from the charged multiplicity of the averge events. According to table 5.1.2 there is an additional
contribution of ~1.6 particles in bottom jets and ~0.3 particles in charm jets. Thus they add

A ,=2[f-03+f-16]

Table 7.2.1
Energy and multiplicity of the residual jet
Experiment flavour wol (n2%) (Mg ) a
TASSO* c 12408 88+12+08 85+0.5
MARK2 c 11672 81x05+09 8.3+0.7
TPC c 122206 8409 8.5+0.4
MARK?2 b 6.175% 52+0.5+0.9 50=06
TPC b 6109 5711 5006
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Fig. 7.2.1. Charged multiplicity in the residual jet as a function of its energy compared to the results of the total system. The measurements already
displayed in fig. 3.1.1 are supplemented by the results from refs. [188, 201, 202].

particles to the average multiplicity. Here f, and £, are the fractions of ¢ and b-quarks, respectively. For
an uncorrelated fragmentation one therefore expects that the residual jets have a multiplicity lower by
4., than the average jet. The corresponding values of 4_, below and above the bottom threshold are
0.24 and 0.53. These contributions are smaller than the errors of the measurements of the residual jet
multiplicity, although not negligible*’. These corrections lead to a somewhat higher multiplicity of the
residual jet, however, within the large uncertainties there is a general agreement between the two data
samples.

The non-leading system has been most directly compared to the properties of an average jet
produced at the residual energy by the TASSO collaboration [188]. For their analysis they used charm
events with a tagged D* collected at W =34 GeV. As for the study discussed in section 5.1.2 the charm
events were divided into two hemispheres. However, in this case the hemisphere containing the D* was
analysed (see fig. 7.2.2). In particular they studied the properties of the residual jet consisting of the
particles in this hemisphere excluding the D*.

The energy of the residual system is

E, . =W2-Ey,. (7.2.4)

corresponding to (E,,) =6.2+0.4 GeV in their data sample. The properties of the residual jet were
then compared to those of average jets produced at two different c.m. energies, firstly with a jet
produced at the same total c.m. energy W= 34.4 GeV (E,,, = 17.2 GeV), secondly with events collected
at W=14GeV (E,, =7GeV), an energy very close to (E,,,).

*) For this calculation it was assumed that the additional contribution is independent of W. This is true if the fragmentation functions of charmed

res

and bottom quarks scale. Then (cf. 5.1)(E,,) = (1 - (xo))E,,,, and y;s, <In W. If one is far enough away from the threshold this assumption is
reasonable, though not strictly true (cf. discussion in section 3.2.2).
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Fig. 7.2.2. Sketch of the analysis of the residual jet.

The results are displayed in fig. 7.2.3. Shown are distributions in x, =2p/W, x, =p/E, (the
momentum scaled with the energy of the residual jet), the rapidity and the p3 distribution. For all
distributions the residual jet exhibits the same behaviour as a jet produced at W~2E__ .

The discrepancy with the high energy data for the overall x-distribution is trivial. The agreement at
low x, of the residual jet with the data collected at W =14 GeV, or its disagreement with the high
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energy jets, can be explained by phase space (cf. eq. 3.2.3b). However, both the rapidity and the p2
distribution indicate dynamical differences between jets at W= 34 GeV and those at W= 14 GeV.

The height of the plateau in the rapidity distribution agrees for the residual jet and the jets at
W=14GeV: (dN/dy) =1.9£0.2, respectively (dN/dy) =2.0+0.03, but is smaller than for the jets
produced at W= 34 GeV: (dN/dy) =2.32 =0.01. The difference cannot be explained by the contribu-
tion from heavy quarks to the average events which is absent for the residual jet. The comparison of the
rapidity from u, d, s-jets and c-jets (see eq. (5.1.6)) shows that the height of the plateau is the same in
both cases. The DELCO data [200] exhibit a difference between the rapidity in bottom jets and average
jets. The particle density for y <1 in bottom jets is ~3.3 and thus about one unit higher than the
average particle density. However, since bottom events contribute only 1/11 to the average sample,
(dN/dy) . at W=34 GeV is estimated to be 2.2, still exceeding the particle density of residual jets.

The p? distribution is much broader in events produced at W= 34 GeV than in those at W= 14 GeV
due to QCD bremsstrahlung. The residual jet coincides with the data at W=14 GeV also in this
distribution and suggests that fragmentation effects still dominate the transverse momentum. A
thorough interpretation, however, has to take into account the effects of possible biases in the
determination of the jet axes which may be different for the three cases considered.

The results obtained by the TASSO collaboration show in a more detailed way what has also been
seen in the other measurements discussed above. Together they indicate that the residual system
develops like a standard jet produced at the residual energy. A detailed evaluation of this fundamental
issue of fragmentation, however, still suffers from statistical and systematic uncertainties.

7.3. Conclusions

The data discussed in this section indicate a remarkable uniformity of the jets. They all show that the
fragmentation properties of a subsystem depends only on the properties of this subsystem, but not on
those of the total system. No substantial topological long range correlations between larger parts of the
e’e” events have been found.

The most straightforward explanation is that a jet develops in discrete steps. Each of these steps is
largely independent of what has happened “before”, the energy scale of the fragmentation is set by the
energy of the remaining system.

This property is in agreement with ideas embodied in the standard fragmentation models (cf. section
2.1). Within the LUND and the Independent Jet Model the process q— H + q’ is repeated and in each
step the probability for x,; = Ey,/E_ is given by a function f(x,) which is almost independent of E.A
similar behaviour holds true for the QCD shower approaches where gluons are emitted with an energy
determined by the splitting functions (2.1.11) and the Q7 of the left-over partons. In both cases the
left-over parton acts as a source of a separate jet.

The data support these basic conjectures of the fragmentation models; they are, however, still too
scarce and imprecise for a detailed study and a sensitivity to possible small differences.

8. How quantum numbers are compensated

In the last section we discussed the topological correlations between larger subsets within an event.
This section is devoted to the correlations of individual particles. In particular we will consider how a
particular flavour is compensated.

Quantum number compensation is sensitive to the sequence of hadron formation. The methods
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applied are those outlined in section II.A. As discussed there, one expects the existence of two different
kinds of quantum number correlations in the standard hadronisation models related to different
processes at different O and with different bearings on the insight into jet development. The first one is
due to the emission and absorption of flavour neutral entities. Quantum numbers should be com-
pensated at a relatively low Q7 and thus be found within a narrow kinematical region. For the second
one the primary quarks produced at high Q° fly apart and leave their footprints in kinematically
well-separated particles.

8.1. The trace of the primary parton

The way the electric charge is neutralized within an e’e” event has been analysed by four
experiments [6, 5, 119, 140, 236] with consistent results. In particular all these experiments find
evidence for long range charge correlations and thus a trace of the primary parton.

The data shown in fig. 8.1.1 have been collected by the CLEO collaboration. They have measured
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the charge compensation at the lowest c.m. energy of all these experiments (~10.5 GeV) and therefore
span the smallest region in rapidity. However, the particular beauty of their data is that they allow one
to compare the charge correlation on the Y(1S), resonance decaying predominantly into three gluons to
those in the e”e” continuum, i.e. e"e” —qq. Due to the different charge content of the primary
partons involved, the two data samples are expected to exhibit different long-range properties without
strongly affecting the short range compensation.

Plotted in figs. 8.1.1a and b are the rapidity distributions for the continuum and Y(1S), respectively.
Figures c-h display the charge compensation function*” for the different reference intervals —1 <y’ <
0, 2<y'<-land —4<y’'<-2.

Both the continuum events and the data from the resonance show a high probability of a charge
compensation close to the test charge. This behaviour is consistent with what is expected due to the
short range mechanism discussed before. It is, however, to a large part due to the decay of neutral
resonances such as p’— 7w

The relative probability of two charged pions being promptly and subsequently produced during the
fragmentation and that of originating from p’ decays can be estimated using the parameters discussed in
section 2.2. Assume a u-quark as a source of the subsequent chain. It takes the production of a (dd)
pair and another (uil) pair to produce a w'm  pair. In addition the final hadrons have to be
pseudoscalar. Therefore the probability for the subsequent production of a 7" and a 7 is

Pprompt & PdPu(P—I;—VY ~0.03

To produce a p° requires only one other (uli) pair and that a vector particle instead of a pseudoscalar is
produced

pp0~>-rr+‘rr_ O(pu P+ V

Here p, is the probability of picking a quark of flavour f out of the sea, P is the fraction of pseudoscalar,
V that of vector particles produced in the hadronisation (see section 2.2 and section 4). Thus the
interesting dynamics of quantum number compensation is buried under the well-known properties of
p’-decays. In addition a production chain like 7* =%~ can occur quite frequently in the jet and will
distort the charge compensation function. Therefore short range charge correlations are an inconclusive
indicator of local quantum number compensations. There are superior ones that will be addressed in the
next sections.

The data on the Y(1S) and in the continuum behave differently for the reference interval of largest
rapidity —4<y<-2. For y—y,_. in the opposite hemisphere, the compensation function drops
rapidly to zero in the case of resonance decays, but exhibits a long shoulder for the continuum events: a
high fraction of charge at large y’ is compensated at large distances Ay = y — y’. This feature can be
naturally explained by the long range charge correlation induced by primarily produced quarks of
opposite charge which reflects itself in the charge of the hadrons at high rapidity values. No long range
charge correlations are expected in the three-gluon decay, since gluons are neutral. The findings of the
CLEO collaboration are in good agreement with what has been seen by the other experiments quoted
above.

*)The function is defined in a slightly different way than in section II.1. The CLEO collaboration used [N™ ™" *(y, y')~
Ny, y)J/N(y'), i.e., they normalize the charge asymmetry to the number of reference particles and not to the number of combinations.
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This evidence provides basic insight into the physics of fragmentation as well as a tool for
determining the primary charge of a jet. Firstly it proves that the primary partons in the continuum
events are charged and those in the 1S-decay are neutral. It secondly bears important information about
the fragmentation process: the fraction of particles containing the first produced particle is especially
high at high y-values. More generally: the rapidity of a particle is correlated with its rank. This
correlation, however, is not at its maximum. As can be seen from fig. 8.1.1g the rapidity interval in
which the compensating charge can be found is quite wide, indicating that the ordering in rapidity is
only true on the average. This can be attributed to the softness of the fragmentation function for u, d
and s-quarks as well as to the frequent decays that tend to mix the ranks of the produced hadrons.

Another method of studying this leading particle effect is to use jet charges instead of correlating
individual particles. The charge distribution within a jet J can be condensed into a single quantity, the
weighted jet charge Q, [56]. It is obtained by summing over all particles within a jet and weighting their
charge with their momentum fraction x,.

0y(@)=2 q,-x; . (8.1.1)

Here « is a free parameter that can be used to steer the relative weights of the particles depending on
their scaled momentum.

For a =0 the weighted charge is just the sum of all charges in a jet. Its modulus is related to the
charge of the primary quark and provides one of the basic measurements to show that hadron
production is mediated by primary quarks (see introduction). Neglecting experimental losses and
diffusion of particles from a primary hadron from one jet into the other one, the jet charge Q' from a
quark of a given flavour f equals the sum of all quarks produced in a jet:

Qf:(qf+q—-2)+(q2+‘i3)+'.'+(qn71+q_n)' (8.1.2)
Since only quark loops of neutral charge are subsequently produced in the fragmentation chain,
Qf=qf+q_n j <Qf>=qf+<q—sea>’ (813)

where (q,.,) indicates the average charge of antiquarks in the sea. The modulus of an average jet
charge in events from a primary pair of f-quarks is therefore

1051y =lgc+po (=) +po- (+5) +p - (+ )| =g+ ucal (8.1.4)

where p_, p, and p, are the probabilities for picking an u, d or s-quark out of the sea. Considering only
the quark jet (not that from the antiquark) and using the values from section 4.2 g, ~ —0.09. Since for
hadron production in ¢ e annihilations via a virtual photon the primary quarks are produced in
proportion to the square of their charge, one obtains

10,y =(1/2 )2 g1+ Gl ~03. (8.5)

This value is much smaller than what is expected for randomly distributed charges within an event. Also
the charge per hemisphere should grow with energy. Therefore the determination of |I q,| per
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hemisphere provides a test of the quark-parton model and the absorption of flavour neutral qq pairs
from the sea during the fragmentation process. The PLUTO collaboration [5] measured (|Q|) =
0.55+0.25, smaller than expected from a statistical charge distribution but in agreement with the
quark—parton model.

For an increasing exponent « the high momentum particles contribute stronger to the weighted
charge and in the light of the discussion above, the sign of Q, should coincide with the sign of the
primary parton inducing the jet considered. The weighted charge has been applied in ref. [6] to study
long-range charge correlations. Results from the TASSO collaboration using much higher statistics are
displayed in fig. 8.1.2. Some charge correlation is expected just due to the overall charge conservation.
To discriminate against this trivial effect, the average product —(Q AQB)*) is compared to the jet
charge obtained by randomising the charge among the particles of a jet but keeping the overall
unweighted charge ¥ g, per jet fixed. For the measurements shown it was in addition required that at
least one particle in each hemisphere has a scaled momentum x exceeding some predefined value x_,.
For fig. 8.1.2a x_,, was set to 0.15, for fig. 8.1.2b to 0.35.

As can be seen from the figure, the average charge product observed coincides with that from the
randomisation for a close to 0. However, for larger values of a the measured value exceeds the
expectation from a random distribution significantly. This shows that the charge correlation observed is
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Fig. 8.1.2. Product of the weighted jet charges as a function of the exponent a. The full curve represents the expectation from a randomisation of
particles within a jet (a) requiring at least one particle with x,>0.15 per jet; (b) requiring at least one particle with x,>0.35 per jet.

*) Since x <1, x* decreases with increasing a. For the analysis this is compensated by weighing each Q,(a) with (I x*/E x*). This is just a scale
factor which has no impact on any of the qualitative conclusions discussed.
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not just due to charge conservation but reflects the dynamical distribution of the particles. In this case
the jet charge is dominated by the particles with the highest momentum. This is the behaviour expected
from the long-range charge correlations.

It is also interesting to study the dependence of the data on a. The correlation is not at its maximum
as a — o« which is expected if always the particle with the highest momentum carries the information
about the charge of the primary parton. Instead —(Q , Q) is largest for a ~0.5-0.7 indicating that the
primary hadron has a high, but not necessarily the largest momentum. This coincides with what has
been discussed before: the correlation between rank and rapidity is only true in a statistical sense. The
data reveal that an optimal value for determining the sign of the jet charge is around a ~0.5. We will
return to this problem in section 11.

One can use the results for « —« and different values of x_,, to determine the integral probability
that the particle of highest momentum and x > x_,, has the sign of the charge of the primary parton.
Note that the weight factor mentioned in the footnote prevents Q, from vanishing to 0, but instead it
follows that Q;(a— ) is equal to the charge of the fastest particle. Let p, be the probability of a
correct charge sign and p; of a wrong assignment. Then

-<QAQB>(a_)OO)=(pr_pf)zz(zpr-1)2 (816)
and therefore

2p, —1)=V—{0.0s) - (8.1.7)
The dependence of (2p, — 1) is displayed in fig. 8.1.3. As can be seen it is a rapidly increasing function
of x_,,. At x>0.5 one has a probability of 75% of finding the correct assignment. Note that this
probability depends on the flavour of the original parton.

8.2. Pion and kaon compensation

The method discussed in the previous section was applied by the TPC group [250] to charged pions
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Fig. 8.1.3. Reliability that the fastest particle has the same sign of charge as the primary parton. Piotted as a function of the minimum allowed
x-value of that particle.
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and kaons. Due to the limited statistics available, only two reference intervals in 0<y’'<1.5 and
1.5<y’ <4 had been selected.
Their measurement of

a(M=p " MN=p ()

with the normalisation condition | ¢,(y) dy =1 is displayed in fig. 8.2.1. Here i denotes either pions or
kaons.

Since most of the particles are pions, p_( y) (figs. 8.2.1a and b) has a shape very similar to the charge
correlation discussed in the previous section. A pion with opposite charge can be found with the highest
probability close to the reference particle for both intervals selected. As stated before, this behaviour is
consistent with the short range mechanism, but its contribution is smail compared to those from
resonance decays. For the reference interval 1.5 <y’ <4, a shoulder develops at —4 <y <1.5 indicating
the long range compensation due to primary partons discussed above. The data are in general
agreement with both the LUND and the Webber model. The dashed curve shows in addition the
LUND prediction without events from heavy quarks. Whereas for the short range part only small
differences can be seen between the two LUND model calculations (and the data), the simulation of u,
d and s fragmentation alone exhibits significantly less long range correlations than the simulation of all
flavours.

Both long and short range compensation are visible in the kaon correlation function (figs. ¢ and d).
However, their relative importance is strongly changed. The reduction of the short range effect reflects
that only few resonances with a sizable branching fraction into K"K~ are produced: only the ¢ has been
found within a jet; some contribution is due to the heavy quark decays. Therefore the amount of short
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Fig. 8.2.1. Pion (a, b) and kaon (c, d) compensation function [251]. The reference intervals have been chosen as 0<y. . <1.5 (a, ¢) and
1.5 < yqe <4 (b, d) and indicated by the strong black bars. Also shown are Monte Carlo predictions from Webber (dotted line) and the LUND
simulation with (solid line) and without (dashed line) heavy quarks.
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range compensation in the kaon spectrum represents the dynamics of jet development more closely.
The TPC group claims that only about 15% of the signal for short range correlations can be explained
by resonance production.

The kaon correlation function also exhibits a high compensation probability for large Ay, an
indication of long range effects. As discussed before, this result suggests that one is able to select events
of strange flavour by tagging the strange particle content at high rapidity values.

Also shown are the results from the three simulation programs of Webber and the LUND group with
and without the production of heavy flavours. The data can be very well reproduced by both models
provided all flavours are considered. Jets from light quarks alone show a much weaker long range
effect. This behaviour is in agreement with what has been previously discussed about the fragmentation
functions of light and heavy quarks. The high fraction of descendants from heavy quarks in the region
around y ~2 is a result of the hard fragmentation function for c- and b-quarks and has already been
discussed in sections 5.1.1 and 5.1.2. Since the fragmentation function of light quarks is much softer,
the rapidity distribution of their leading particles is much broader.

8.3. Baryon number compensation

Baryon production provides a probe for studying short range correlations that is even more free of
background from resonance decays than kaons: baryon/antibaryon pairs do hardly originate from one
resonance. In addition baryons that are descendants from a heavier baryon retain a momentum very
close to that of their mother particles. In that respect baryons are ideal for studying the compensation
mechanism. However, they are also rare such that the statistical significance of most measurements is
only marginal. In addition they are special, since it is not yet clear, how they are produced and
therefore their properties may not be representative of all hadrons. Rather, baryon number compensa-
tion provides an effective tool for discriminating between various models of baryon production.

Experimental results have been obtained by several groups for pp and AA and pA pairs. In general
the measurements from each single experiment have only limited statistical value. However, if
combined they provide a consistent and believable picture.

The TASSO collaboration studied pp correlations both in a narrow rapidity interval around y =0
[151] and for proton momenta between 1 and 5 GeV [251]. In the first study the rapidity difference
Ay =| Yo~ y§| of the p and p was compared to model calculations, for the second analysis the number
of pp pairs in the same or opposite hemisphere was counted.

The low rapidity data are displayed in fig. 8.3.1 in terms of the relative production angle §,; in the pp
rest system (fig. a), and the difference in rapidity | Yo~ yl_)| (fig. b). The distributions are not corrected
for acceptance. Also displayed are predictions of the models of Cerny et al. {153] assuming a stochastic
parton distribution, and the two models of Meyer and the LUND group assuming pointlike diquarks
[154, 155] (the models are outlined in section 4.3). The distributions are folded with detector effects
and acceptance cuts.

The stochastic model fails to reproduce the cos 6,5 distribution as well as the rapidity difference.
Both measurements indicate that the baryons are kinematically closer together than predicted by this
model. The diquark models, however, accommodate the measurement and support the assumption of
short range correlations in the fragmentation process. This result is in line with what has been learned
from the overall baryon yield and their fragmentation function discussed in section 4.3 and suggests that
baryons are formed by picking diquarks out of the sea.
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Fig. 8.3.1. Proton-antiproton correlations [151]. Shown are (a) distribution of the polar angle of the proton in the pp rest system, (b) rapidity
difference of the proton and antiproton. The lines correspond to predictions of the models Cerny et al. (dashed-dotted), Meyer (solid), and the
LUND group (dashed).

The results from the proton—antiproton correlations measured at higher momenta are listed in table
8.3.1 [251]. The only statistically significant signal of ~3.5¢ originates from pp pairs in the same jet.
The results are consistent with the predictions of the models of the LUND group and Meyer and
constitute another facette in favour of short range baryon number compensation.

This measurement can be converted into limits on the production of a primary diquark pair (i.e.
coupling directly to the y or Z°). Such a production is anticipated as one mode of baryon production in
refs. [16, 154]. Assuming a flat fragmentation function, less than 15% of all pp pairs, corresponding to
less than 0.12 pp per event, can be attributed to this mechanism.

The total number of AA (AA, AA) pairs measured by the TPC {142, 250], MARK?2 [141], TASSO
127], and HRS [129] collaboration is 62 (21.6). This is too small a sample to allow a detailed study of
the compensation mechanism. As can be seen e.g. from the TPC data (fig. 8.3.2) the prediction from
the LUND Monte Carlo (dashed—dotted line), including short range correlations agrees better with the
data than the dashed line for which independent production of A, A has been assumed. The other
experiments find essentially the same result.

In summary, there exist several independent measurements supporting the short range mechanism
with low significance each. Together they provide qualitative evidence for a short range mechanism of
the baryon number compensation. A quantitative evaluation in terms of correlation lengths or a
possible dependence on special event properties requires more precise results.

In addition to the search for short range baryon number compensation, other problems of jet
development can be tackled with baryon pairs.

A more detailed study of baryon—antibaryon pair production allows one to discriminate between
various models of baryon production. To this end the TPC collaboration [252] studied the angular

Table 8.3.1
Yields of pairs of equal and unequal baryon number in the
same and opposite event hemisphere

Combinations same jet opposite jets
pp/Pp 1.5+2.1 35+29
PP 15.5+4.5 12+26
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Fig. 8.3.2. Absolute value of the rapidity difference for AA pairs. Also shown are the predictions from the LUND-Monte Carlo (dashed—dotted
curve) and the expectation from the statistical expectation (dotted) [242]. The dashed line corresponds to the AA production excluding background.
The hatched area indicates the AA pairs found in the same event hemisphere.

distribution of the proton with respect to the sphericity axis in the pp rest frame. Their results are
displayed in fig. 8.3.3 together with the predictions of the cluster decay implemented in the Webber
model and of the diquark production of the LUND model (see section 4.3). Since the cluster is assumed
to decay isotropically (see section 2.2) the cos 6* distribution is flat in this model. Within the diquark
model the transverse momentum of particles with respect to the event axis is assumed to be much
smaller than its longitudinal component. This leads to a strong forward peak in the angular distribution.
The detector acceptance distorts the theoretical expectation into the curves shown in fig. 8.3.3b. The
data agree with the diquark model. To accommodate this measurement Webber introduced a coupling
g— DD (D for diquark) [253].

A further step can be made by studying the production of two baryon—antibaryon pairs. Since the
identification of all baryons is difficult, the TPC collaboration [254] has used their sample of pairs of
particles of the same baryon number for this. Some indication for a minimum of the correlation
function in the vicinity of the reference particle can be seen from fig. 8.3.4. Within the standard

2.0
.=
215
=
N
£ 10
c
=05
R ! T {
0 0.5 0 05 1
jcos6™

Fig. 8.3.3. Distribution of the polar angle of the proton (antiproton) in the pp rest system with (b) and without (a) detector effects {253]. Also
shown are the predictions from the cluster decay embodied in the Webber-Monte Carlo (dashed line) and the diquark picture of the LUND
program (solid line).
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chainlike fragmentation models these anti-correlations arise naturally since baryons can only be
produced alternating with an antibaryon and possibly mesons (see fig. 8.3.5). By comparing their results
to various fragmentation functions, the TPC group finds the data can be reproduced more closely with
the symmetric fragmentation function of the LUND model (2.2.5) than with the parametrisations
(2.2.3) and (2.2.4).

8.4. Local p; conservation

As mentioned before, the transverse momentum in a chainlike model is assumed to be compensated
locally (cf. eq. (2.2.7)). The quark and antiquark picked out of the sea have transverse momenta

Pi=-pi.

This correlation does not strictly persist in the final hadrons. The quark and antiquark combine with
partons from two different pairs each having a random transverse momentum. Therefore the correla-
tion is smeared out for subsequently produced hadrons.

Due to the reasons discussed before, baryons are an ideal place to search for local p, conservation.
However, as also mentioned, the signature for local p; conservation may be hidden by effects due to
their special production mechanism.

Several experiments used their baryon-antibaryon pairs to search for local p; conservation. As an
indicator they looked if the subsequent particles have predominantly opposite azimuthal angles with
respect to the event axis. The results published so far are conflicting. The JADE collaboration [255]
found a clustering of AA pairs around A¢ =180°. This result is supported by measurements from
MARK?2 [141] (see fig. 8.4.1b). On the other hand the distributions from TASSO [127], HRS [129] (see
fig. 8.4.1a) and the TPC [250] group show a flat A¢ distribution.

The lack of convincing experimental evidence for a local p., conservation in baryon pairs can be
turned around and attributed to the special mechanism of baryon production (provided local p.



270 P. Mattig, The structure of jets in e" e collisions

5 T ™ —
8 a | b)
TR _
N . :
5 50 - g
w 1]
s s | i
H 7 o
s
c 1 4
z
L ! ,
0 1 2 3 0 90 120 180
Ad,x (rad) A® (deg)
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conservation holds on the parton level). The TPC collaboration [252] compared their data with the
popcorn model of diquarks (see section 4.3) assuming a production chain baryon—-meson-antibaryon
instead of baryon-antibaryon. This model is an example of loosely bound (extended) diquarks where
one of the quarks within a diquark breaks out to join a qq pair from the sea and to form a meson with
some probability f.
This model was tested in terms of
(P PYy)
Xont <(p%ut)2> ’ (841)

out

where p; is the momentum component out of the event plane. Also the equivalent parameter «,, was
used as an indicator. It is obtained by replacing p_, by p,,, the transverse momentum component in the
event plane. Ideal local p; conservation for diquark pairs would yield @ = - 5. In case the baryon—
antibaryon pairs are always produced with an intermediate emission of a meson, @ would be positive.
From their measurement of «_ , (fig. 8.4.2a) and o, (fig. 8.4.2b) the TPC collaboration determines f to
be

out

f>045 at 90% CL.

M)

f= BMB/(BMB+BB)

Fig. 8.4.2. Correlation coefficient of the transverse momenta of pp pairs out (a) and in (b) the event plane [252]. The shaded area indicates the
measurement with its one o error. The solid lines are the model prediction as a function of the probability f for two baryons being interspersed by a
meson.
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This suggests that diquarks are loosely bound objects. Note, however, that the results are based on the
assumption of local p; conservation for which no evidence has been found yet.

8.5. Conclusions

Quantum number compensation provides an effective microscope of the hadronisation region. The
measurements revealed two distinct ways of how quantum numbers are neutralized within a jet:

(i) The charge and strangeness correlation function provided evidence for a quantum number
compensation in effect over long ranges of rapidity Ay =3-6 for test particles at high rapidities.
Everything is consistent with this being the trace of the primary quarks flying rapidly apart and
combining with other partons to form hadrons at relatively high x-values. The fraction of particles
containing the first quark is particularly large at high rapidity and x-values. This feature allows one to
obtain fundamental insight into the way the primary quark converts into hadrons and indicates a
technique to trace the quantum numbers of the primary quarks.

(i) In addition there is a high probability that two hadrons with compensating quantum numbers are
produced within a narrow rapidity interval of Ay ~1-2. Using the equation given in the appendix A.1
expressing the relation between the rapidity difference and the invariant mass and assuming p, =
300 MeV, pion masses and the difference A¢ of the azimuthal angle to be /2, this corresponds to the
“virtuality”” of the system \/M* — m? — m’ of 0.8-1.2 GeV. Evidence for short range compensation has
been found for the charge (which is mostly due to resonance decays, however), for strangeness, and for
the baryon number. The data are inconsistent with the assumption of a stochastic production of hadrons
or partons. In the special case of baryon production they support the concept of diquarks.

The measurements on the topological correlations of larger subsets, discussed in section 6, suggested
that the primary qq pair hadronises in an iterative way, i.e. in discrete steps. The results of this section
revealed that these steps are related to the emission of a flavour neutral entity like a gluon or some
other source of a qq pair. This is in line with the conclusions about the yield of identified particles (see
section 4) excluding any phase spacelike model of jet development. The data are still too scarce to be
more quantitative about the correlation length. They are consistent with the predictions of the standard
simulation programs for fragmentation.

9. When do non-perturbative effects become important?

It is a common belief that jets are shaped by the strong interactions as described by QCD. However,
as was already discussed in the first section, in its framework perturbative methods for calculatlng the
parton distribution can only be apphed up to a certain cut-off mass Q,. Whereas for high Q7 i.e. in
narrow space and time regions, quasi-free hard partons exist, there is bound to be a cloud of gluons and
partons at low Q° confined within a flux tube. What happens in the first region can be calculated using
perturbative QCD, for the multigluon case these techniques fail. Instead ad hoc recipes have to be
applied for converting the (hard) partons into hadrons.

At what value of Q° these effects from multipartons become dominant, is uncertain and cannot be
inferred from theory. In the early stages of the development of the various fragmentation models two
rather extreme views had been adopted: the QCD-shower simulation algorithms followed the partons to
a low Q,, the models based on the exact matrix element to a high Q,. Once the partons are generated
they are transformed in both cases into hadron distributions depending on the mass of the remaining
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parton system. The number of hadrons produced per parton is quite different in the two approaches. In
the cluster decays, which often constitute the hadronisation phase in shower models, about one hadron
is produced for each parton. For the high-cut-off algorithms the number is in principle unlimited. At the
PETRA and PEP energies, about four to five hadrons per parton are generated. Thus in the simulation
schemes two different energy scales are introduced. Their dependence on the total c.m. energy W is
different.

A change of Q, leads to strong variations of quantities like the three-jet cross section, the particle
content in an event, or the average multiplicity. Still, to obtain an estimate of Q, from these
distributions is difficult since they are correlated with other only marginally known parameters in
particular due to non-perturbative effects.

Finding the boundary between these two energy scales can only be accomplished by comparing
Monte Carlo simulations with different values of Q, to the data. This can be achieved by either
changing Q, within a specific simulation program or by comparing the QCD shower approach to the
high Q, approach.

Such an analysis can only be meaningful for distributions which are rather insensitive to fragmenta-
tion effects. The results presented in this section are based on (i) asymmetries in the energy—energy
correlations, (ii) the gluon fragmentation function, (iii) scaling violations of the fragmentation function,
(iv) energy dependence of measures of the event topology.

Whereas the first two use a sensitive distribution at a fixed energy, the latter two exploit the variation
of jet properties with energy. In addition, the information carried by prompt photon emission can
reveal the mass scale of non-perturbative effects. Although essentially no experimental information is
available, its potential will be addressed in section 9.5.

9.1. Asymmetry in energy—energy correlations

As proposed by Basham et al. [256] the energy—energy correlations provide a good measure of QCD
effects. They are defined as

dy 1 J do
o & ik dy,dr, 9.1.1
46 ~ oy ) dx, dx, dcos g <% 4% 4 G-L1)

where x; and x; are the scaled energies of particles i and j and 6 the angle between them. For two-jet
events dX/d6 exhibits peaks at 8 =0 and 180° due to particles within the same and the opposite jet.
Their exact shape is determined by fragmentation effects (see fig. 9.1.1d) and therefore theoretically
uncertain. To overcome those one considers the asymmetry of the energy—energy correlation.

A(8) = %%— (7r~0)—%20— 0). (9.1.2)

Since the fragmentation should be symmetric on both sides of an event, fragmentation effects tend to
cancel. Schematically the distribution of this asymmetry is displayed in fig. 9.1.1e. The asymmetry
should be a good measure for hard and soft gluon emission. Its tail at large angles has frequently been
used to determine «, (see review in ref. [257]). The asymmetry at small angles provides some sensitivity
as to how close to the jet axis QCD effects are important.
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Fig. 9.1.1. Schematic view of the asymmetry in energy—energy correlations. Energy—energy correlations on the parton level (b), after fragmentation
(d) and its asymmetry (e) both for two-jet and three-jet events.

The JADE collaboration [258] compared their data at W= 34 GeV to the predictions of the LUND
simulation for various values of y_._

Ymin = Mlzcl/s
Here M,, is the minimum allowed invariant mass of two partons k and / (cf. 2.1.3).

As can be seen from the results displayed in fig. 9.1.2 the distribution at small angles 6 obtained from
the simulation study is very sensitive to the choice of the cut-off mass. Whereas the model predictions
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for 6 > 30° are rather independent of the values of y considered, a large value of y = 0.05 leads to a dip
around @ ~ 15° indicating that two-jet and multi-jet events do not join smoothly. Lowering y washes the
dip out and leads to a better agreement with the data. A good description can be obtained for
Ymin = 0.0125, corresponding to a cut-off mass of M,, = 3.8 GeV. This value leads to fractions of 8%,
82%, and 10% for two-, three- and four-jet events, respectively. As discussed in section 2.1 and seen in
fig. 2.1.2b the high fraction of four-jet event indicates that the O(ozs2 ) exact matrix element is not
appropriate and that higher than second orders become important at these energies. Thus an even
lower cut-off mass seems to be more probable.

9.2. Model predictions for the gluon fragmentation function

The different treatment of the gluon allowed one to discriminate between the approaches of the
String and the Independent Jet fragmentation. The Leading Log Approximation treats the gluon
fragmentation still differently. Within the context of string fragmentation the particles emitted into the
direction of the gluon are due to two strings which fragment as a qq system. In the showering process
the gluon splits mostly into g— gg due to its higher colour charge. This leads to an increased branching
probability and therefore to a higher particle multiplicity and a softer fragmentation function compared
to a quark jet (see section 5.2).
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As discussed above, the MARK2 collaboration [210] has determined the gluon fragmentation
function in symmetric three-jet events at W= 29 GeV. They also compared their measurements with
model calculations. The results are displayed in fig. 9.2.1. Here the ratio of the particle yield in
symmetric three-jet events over that obtained in all events at a c.m. energy W= 3 x 29 GeV = 19.3 GeV
is displayed together with the predictions of the model of Ali et al., the LUND model, and the Webber
model (LLA approach). Note that in the version of the Independent Jet Model used, the gluon is split
into a qq pair according to the Altarelli-Parisi equation (see section 2.2.1). As already discussed, the
gluon fragmentation is softer than the quark fragmentation. Both the LUND Model and the Indepen-
dent Jet Model cannot accommodate this softness. The shower model of Webber, on the other hand,
gives a good representation of the data. This result suggests a more frequent branching along the gluon
jet and therefore a smaller cut-off mass than used in the LUND and Independent Jet Model. Note,
however, that the multiplicity in a gluon jet as determined by the HRS collaboration [211] agrees with
the expectation of the LUND model.

9.3. Scaling violations as a measure of the cut-off mass

The evidence for scaling violations in the fragmentation function has been discussed in section 3.2.2,
where they were shown to originate from QCD bremsstrahlung and to a minor extent from kinematical
effects. It is suggestive (cf. ref. [29]) to use the scaling violations as a measure of the cut-off mass.

The use of the energy variation to extract M_ seems possible since the two regions of hadronisation
and parton emission respond differently to a variation of the c.m. energy. An advantage of such an
analysis is its low sensitivity to the exact values of the fragmentation parameters used in the simulation.
Since one considers only variations in W, a possible inappropriate assignment of these values cancels to
first order. On the other hand one has to assume how M, varies with energy. Since the strength of the
gluon field should be uniquely given by the mass of a colour neutral system, the most straightforward
assumption is an energy independent M_. Other variations have been conceived, Walsh and Zerwas,
e.g., suggest that confinement effects become important if a parton travels further than a distance
O(mgl) and therefore
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Fig. 9.2.1. Ratio of the average fragmentation function per jet in symmetric three-jet events at E. =29GeV to that of two-jet events at
W= % x29GeV [210]. The data (full circles) are compared to the Independent Jet Model (dotted line), the string model (dashed-dotted), and the
shower algorithm (dashed).
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In the following analysis (see also ref. [109]) the prediction of the LUND Monte Carlo is compared
to the data assuming a certain cut-off mass and value of the second order QCD scale parameter Ayg.
This is done in terms of the ratio of the fragmentation function at two different c.m. energies. In fig.
9.3.1 the ratios between W=14 and 44 GeV, respectively 14 and 34 GeV are plotted together with
results from the LUND Monte Carlo assuming M_ =2, 4 and 6 GeV and Az =0.5GeV (fig. a). The
variation of the simulation result on the QCD parameter A is shown in fig. 9.3.2. Here M_ was set to
M, =4GeV and Az =0.1 and 1.5 GeV was assumed.

As already discussed in section 3.2.2 the LUND simulation on the basis of the exact second order
QCD matrix element gives a poor description of the size and x-dependence of the measurements. The
observed scale breaking is stronger than predicted by the model in the region 0.2<x, <0.5 for all
values of M_. The variation of the scale breaking with a change in M, exhibits a peculiar behaviour. The
ratio between W= 14 and W= 35 GeV increases when changing M, from 6 to 4 GeV. This is expected
since the fraction of three- and four-jet events should increase (cf. eq. (2.1.2)). However, this trend is
reversed for the even lower value of M, =2 GeV. As discussed in section 2.1 the a’ model runs into
problems with unitarity at very low cut-off masses. These are reflected in the small scale breaking for
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Fig. 9.3.1. Ratio of the fragmentation functions at W = 14 and 44 GeV Fig. 9.3.2. The same as fig. 9.3.1. For the model calculation the QCD
(a) and 14 and 34 GeV (b) as a function of x,. The data (crosses) are parameter Ay, was varied, M, was set to 4 GeV.

compared to the prediction of the LUND model using second order
QCD corrections assuming various values of the cut-off mass M.
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M_=2GeV*. The strength of the scale breaking observed indicates that already at W= 34 GeV higher
orders become necessary (although the statistical significance is marginal). The discrepancies between
model and data become even more prominent for the ratio W= 44/W = 14 GeV. In this case the model
predictions for M, =4 and 6 GeV are about the same and fall significantly short of describing the
strength of the scale breaking observed.

As can be seen from fig. 9.3.2 the discrepancy persists also when the value of Agg is changed. The
ratio predicted by the O(a,) model changes only marginally when increasing Az from 0.1 to 1.5 GeV.
Note that from the topology of events at a fixed c.m. energy Ayz is determined as ~0.5 GeV.

The QCD shower algorithms provide a much better description of the scaling violations observed. In
fig. 9.3.3 the measurements are compared to the LUND shower algorithm combining the parton
distribution as given by the LLA down to some cut-off mass M_ with string hadronisation. The hadronic
events were simulated with three different values of M_: 0.88, 2 and 4 GeV. As can be seen, the highest
cut-off mass falls short of describing the size of the scale breaking, whereas M, =2 and 0.88 GeV are in
quite good agreement with the data. The value of M =2 GeV tends to underestimate, the value
0.88 GeV to overestimate the scale breaking**). Thus within the limited accuracy of the data a cut-off
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*) Technically such a small cut-off is not realized in the LUND Monte Carlo at W= 34 and 44 GeV. Instead M_ is reset in the computer program
to M, ~4 GeV to accommodate unitarity.

**) A value of Agc,=0.4GeV as used for these simulations. This limits the value of M, since a cut-off M_>2.24 is incorporated in the
program.
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mass around 1 GeV seems appropriate. Such a small value leads to an average parton multiplicity of

~10 at W= 44 GeV and is therefore consistent with the break-down of the O(a’)-calculations discussed
before.

9.4. Topological studies

The JADE collaboration used event topologies to discriminate between the matrix element and the
QCD shower approach [115]. They analysed both the data at a fixed energy of W =34 GeV, where the
majority of their events has been collected, and those measured at the different c.m. energies obtained
at PETRA.

The topology of an event was studied in terms of the cluster multiplicity and the acoplanarity (see
appendix A.2)

A=smin(3 1p,d /217

where p, ;- is the momentum component of particle i transverse to the event plane.

To examine the influence of the cut-off mass, they developed a cluster algorithm similar to the
cut-off used in the QCD models (cf. section 2.1). The particles in an event are combined into
subsamples k, / which have to fulfill

M12<I/E3is < ycut

Here E, is the total visible energy in the event, M, a quantity related to the invariant mass of two
clusters, and y_,, is a free parameter that was varied in the analysis.

The fraction of cluster multiplicities found with this algorithm in the data and the two kinds of
models of Webber and the LUND group (“O(a’)”) are displayed in fig. 9.4.1 as a function of y_,, at
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Fig. 9.4.1. Dependence of the observed n-cluster rate on the cut y,,, = M/ EZ, in the cluster algorithm [115]. The data (full circles) are compared to
the LUND O(a?) (full line) and the Webber (LLA) Monte Carlo (dashed line).



P. Miittig, The structure of jets in e¢'e” collisions 279

W =34 GeV. For this analysis the value of A, was fixed according to the results from the asymmetry
of the energy—energy correlations (cf. section 9.1). Since more particles are absorbed into one cluster,
the two-cluster rate increases with y_,, whereas the fraction of higher multiplicites decreases. Both
models exhibit discrepancies at fixed values of y,_ ... Whereas the approach based on the Leading
Logarithm Approximation (LLA) underestimates the fraction of events with three clusters but agrees in
the four-cluster rate, the O(a?) model gives a better description of the three- but underestimates the
four-cluster rate. Qualitatively this difference is independent of a change of the fragmentation
parameters. Note, however, that at least for the four clusters the difference between model and data is
less than a percent.

The energy dependence of the cluster multiplicity was studied for a fixed M,, of 6.8 GeV, which
corresponds to y_,, =0.04 at W= 34 GeV. The different fractions of cluster multiplicities are shown in
fig. 9.4.2. The fractions of three and in particular of four clusters increase considerably with energy.
The discrepancies found at W= 34 GeV persist at all energies.

A related result is obtained from the energy variation of the acoplanarity distribution (fig. 3.4.3).
Since the acoplanarity is sensitive to components outside the event plane, it is particularly suited for
studying the contribution from events with more than three jets. Whereas the O(a>) model does
reproduce the data at W=22GeV it falls short of describing the tail of high acoplanarity events
observed at higher energies W =34 GeV and W =44 GeV. The LLA model, however, reproduces the
data at all c.m. energies. By mixing five-jet events from the LLA approach with the result from the
matrix element calculation a better agreement is observed. The JADE collaboration interprets these
results as indications for events with a jet multiplicity larger than four. These cannot be generated
within the O(a’) calculations, but arise within the shower approaches.

A similar conclusion emerges from the analysis of ref. [65]. The MARK2 collaboration compared
their measurements at W=29 GeV as well as measurements from other collaborations at different
energies to various models [48, 259, 39]. For this analysis 3-5 free parameters for each model,
determining essentially the QCD evolution, were optimized.
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Fig. 9.4.2. Dependence of the observed n-cluster rate on the square of the c.m. energy [115]. The data (full circles) are compared to the Monte
Carlo results of the LUND O(a?)-program (solid line) and the LLA model of Webber (dashed line).



280 P. Miittig, The structure of jets in e'e¢” collisions

The best agreement has been obtained for the LUND O(a’) calculation and the LUND shower
algorithm with some preference for the latter. The O(a’) model has deficiencies in distributions that
are sensitive to higher than second order corrections: the aplanarity, the minor-variable and the
py"-distributions (which are of course all correlated). This is in agreement with the observation of the
JADE group. Within the shower models the MARK?2 data could best be described with a cut-off
parameter of 1 GeV, which is consistent with the analysis of scaling violations presented in section 9.3.

9.5. Direct photon production in jets

Another method to study the development of jets [29] is the use of prompt photon production in
jets. The photon is an ideal tool for probing the hadronisation region since it is colourless and can break
undisturbed through the gluon cloud formed between the hard partons. It therefore carries direct
information about the state of the quarks. In sharp contrast to this, quarks are supposed to scatter
strongly in this cloud and the outcoming hadron is deprived from carrying the direct information.

This theoretical interest has to be confronted with the huge experimental problems of identifying
direct photon production in jets. Firstly photon radiation from quarks is suppressed compared to gluon
radiation by the electromagnetic couplmg a over the strong coupling a,. Secondly, in addition to photon
bremsstrahlung from the initial ¢ * and e, there is a considerable amount of photons in jets due to ="
(and 7) decays. From table 4.1.1 it follows that at W~ 30 GeV about 10-12 photons per event originate
from meson decays.

The structure function for photons in the Born approximation has been calculated by Walsh and
Zerwas [260] as being

1 do

— Tdoosg ~ S+ cosB)Fr(x, Q%) + 5(1+sin)F (x, 0%), (9.5.1)
with
Fr(, Q) =51 2 R, ﬁ_H(l ) 1o ZUZY (9.5.2a)
1 -
Fy(x, Q° TR, &R, — 4 (xx) (9.5.2b)

where x is the fractional energy of the photon x =2E /W and 6 its polar angle, R 1s the cross section
for the production of a quark q in terms of the pointlike QED cross section €"e” —u'p". The
corrections due to higher order QCD effects have been calculated in refs. [261, 262].

These formulas predict the prompt photon yield to increase with energy and to have a hard
fragmentation function. Both features are different for mesons which are found to fragment according
to

do/dx=(1—x)%x,

(cf. section 3.2.1) and whose yield is found to become smaller at high x with increasing Q° These two
properties suggest an experimental strategy for searching for prompt photon production: one should
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select photons with high x-values at a large angle to the beam axis. High c.m. energies should increase
the purity of prompt photons.

The uncertainties about the mass scale of the hadronisation region are within the range M_~
1-5 GeV. Photons carrying information about this region will therefore have a p; =2.5 GeV. Depending
on the state of quarks in this region they will exhibit a different dependence on x and p;. For two
extreme assumptions one would have the following expectations [262]:

(i) If only very little perturbative evolution exists in that region, radiation from hadrons becomes
relevant. Thus the photon spectrum should reflect the fragmentation function of hadrons and vanish
with x—1.

(ii) If perturbative evolution is valid down to much lower masses, the x-spectrum of photons is
expected to be hard also for low p.’s.

The two scenarios are sketched in fig. 9.5.1.

As yet experiments have little to say about these predictions. Two measurements giving evidence for
direct photon production have been published. The MAC collaboration {263] has found a charge
asymmetry

A=(-123%3.5)%

in events with a hard photon. This asymmetry is due to the interference of photon emission in the initial
and final state. The JADE collaboration [121] has observed an excess of 56 +22 photons over the
expectation from QED in a region where the contribution of photons from fragmentation is negligible.

These results do not add new information to the discussion about the non-perturbative mass scales.
However, they should be seen as a first step to analyse direct photon production in a jet. The higher
energies and larger data samples obtained in the near future will provide a more fertile ground for such
an analysis.

Q>p, > 2 Gev

p, < 2 GeV

do/dz

{b)
500 MeV < p, < Q

P, £ 300 MeV

0 2 1
Fig. 9.5.1. Schematic view of the x (denoted by z) dependence of prompt photons of some transverse momentum to the quark direction [262]. (a)
Perturbative parton evolution gets superseded by non-perturbative effects at an invariant parton mass of the order 5 GeV. (b) Perturbative parton
evolution continues down to invariant masses of the order of the p-mass.
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9.6. Conclusions

In this section the mass scale of the transition from a perturbative to a non-perturbative treatment of
the development of jets has been discussed. Such a mass scale is at least a technical prescription used in
all QCD inspired approaches to jet development. It indicates at which stage the mathematical power of
predicting parton distributions dies out and ad hoc prescriptions have to be used for converting the
partons to the finally visible hadrons.

Basically two ways have been proposed to obtain indications of the mass scale. In the first one data
and simulation programs were compared at a fixed energy using different cut-offs. In the second one the
energy variation of distributions sensitive to QCD effects were examined.

There is a consistent trend in all of these results towards a lower cut-off mass than traditionally used,
indicating that higher than second order QCD corrections are necessary at c¢.m. energies around
W =40 GeV. The experimental indications are a low y_, to describe the asymmetries of the energy-
energy correlations, the better reproduction of the gluon fragmentation function by shower models, the
breakdown of the O(a’) prediction of the scale breaking of the fragmentation function and the
relatively strong component of transverse momenta out of the event plane.

These results suggest that the trend to higher jet multiplicities persists with increasing energy: at
W <20 GeV the data could well be described as being just two-jet events, evidence for three-jet events
was found at W~ 30 GeV, four jets are essential to describe the data at W~ 44 GeV*).

Higher jet multiplicities can only be accomplished through shower approaches which are based on
theoretical approximations. Whereas, as discussed in the previous sections, the shower model combined
with the cluster decay for hadronisation has problems in describing several features of the data, its
combination with strings leads to results that are largely consistent with all known data. Within this
scheme cut-off masses of 1-2 GeV lead to a good description of both the distributions at a fixed energy
as well as of their energy variations. This implies that about 10 or 15 individual string-pieces fragment
respectively at W= 44 or 100 GeV.

PART III. JETS OF THE FUTURE

As was discussed in the introduction, the interest in jet physics is at least twofold. Firstly jet
properties have to be explained on the basis of a fundamental theory which is generally believed to be
QCD. Secondly jets are the only experimental signature of quarks and gluons and the penetration into
smaller and smaller regions of space—time requires a reconstruction of the fundamental partons in the
high Q’-interactions. In both respects there still exist many unsolved problems.

Although the general topology of hadronic events is well understood within the standard model, the
connection of the details of the jet structure to a theoretical framework is only marginally developed.
Our insight today is mainly due to comparisons of data with QCD motivated models that still have quite
a lot of freedom in their parametrisation. The difficulties are not only due to theoretical limitations. A
lot of measurements require a considerable improvement both in systematic and statistical accuracy
before one can step from a qualitative comparison to a quantitative analysis.

The use of jets as manifestations of the fundamental partons has only recently emerged with the new
energy scales reached in particular at the SppS collider at CERN. The new generation of particle

* Indications for four-jet events have already been observed at W= 335 GeV [264].
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accelerators of the 90’s probing higher energies and at least in part producing higher event rates will
open new chances for improved measurements on the structure of jets as well as make it more urgent to
proceed to parton instead of hadron dynamics.

In this last part we will attempt an extrapolation from today’s knowledge of jets to the chances and
challenges provided by this new generation of machines.

10. Fragmentation tests at future colliders
10.1. General remarks

The agreement between models and data discussed in the previous sections is remarkable for single
particle, two particle as well as event distributions.

However, much of our ignorance is hidden in some ad hoc parameters and the sometimes
considerable systematic and statistical uncertainties. In many cases the agreement indicates only some
qualitative feature of the jet dynamics but still lacks a precise quantitative evaluation. It can be hoped
that with increasing precision of the data and larger ranges of Q° covered, basic questions can be
addressed in a more quantitative way.

The main issues of experimental and theoretical interest at the moment are as follows:

- How does the trend towards higher jet multiplicities continue with increasing energy and what is their
differential cross-section?

— How and when do non-perturbative effects become relevant and what is the relation between hadron
and parton dynamics?

— How are quantum numbers precisely compensated? Today’s data give a first impression of short range
correlations but they are much too coarse for a detailed examination of the sequence of particle
production.

— Is there any Q7 and x-dependence in the sea content? Related to this are possible effects from a
diquark form-factor.

— How much and in what respect do gluon jets differ from quark jets?

In view of the measurements of the near future, it can be hoped that some of these questions can be
addressed in a more profound way.

All future machines measuring at high Q° can contribute essential and sometimes complementary
insight into the problems of fragmentation as the various kinds of reactions have already done in the
past. Data from the SppS collider on the structure of jets are emerging and give access to W’s of up to
200 GeV and in particular to gluon jets. The higher energies at the Tevatron and even more at the LHC
and SSC [265-267] will extend this scope*’. At the ep-collider HERA it will be possible to probe jets of
known flavour (u or d) up to W’s of 200 GeV [268].

A big step forward can be expected from the new e e colliders. The results discussed in this article
are based on c.m. energies 10 <W <45GeV and event yields of ~250000 around W= 10 GeV and
~40 000 at W~ 30 GeV for each experiment. Soon both the c.m. energy and the event samples will be
increased considerably. With the SLC and LEP producing data, millions of events at energies of
W =100 GeV will be waiting to be analysed.

*) They may, however, require special detectors to do that.
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It is obvious that this plethora of information will increase our insight into jet development
substantially. The high energies will allow one to separate effects from fragmentation and from hard
parton dynamics in a much cleaner way and to study the Q° dependence of various distributions with a
longer lever arm. The topology of multiple jet production will show up much more pronounced. The
larger data samples will lead to an increased accuracy of the properties of single particle production,
two particle distributions to analyse the mechanism of quantum number compensation, and the
separation of jets originating from different flavours.

As a consequence many uncertainties still plaguing today’s results will be decreased. For example,
the accuracy of the particle yields currently measured is mostly limited by systematic errors, a large part
of those is due to uncertainties in the fragmentation. The future high statistics measurements will help
in an iterative way to gain insight into the fragmentation properties as a whole and as a consequence
lead to a reduction of the systematic errors. It is obvious that this higher accuracy will improve our
understanding of the dynamics of jet evolution, and probably only then it will be possible to go from
something like an art of choosing the correct parametrisations to a search for systematic properties and
trends even if a complete calculation from the first principles of QCD is not possible.

In the following some possible qualitatively new measurements will be addressed. Partly they are
illustrated by results from simulation studies. For these studies we have used parametrisations that are
appropriate at the e’ e energies of W=230-40 GeV being accessible now. It is not obvious if these
pertain to the tripling of the energy. Therefore the quantitative power of the predictions is limited,
however, the qualitative trends should be reliable. In addition, the effects and limitations due to
detectors are neglected. These pictures should be therefore regarded as mere indications of what we
might face in jet-physics in the next decade.

10.2. Some possible fragmentation studies of the future

10.2.1. Jet multiplicities

The first indications for events with more than four jets have been found at W~ 40 GeV [115] and
were discussed in section 9.4. At energies around W = 100 GeV the difference in jet topologies between
the second order string formalism and the QCD shower algorithms will be much more pronounced.
Figure 10.2.1 displays the fraction of cluster multiplicities as predicted by the Webber and the O(a?l)
LUND programs at W=34 and 100 GeV. For W=34GeV the multiplicity distributions of the two
algorithms are quite similar. At the higher energy, however, they are substantially different. Whereas
the majority of events remains at cluster multiplicities of ~3, the shower program predicts that about
20% of all events have more than four clusters. It will therefore lead to events with higher sphericity
and aplanarity than expected from O(a’) models. The implications e.g. on the sensitivity to top
production at the Z° energies has been discussed in ref. [269].

It should be noted that a complete and exact QCD calculation will not be available for the higher
energies and that the shower agorithms used are only approximately correct. A study of the differential
distributions at the high energies should improve the understanding of how partons decay to form new
sources of distinct jets.

10.2.2. Scaling violations

As discussed in section 3.2 the scaling violations observed for energies between W= 14 and 44 GeV
are due to p; and mass as well as to QCD effects the latter one being of prime interest. These two
features can be disentangled by their different Q° dependence (cf. section 9.3), in particular the first
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Fig. 10.2.1. Cluster multiplicity predicted by the LUND O(a?) and Fig. 10.2.2. Scaling violations of the fragmentation function at W=
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fragmentation functions at (a) W=14 and (b) 35GeV to that at
W =100 GeV. The LUND shower algorithm was used assuming vari-
ous values of the cut-off mass M..

effect is expected to become less important with higher energies and a comparison of the fragmentation
function at W= 14 and 35 GeV with 100 GeV should be essentially free of kinematic distortions. Note
that the flavour composition at the Z° is different from that in the continuum around 40 GeV. However,
since the overall fragmentation properties are independent of the flavour (cf. section 5) or at least
reasonably known this should impose no problem for the interpretation of scale breaking. The results of
a simulation study using the LUND shower algorithm are shown in fig. 10.2.2 in terms of

(/o - do'/dx;.)wzu 15 Gev

R(x,)=

- (1o, - da/dxp)W=100 Gev

The results are plotted for various values of the cut-off mass M, (cf. discussion in section 9.3). The
simulation studies predict a large scale breaking effect which goes approximately like In(W,/W,). Thus
the ratio of the fragmentation functions for x, > 0.2 is about
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Although the ratio for W=35/W =100 is not expected to be larger than what has been analysed up to
now, the statistical and systematic uncertainties are much smaller here than at the lower energies. Both
the longer level arm and the higher accuracy will provide a larger sensitivity to details of the predictions
and parameters like the cut-off mass.

In particular, scaling violations can be studied for special kinds of particles and in the case of D*’s
even for particles of known rank. The ratio of the fragmentation function of D*’s in the Webber—Monte
Carlo 1s displayed in fig. 10.2.3. It is substantial and should be known quite precisely at least for high
Xg. At low x <0.5 the measurements at W= 34 GeV are not very accurate and at W= 100 GeV could
be distorted by D*’s from bottom decays or from the branching of a virtual gluon of high mass (cf.
section 10.2.4). Calculations based on the leading log approach predict the average energy fraction of

heavy quarks to decrease with
(50) ™ = (a (M) la (W) 2"

With b= 4 N_ - 5n,=7.66 and M the mass of the heavy quark [270], this leads to a ~10% decrease
between W= 34 and 100 GeV. It seems therefore possible to test QCD predictions in a more profound

way.

10.2.3. Prompt photon production
As discussed in section 9.4 the measurement of prompt photons produced in jets with a small p; with

respect to the jet axis may allow one to test the hadronisation region directly. No such measurements
exist up to now at energies W <40 GeV. The future chances are more promising:
— The increased statistics will be favourable to the strongly suppressed direct photon yield.
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Fig. 10.2.3. Ratio of the D* fragmentation function in charmed jets at W =35 and 100 GeV as predicted by the Webber shower Monte Carlo.
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— It will also allow one to determine the background from =° and n production much more reliably.
— The ratio of prompt photons to 7’s will increase with higher energies.
Still, this will be a rather difficult experiment.

10.2.4. Heavy quark production in light quark events

As discussed in section 4.5, charm and bottom quarks can only be produced as primary partons in
jets around W~ 30-40 GeV. In the standard string approach the probability of a fluctuation out of the
vacuum is exceedingly small due to their high mass. At higher energies, however, another source of
charm and bottom quarks opens up: the phase space for massive virtual partons increases. Their masses
will exceed the threshold for QQ production more frequently and a gluon can decay into a pair of
charm or even bottom particles. The predictions from the Webber (shower) Monte Carlo are
reproduced in fig. 10.2.4 as an example. Here a simple phase space decay of the clusters was assumed
with no additional suppression factor. Only events originating from primary u, d and s-quarks are
considered. Both the predictions for the number of D*’s as a function of the c.m. energy W (fig. a) and
the fragmentation function (fig. b) are displayed. The number of D*’s per event is seen to rise rapidly
with energy. At the Z° mass about 4% of all u, d and s-events are expected to contain a D*. In contrast
to the hard fragmentation function of primary charm and bottom quarks, that from the g— QQ is softer
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Fig. 10.2.4. D*s in light quark events. (a) Fraction of D*’s in events from light quarks u, d and s as a function of the c.m. energy W
{Webber-Monte Carlo). (b) Fragmentation function of D*’s at W= 44 and 100 GeV.
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with an average value of x decreasing from 0.196 to 0.123 between W= 44 and W =100 GeV. It may
require considerable experimental effort to firstly identify the D*’s at those low values of x and secondly
show that they are indeed coming from u, d and s-events. One signature is that two charmed particles
are produced closely together in rapidity.

In addition to this source of heavy quark production, others may be conceived: motivated by a
publication of the UA1-collaboration presenting a surprisingly large yield of D*’s in jets from hard pp
collisions with a soft fragmentation function [271], Ali and Ingelman [272] suggested some non-
perturbative mechanism for charm production. They assume that virtual quarks with a mass larger than
the threshold for the production of flavour f can hadronise in particles containing f-quarks. The
discussion indicates that charm production from the non-leading system may serve as a tool for
exploring the masses involved during the development of jets.

10.2.5. Short range compensation scheme

The increased statistics and the progress in experimental techniques of identifying particle types will
allow one to study the compensation mechanism with considerably higher accuracy. In addition to the
correlations of two particles larger sequences of particle production will be accessible through three or
even more subsequently produced particles (q,q,) +(q,q;) +(q;59,) (- +(q,qs)). The new scope of
such an analysis is that the time structure of their production is much better defined than for two
particle correlations. The ordering of two particles defines the order of the third (and fourth) one.
Assume a unique relation between rank and rapidity and three particles with the same type of flavour f:
fi» f>, f, at rapidity values y,, y,, y;. Here the quantum numbers of particles one and three are supposed
to be positive and of two negative. If these three particles are subsequently produced and y, > y, then
y,>y,. In the standard fragmentation chain (e.g. string model) y, >y, is not allowed. In reality these
relations are washed out since the relation between rank and rapidity is not strict.

An analysis of the production of two pairs with related quantum numbers therefore allows one to
examine how such an ordering of hadron production persists with increasing distance. Distortions of
such an order could be cluster decays in which the orientation is lost, the existence of subsystems (e.g.
several strings) that are close together in phase space, etc.

Even if particles are not subsequently produced (which will anyhow be extremely difficult to establish
experimentally in most cases), the analysis of two pairs with the same type of compensating quantum
numbers is rewarding. For such an analysis, however, it is important to make sure that one does not
mix hadrons from different pairs which may destroy the ordering. Rather the particles considered
should belong to the same pairs. To achieve this it is preferable to analyse particles of quantum
numbers that are rarely produced. A first glimpse of BB/BB pairs has been presented by the TPC
group [254] (see section 8.3).

As was pointed out before, if two baryon/antibaryon pairs are produced within one string, the
baryon and antibaryon can only be produced if their difference in rank is odd, between a baryon and
another baryon only if it is even. This indicator offers in principle a tool for investigating models of
particle production as the popcorn model (cf. section 4.3) or the number of fragmenting subsystems.
Simulation studies, however, suggest that the ordering of two BB pairs is rather strongly distorted. It
requires a lot of statistics for sensitive tests.

Other problems that can be addressed are related to the correlated production of quark pairs. It is
important for the understanding of baryon production to find which kinds of baryons are frequently
produced close together and if indeed correlations of a diquark content can be found.
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10.2.6. Fragmentation function for different particle species

As discussed in section 4 it is generally assumed that the fragmentation functions of different particle
species are about the same. Other prescriptions like the symmetric LUND fragmentation function
(2.2.5) or the mass dependence of the V/(P + V) ratio (4.2.1) exist. The precision available at the Z°
may allow one to check these assumptions in some detail.

10.2.7. Gluon fragmentation

The properties of gluon jets and their impact on the particle and energy flow in hadronic events have
contributed to our knowledge about hadronisation in a very special way (sections 5.2, 6.2, 9.3). The
details of gluon jets and how they differ from quark jets are, however, still uncertain.

At the high energies of the future the gluon jets will be better separated even if they are emitted
under only moderate angle with respect to the quark jets. Their inclusive properties, their fragmenta-
tion function and their particle content can therefore be measured with much improved accuracy.

If it is not too massive the toponium system may be used as a source of gluon jets. Neglecting for a
moment the problem of how to separate the decay ®(1S)— ggg from the increasing portion of
competing decay modes and the reduced signal to background ratio, they will allow one to check
several open problems like baryon production in gluon jets and to study the particle and energy flow
between jets. The LUND group expects the relative enhancement of baryon production to decrease
with the mass of onium states. This is not true in the model of Field (cf. section 5.2).

11. From jets to partons

With the new accelerators coming into operation during the 1990’s, smaller regions of space—time
will be explored, new symmetries and deeper levels of matter will be searched for. In this Q° regime
partons act asymptotically free, the strength of the confining force of the colour field is negligible. These
free partons are the relevant entities for the analysis. The physics aims at these Q° require to reverse
the approach towards jets. The focus is not any more on how a parton converts into hadrons, but on
how to extract the properties of the primary partons from jets. What has to be determined from the
measurements of the final particles are the energy, momentum and flavour of the interacting quarks and
gluons.

To clarify the aims and problems one can consider the process e 'e” >W W (see e.g. ref. [273]).
To measure the mass of the W-boson one has to reconstruct its invariant mass by combining jets. To
study their production mechanism the direction of the W’s has to be known. To determine the couplings
of quarks to W-bosons the flavour of the primary quarks has to be tagged. Experimenters will be
confronted with similar tasks for detecting the Higgs particle, studying supersymmetric particles or
other expected or unexpected phenomena at high energies.

The problems involved in determining parton properties from the jet structure will be discussed in
this section.

11.1. The reconstruction of direction and energy

The quality of reconstructing jet energies is determined by two effects. One is purely due to
imperfections of the measuring devices: the response of the various detector components to the
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individual particles distorts the reconstruction of jets. The other one is related to the structure of jets:
since these are extended objects, their particles scatter around and may mix with those from other jets.
The ability to properly associate particles to jets limits the accuracy of determining their properties.

11.1.1. The detector response to jets

The detector devices for measuring the jet properties can be divided into (a) charged particle
detector, (b) electromagnetic calorimetry, (c) hadronic calorimetry, (d) muon chambers.

These devices are sensitive to different, though partly overlapping types of particles in an event.

The average fraction of energy in hadronic events from e ‘e~ annihilations carried by these different
types of particles has been given in section 4.6. More relevant for the quality of the measurement are
the event to event fluctuations of these different components. In fig. 11.1.1 the results of a simulation of
e'e events at W=100GeV are displayed. Plotted is the total fractional energy of the charged
hadronic, the electromagnetic and the neutral hadronic component. Each component is normalized.

These graphs show substantial fluctuations of the various components. In particular they underline
the need for the measurement of the neutral hadronic component for a complete determination of the
energy. For a reasonably accurate measurement of the jet energy it is therefore necessary to be
sensitive to each component. To avoid systematic problems and degradations of the resolution one has
to measure the various components in the same way. These fluctuations are one reason for the need for
compensating calorimetry (i.e. to have the same calorimetric response for the electromagnetic and
hadronic energy) [274] to obtain the best possible resolution. As for the average values, the width of
these distributions does not change with the energy of the jet, a result due to the approximate scaling
behaviour of the fragmentation function. The components differ substantially for different flavours, e.g.
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\_ — -—— NEUTRAL HADRONIC ENERGY
\‘ W = 100 GeV

Fig. 11.1.1. Fluctuations of the various components contributing to a jet in terms of their scaled energy. Each component is normalised (Monte
Carlo simulation).
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the charged hadronic energy is ~15% higher for u- than for b-events. The neutral hadronic energy is in
particular large for strange events.

These arguments strongly suggest the need for a full calorimetric measurement for a determination
of jet energies. Its relevance for a complete reconstruction of energies, however, depends on the type of
collisions analysed. The particular advantage of ¢ e~ annihilations is the precise knowledge of the
initial states. It allows one to reduce the fluctuations of the reconstructed energy even without full
calorimetry. In this case the total energy is determined by the machine parameters to the level of 10>
and the c.m. system of the event is known to coincide with the laboratory system. This allows one to
apply powerful constraints for the event reconstruction (e.g., see refs. [275, 276]). At least for the
charged current reactions in electron—proton collisions and for hard hadron-hadron collisions where
the initial parton—parton state has to be inferred from the final products, full calorimetry becomes
essential. An illustrative example has been given by Holder in a study for experimentation at the
ep-collider HERA [277]. He simulated the quality of reconstructing x and Q°, the basic parameters for
describing lepton—quark interactions, with two types of detectors. The first one consisted of only a track
chamber with a momentum resolution Ap/p =0.003 and an electromagnetic calorimeter with AE/E =
0.12/VE (fig. a), the second of a hermetic calorimeter with AE/E = 0.85/V'E (fig. b). The quality of
the measurement in both cases is displayed in fig. 11.1.2. Clearly visible are the significant tails in fig. a
which Holder attributes to the loss of K s and neutrons.
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Fig. 11.1.2. Quality of reconstructing Q° for charged current events at the in ep-collider at HERA [277] assuming (a) a tracking device with
Ap/p =0.003 and an electromagnetic calorimeter with AE/E =0.12/VE; (b) a hermetic calorimeter with AE/E = 0.85/VE.
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For the design of the charged particle detector, for the estimation of possible absorptions in front of
the calorimeter, and for the depth of the calorimeter it is important to know how much energy is
deposited in low momentum particles. Figure 11.1.3 displays the energy fraction contained in particles
of a momentum smaller than p_  as a function of p_,,. Here only the charged component is taken into
account. The curves for W= 14, 22, and 35 GeV are obtained from the measurements discussed in
section 3.2, the curves at W= 60 and 100 GeV are results of Monte Carlo simulations*’. As expected
from the approximate scaling behaviour of the fragmentation function the curves have a very similar
shape shifted to higher momenta p_,, with c.m. energy. The momenta corresponding to the same
fraction of energy increase less than linearly with W, implying still a significant energy fraction
contained in particles of low momentum: more than 6% of the energy at W=100 GeV is carried by
particles of a momentum smaller than 1 GeV.

In contrast to the determination of the jet energy its direction is not strongly distorted by losses of
particles. Since the particles are clustering within narrow bundels around the jet axis its direction is well
represented by even a small fraction of the hadrons. Due to this property it is possible to reconstruct
the jet axes from charged particles alone as has been frequently done at PETRA and PEP. For the
reconstruction of the primary parton, say the primary quark produced in e "e  collisions, the situation
becomes more complicated. Since a parton produced at high Q? can decay into several gluons and
quarks at rather large angles giving rise to distinct jets, its total energy may be spread out considerably.
The limited accuracy of the energy measurement then propagates into an error of the direction of the
original parton.
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Fig. 11.1.3. Energy fraction contained in particles with p < p_,, for various c.m. energies. Data are used for 14 <W <35 GeV, the results for W = 60
and 100 GeV are due to Monte Carlo simulations.

*) Results for W= 2 TeV can be found in ref. [278]. This paper contains several other interesting distributions. In particular the predictions from
various different models are compared.
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11.1.2. Effects due to the brouadness of jets

The properties discussed so far are related to the particle content within jets and have to be taken
into account in designing appropriate detectors. The quality of the jet measurement is also distorted
due to the jet structure itself. There are two apparently contradicting trends displayed in figs. 11.1.4 and
11.1.5.

In fig. 11.1.4 the fraction of particles with at least one neighbouring particle at a relative angle less
than « is displayed for various energies. This is the result from simulation studies. The plot shows a
nearly linear increase of the fraction at small angles o which can be understood along the lines discussed
in section 3.3.2: In the core of an event the transverse momentum distribution is nearly independent of
the c.m. energy, whereas the average momentum increases linearly. Thus the opening angle at low «
decreases about linearly with W. It is obvious that this trend poses a quite high challenge to the
two-particle separation of tracking devices at future high energy accelerators. At large angles only a
modest energy dependence can be seen.

In figure 11.1.5 it is shown which fraction of energy is lost if particles are considered only within a
cone of half opening angle « around the event axis. Figure 11.1.5a is a reinterpretation of a
measurement published in ref. [3]. Figure 11.1.5b is obtained from Monte Carlo simulations at W= 60,
100 and 200 GeV. To obtain the curves each event was divided into two hemispheres and the average
energy deposited in a cone around the event axis determined. This energy was normalized to the total
visible energy observed in the hemisphere. These distributions reveal that the opening angle around the
event axis has to be large to collect a reasonable fraction of the total energy produced. Both figs. a and
b also show that the size of this cone depends only weakly on the c.m. energy W.

The reason for such a behaviour has already been discussed in section 3.3: the energy content at
larger angles is dominated by hard gluon emission which varies only slowly with W. Therefore a sizeable
fraction of the energy is found at large angles around the event axis.
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Fig. 11.1.4. Fraction of particles having an angle smaller than « to their nearest neighbour (Monte Carlo simulation).
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The broadness of an event can be expressed by the invariant mass of the particles contained in one
event hemisphere. A simulation study for e e -energies of W=2TeV predicts an average mass of
about 200 GeV per hemisphere [279]. The continuous spread of the energy suggested in fig. 11.1.5 is
only true for a summation over all events. Since the particles in a jet line up along the direction of the
hard partons, most of the energy is contained in relatively small clusters. Although on the average being
smeared within a wide cone, it is clustered in decreasingly smaller regions for single events. The average
multiplicity at W= /s for jets of mass M., is given by

jet

<njet(\/§’ Mjet)>~N(\/§)/N(Mjet) (11.1.1)

with N(Q) = exp[12VIn(Q/A)/33 — 2N,)], A is the QCD scale parameter and N, the number of flavours
[279]. Thus one expects a stronger logarithmic rise of the average jet multiplicity with energy for a fixed
jet mass. It is important to note that for many problems it is the wide spread of energy due to the hard
QCD components which limits the precision of an experimental analysis.

The particles (jets) originating from the decay of heavy objects will probably be distributed very
similarly to what is shown in fig. 11.1.5. A reconstruction of the properties of the heavy objects requires
a correct association of the particles. Potential problems have been discussed in a case study of the
reaction e ‘e " — W' W~ — hadrons [280]. The production and hadronic decay of pairs of W-bosons was
simulated for energies v/ = 200 GeV. Their hadronic decay mode was implemented according to the
second order QCD matrix element. The event properties were then analysed on the parton level. The
energies and the polar and azimuthal angles 6 and ¢ of the partons were smeared according to

oE) «

5 = VE a(¢) = 0(6)=0.005rad ,
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where a was varied between 0 and 1. In a second step it was attempted to reconstruct the W-bosons by
combining the jets into two subsets A and B and calculating their invariant mass. The preferred
combination in each event was defined by

d=min[(M, — My,)* + (M, — My)*],

where M,, M,, and M, are the masses of combinations A, B and the mass of the W-boson,
respectively. The same procedure was applied to a model calculation where the W-bosons were only
allowed to decay into two jets, an unrealistic, although frequently used assumption. The probability for
misassigning at least one jet to a W is displayed in fig. 11.1.6 for the two models as a function of a. It
increases strongly when hard gluon emission is included in W-decays. Its value is substantial (>25%)
for realistic detector assumptions (a =0.5). It should be noted that the misassignment becomes more
severe when particles instead of partons are considered since these are distributed even more
isotropically. The same is true for higher jet multiplicities. This simulation study underlines that the
reconstruction of events can become considerably complicated due to the broadness of parton
fragmentation.

11.2. The flavour of the primary parton

In addition to the energies and momenta of the primary partons their quantum numbers are required
for extracting fundamental properties of some processes. As discussed in sections 5 and 7, only the
hadrons containing the first quarks reveal the original flavour, whereas the fragmentation of the residual
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Fig. 11.1.6. Monte Carlo results for the probability of misassigning at least one jet to a W in the process ¢ e " — W "W~ — hadrons [280]. For the
full line each W was assumed to decay into two jets, for the dashed line multijet decays were allowed. The parameter a denotes the energy
resolution assumed: o(E)/E = a/VE.
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system bears no footprints from the primary partons. The long range flavour correlation presented in
section § indicated that the fraction of these first rank particles is especially high at large rapidity or
x-values.

Before summarizing the potentials for identifying a certain flavour, the less challenging problem of
determining the direction of the charge flow in an event will be discussed. The aim is to identify into
which event hemisphere the negative (or positive) quark has been scattered. Such a tool is useful for
problems involving charge asymmetry (e.g. [263]) and adds important information when combined with
other methods, e.g. to tag light flavours (see discussion below).

In section 8 the use of the weighted jet charge [56]

Q=2 g (11.2.1)

was introduced as one method of finding evidence for charge correlations. Here the sum refers to all
particles in a hemisphere with respect to the event axis. As was already proposed by Field and
Feynman, the weighted charge can be used for determining the charge direction inside an event. A way
to exploit the full information contained in both jets A and B is to calculate

0=0,-0s- (11.2.2)

The sign of Q should coincide with the sign of the charge of the primary quark scattered into
hemisphere A.

The probability of assigning the correct charge direction to an event has to be found from simulation
studies. Since the data and the results from the simulation agree, the values obtained should be
believable. The highest probability of ~70% is expected for a between 0.5 and 0.75, a value at which
also the maximum charge correlation has been observed in the data (cf. fig. 8.1.2). The probability can
be increased to values of more than 80% by selecting events with a larger total weighted charge
|Q|> 0., at the price of a lower efficiency. It should be noted that the distribution of Q depends
significantly on the flavour of the primary particle. This implies different probabilities for the various
flavours. In addition the fraction of events of a certain flavour is changed by a cut in Q. Whereas both
the probability and the efficiency can be quite high for u-quarks, they are considerably less for the light
charge-} quarks and even more so for the heavy quarks since their original charge is smeared through
the decays. Thus a reasonably efficient method for identifying the direction of the charge exists, but
since its efficiencies and reliabilities are different for various flavours it is subject to substantial
systematic problems limiting the applicability of the method.

Variations of these methods exist, e.g. the MAC collaboration [281] used the rapidity y instead of the
scaled momentum defining the weighted jet charge

QjetZZ ay; - (11.2.3)

For their analysis they only selected events with different signs of the charges of the two jets and chose
k=0.2.

The identification of a special flavour requires that we proceed one step further and search for
footprints of the first particle. As already discussed in section 5 these can be
— special topological features like a particle with a high momentum fraction x for the light quarks or a
broad event for the bottom particle,
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- detection of the first produced particle like a D* for charm jets,
— tagging of a special property like high p; leptons or long lifetimes,
- or a combination of these methods.

In how far these tagging possibilities can be applied, depends on the quality of the measurement, the
purity and efficiency required, the possible bias introduced by the tagging method, and the kind of
parton to be selected.

One should note that these tagging methods introduce some bias. For example, the respective
semileptonic decay fractions and life times of neutral and charged bottom particles may be different,
similar to what has been seen for the D” and the D* [282]. These biases may be relevant for some kinds
of analysis and it is always important to estimate their impact on the results.

There exist basic differences in tagging light and heavy flavours. Since charm and bottom quarks do
not contribute to the sea, the detection of a heavy quark immediately indicates that the event originates
from a charm or bottom quark. Light flavours, however, appear at all stages of the jet development.
Thus it is much more complicated to identify which of the produced particles reflects the quantum
numbers of the primary parton. In addition the fragmentation function of light quarks is soft, smearing
out the correlation between rank and momentum.

The methods applied at PETRA and PEP will be summarized in the following paragraphs for each of
the flavours together with some outlook towards higher energies.

11.2.1. Bottom quarks

Bottom hadrons have rather unique features which help their identification. The methods applied
can be divided into separating the products of bottom decays and a search for their footprints in the
total event structure. As already discussed in sections 4.5 and 5.1.1, the method most frequently applied
for tagging bottom quarks is to identify a lepton of high transverse momentum. Since prompt leptons
are strongly suppressed in the normal fragmentation scheme and the p, spectrum of leptons from
bottom decays extends to quite high values, leptons of a high momentum and high p, with respect to
the jet axis provide a unique signature of bottom particles. An example of a measured p, spectrum of
muons with its various contributions as estimated from a Monte Carlo study is shown in fig. 11.2.1
(from ref. [117]). The impurities in the data samples collected are either due to charm decays or to
experimental imperfections like background from punch through, kaon decays, etc. In combination
with QCD effects these sources contribute to particles of high p,. The efficiency of the selection is
strongly correlated to the purity required. For purities of ~80%, the typical detection efficiency
achieved of this method is ~2.5% [200].

The rather long lifetime of ~1 ps (picosecond) of the bottom quark suggests the use of the advancing
technology for reconstructing secondary vertices for tagging. As has been discussed in ref. [283], high
precision vertex detectors can identify tracks with high probability that do not originate from the
interaction point of the event. Combining this information with the special features of bottom hadrons
such as their heavy mass and high decay multiplicity, efficiencies for bottom tagging are estimated to
reach up to 40% with a purity of almost 100%. This method seems very promising for future
experiments.

The explicit reconstruction of bottom hadrons is expected to be less efficient (however, see ref.
[284]). The low branching ratios of exclusive two-body decays of the bottom hadrons and their high
decay multiplicities lead to a large combinatorial background that seems to be forbidding.

The special topology of bottom jets discussed in section 5.1.1 is suggestive for applying topological
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Fig. 11.2.1. Measured prompt -yield as a function of p’ and its comparison to Monte Carlo results [117]. Total sample: solid line; contributions
from bottom decays: dashed line; from charm decay products: dotted line.

methods to select bottom events. As was pointed out in section 5.1, it is in particular the high particle
density from b-decays and the high p. of its descendants that can be exploited for tagging purposes.

Marshall [285] studied the power of several variables like thrust, or M,,,, i.e. the invariant mass,
calculated from all particles observed in one hemisphere, for tagging purposes at W= 35 GeV. He found
that £ E3*, the sum over the transverse component of particles out of the event plane, is the most
discriminative one. This variable is sensitive to the high p;’s of the particle from bottom decays and in
addition allows one to separate against events with hard gluon bremsstrahlung since the large p.
components of these events are confined in the event plane. The tagging efficiency can be improved by
combining observables. This can be done by assigning to some event property a probability to originate
from a certain flavour. The joint probability of several, if possible uncorrelated, variables then reveals a
more complete picture of the kind of jet considered. This method was applied by the JADE
collaboration for a determination of the forward-backward asymmetry of bottom quarks due to the
electroweak interference [286]. For each event they determined the transverse mass, the transverse
component of a tagged muon, and the transverse missing momentum and assigned corresponding
probabilities of originating from a bottom quark. From these individual probabilities they then
attributed a joint one to the event. With this rather complete exploitation of event features they
succeeded in getting a result of very small statistical and systematical errors.
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Another method takes advantage of the high density of particles from bottom decays in some
rapidity interval and has been applied by the TASSO collaboration for determining the bottom lifetime
[287]. They divided each event into two hemispheres with respect to the event axis. Then all particles
were boosted with some Lorentz factor 8 which was optimized for W= 34 GeV (B8 =0.7). Within each
hemisphere the sphericities S; and S, were calculated and events selected by requiring

818> Seue - (11.2.4)

Here §_,, too is an optimized quantity. With this method the purity could be increased by a factor 3
compared to the total event mixture thereby reducing the efficiency for bottom events by only about
50%. The basic idea behind this method is to transform the laboratory system S into the rest-system S’
of the bottom quark. For light quarks this boost increases the momentum of most particles. Since the
transverse momentum does not change

L pr

E p2 - uds

v 2
PT<S

Z p,2 uds *

uds

_3 _3
2 2

In contrast bottom decay products are transformed into their rest-system and therefore their momen-

tum p is reduced. Thus

Z 2 3 Z 2
Bos=3 g

Lp 2vp

>, .

This method is efficient because of the very sharp fragmentation function of bottom hadrons causing
only a moderate spread of the y-factor of the bottom quarks.

The chance for tagging bottom events at c.m. energies around the Z° mass improves due to its higher
production fraction. Whereas they contribute only about 10% of all hadronic events at W~ 35 GeV, this
fraction rises to more than 20% at W~ M. In particular the ratio with respect to the strongly
competing cc production becomes more favourable changing from 1 : 4 to better than 1: 1. On the other
hand many topological features making b-events unique at lower energies, are smeared out. For
example, due to the higher-jet multiplicities at these energies the jet masses or the transverse
component out of the plane cease to be good indicators.

How strongly the topological features of bottom events are influenced by QCD effects can be seen
from fig. 11.2.2. Here the rapidity distribution of bottom events is plotted using the second order QCD
Monte Carlo of the LUND group (dashed—dotted curve) and their shower formalism (full curve). As
can be seen, the enhancement around

(y)~ In(2(x, ) Eyeor/ my,)

comes out quite differently in the two approaches. Despite being at about the same value of rapidity
and having the same width, it is much more pronounced in the second order formalism, whereas hardly
visible in the case of the shower algorithm. This is evidently due to a much larger fraction of rather soft
hadrons in the region of 0 <y <2. Note the dramatic difference in the height of the plateau in the two
approaches. This indicates that the efficiency and reliability of any topological method depends heavily
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on the actual fragmentation. In view of the superior description of the hadronic data around 30-40 GeV
with the shower approach (cf. section 9), it seems to be difficult to develop an effective topological tag
of bottom events at W =100 GeV. This can be expressed using a simple method for tagging bottom
events. A weight

W=2 w, =2 exp—[(y,— y,)'/(207)] (11.2.5)

was attributed to each event. Here y, is the average rapidity of the b-hadrons, y, the rapidity of each
particle in the event, o, is the width of the rapidity distribution of the b-decay products. With y, =2.6
and o, =1 a purity of ~40%, i.e., a doubling of the purity in the total sample, corresponds to an
efficiency of ~50% in the second order approach. In the QCD shower algorithm the corresponding
efficiency for the same purity is 2%. The high particle density in the decay of heavy quarks has also
been analysed in ref. [288] for t-quark production.

11.2.2. Charm quarks

In principle many of the features that are promising for the tagging of bottom quarks like their
semileptonic decay, long lifetime, or enhancement in the rapidity should also be applicable for selecting
charm events. However, since these properties are less pronounced in charm decays and jets, they do
not provide the most efficient tagging methods.

Breakstone et al. [283] have analysed the possibility of using the finite lifetime of charmed particles
for tagging. Monte Carlo studies suggest a reliability of at most 50% for finding charm events
inclusively.
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The transverse momentum spectrum of prompt leptons extends up to pr~1GeV. In this region
particles from the standard fragmentation contribute significantly and the background e.g. from Dalitz
decays, K and m-decays or experimental imperfections is much higher than that for bottom decays. In
addition the leptons from the cascade transition b—c— ¢ contribute in this region. The signal from
charm decays may be improved by selecting particles with higher longitudinal momentum, however, the
enrichment and efficiencies obtained are marginal (cf. section 5.1.2).

Also topological methods do not seem very promising. As discussed in section 5.1.2 the properties of
charm jets are very similar to those of average jets and can hardly be used to increase the purity of
charm events.

Charm jets of highest purity can be selected by explicitly reconstructing charmed particles. In
contrast to bottom hadrons charmed particles have only a moderate decay multiplicity and larger
branching fractions for two-body decays. Combinatorial background can be reduced by requiring a hard
fragmentation function. As discussed in section 4.5.2 several kinds of charmed hadrons have been
identified within jets at W~ 30 GeV. In particular the favourable hadronic decay D** — "D’ ~ m_is
an efficient tag for charmed events. The difference Am = m(D*) —m(D") is small and provides a rather
unique signal of charm production at least at high x-values. Potential background for charm jets is duc
to bottom-, and at higher energies possibly gluon jets (see section 10), charmed particles from these
sources, however, have smaller momenta.

11.2.3. Light uds quarks

The relative ease of tagging heavy quarks is due to two of their special properties: the decay
properties of charmed and bottom hadrons make them stand out and no heavy quarks are produced in
the sea. Particles from u, d, or s-quarks are different: they can be found everywhere in the jet. In
addition their fragmentation function is soft, causing the higher rank hadrons to frequently have a
higher momentum than those from the first rank.

As already discussed before, the mixture of u, d and s-events exhibits features that are special
compared to events from heavy quarks. This has been used by the HRS collaboration [205]. They
tagged a mixture of u, d and s-quarks by requiring a high x-particle in the event and obtained a purity of
89% for an efficiency of 1.4% (see section 5.1.3). However, as already stated before, to have a mixture
instead of a pure sample limits the possible applications.

Selecting events of a special type of light flavour is more troublesome. The identification of first rank
hadrons requires them to be distinct from particles produced in the residual fragmentation. The
probability of originating from the primary quark has to be significantly higher than its production from
sea-products. This singles out diquarks and strange quarks as potential tools for flavour tagging since
they are relatively suppressed in the vacuum.

One method for tagging u and s events at least at the Z° has been suggested by Dittmar [289].
Similarly to the HRS analysis he selects events with one particle, the “trigger particle” having a high
momentum of x >0.6. In addition, this particle is required to be a proton or a kaon. This enriches up
and strange quark events.

Since protons are made out of two u and one d-quark, they have an increased probability or
originating from u-quark jets. The enrichment becomes even stronger due to symmetry constraints of-
the proton wave function. A proton can be formed either by a u-quark and a spin-0 diquark (ud) or a
d-quark and a spin-1 diquark (uu). Since spin-1 diquarks are suppressed and diquarks are not primary
partons, a first rank proton stems with a high probability from a primary u-quark.

A similar argument is true for kaons. For the almost equal production rates of primary § and u
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quarks at the Z’, the ratio of the probabilities that a charged kaon originates from a primary s-quark
picking up a u-quark and that it is due to a primary u-quark picking up an s-quark is given by the ratio
of the quark content in the sea. Measurements indicate a ratio p./p, ~1/3 (cf. section 4.2) and thus
s-quark jets are enriched by tagging the first rank kaon. Note that this good signal to background ratio
is closely related to the similar production rate for the different quark species at the Z°. This ceases to
be true for the QED continuum and the reliability depends therefore on the c.m. energy.

To further suppress the contribution from kaons and protons originating from higher ranks in the
fragmentation chain, it was required that the weighted charge O, =Y e, - x"” (cf. sections 8.1, 11.2) of
the opposite hemisphere has a sign opposite to the charge of the trigger particle. Simulation studies
using the LUND program predict an efficiency of ~3% for s-quarks and ~1% for u-quarks for a
reliability of ~80% and close to 100%, respectively. Detector efficiencies for identifying hadrons were
folded into the simulation*’,

No other reliable method has been proposed for u-quarks. It should be noted that the equivalent
method for d-quarks would require identification of neutrons in a jet, which is beyond the experimental
capabilities.

Other schemes for tagging strange quarks require the identification of two high momentum strange
particles in opposite hemispheres. In ref. [290] the expected high efficiency and purity of particle
identification in Ring Imaging Cerenkov counters is exploited to select events in which the highest
momentum kaons in the two event hemispheres have opposite charge. Strange events can also be
selected by requiring a ¢-meson at high x-values**’. The ¢ is a good indicator since it can only originate
from s-quarks, in contrast to a charged kaon which has a considerable chance of originating from a
u-quark. In addition the production rate for ¢’s in the subsequent fragmentation is only small = p,
which has again to be compared with the charged kaon rate = p_p_, being three times as high (here p_,
p, are the probabilities for picking an s- or u-quark out of the sea). As can be seen from fig. 11.2.3
reproducing the results of a simulation study with the LUND program, an efficiency of ~6% can be
reached for a purity of 80% by selecting ¢’s with x,>0.5. Background or two-particle separation
specific to certain detectors have not been taken into account and these numbers will deteriorate.

Thus the tagging of a special kind of light flavour is a rather involved task which requires very good
hadron identification. Efficiencies of ~1% for u-quarks and more for s-quarks can be reached. The
tagging of s-quarks profits from the democratic production cross sections at the Z°. Tts reduced rate for
pure y-exchange makes s-tagging even more difficult.

11.2.4. Gluon jets

Properties of gluon jets have so far been determined either from processes like Y(1S)— ggg, gluon
scattering in pp collisions, or rather indirectly for three-jet events in the ¢ "e” continuum. In the latter a
certain probability to originate from a gluon was assigned to each jet according to the QCD matrix
element. It allows only a rather low purity and implies considerable systematic errors. The meas-
urements indicate that the differences between quark and gluon jets are small. Neither the differences
in the fragmentation functions nor those in the particle content seem to be prominent enough for using
them as a gluon tag.

*) For his analysis Dittmar assumed the particle identification capability of the OPAL detector coming into operation at LEP. The particle kind is
obtained through the measurement of the energy loss with o(dE/dx)/(dE/dx) =3.5%.
**)T am grateful to A. Shapira for discussions about this point.
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Some improvement can be expected at higher energies since the jets will be better separated even for
gluon jets of low x,. For these energies they can be relatively safely identified from the QCD
prediction. If charm production in gluon jets becomes sizeable (cf. section 10) at higher c.m. energies,
the low x, high p. charm production can be conceived as a way to identify the gluon jet. However, such
a sample is experimentally difficult to select and will be presumably strongly biased.

Gluon jets may also be identified via the quark jets. If in a three-jet event the two jets originating
from a quark can be identified, then the assignment of the third one is obvious. Such a procedure has
been proposed by Nilles and Streng [291] for ccg events. The rate R and efficiency &, however, are
expected to be small, being

a; o;
R=—re e and e=— g¢; . (11.2.8)
a-tot te o-tot b

Here g, is the cross section for the production of a certain flavour {, o, the total hadronic cross section,
r the fraction of events with a clear, separable third jet (r~0.1), and ¢ . is the efficiency for tagging
the flavours of jets 1 and 2 allowing for different requirements for the two jets.

As a result the efficiencies of identifying gluon jets in ccg events will be of the order 107°~10™* of the
charm cross section assuming the tagging efficiencies obtained so far (see section 5.1). This fraction may
be increased by combining the topological criteria given by the QCD matrix element for hard gluon
emission with the identification of only one jet.

11.3. Conclusions

The physics goals at the energy scale of and beyond the standard model require to treat jets as
condensates of the primary parton. They are the only experimentally accessible information about the
quarks and gluons. Those entities are of real interest since they have been directly produced in the
space—time region to be explored and therefore carry the footprints of the possible new symmetries.
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Although one would wish to analyse jets just as their leptonic partners electron or muon, their
reconstruction is much more complicated. This is mainly because they are extended objects with rather
strongly fluctuating consistency. Still, at the high Q7 to be explored in the next decade, the energy of
the parton will be confined in rather narrow cones and experimental devices exist to measure their
energy and direction with quite high precision.

The identification of the parton type is much harder. As already found in analysing the data around
W =30 GeV, tagging of jets from heavy quarks is possible with efficiencies of typically 2-10% and may
be even higher with appropriate experimental devices. The tagging of light jets is less efficient but is
possible at least for the mixture of u, d and s quarks. Methods of identifying u and s-quarks separately
have been proposed (the latter at least at the Z' mass). Their efficiencies are of O(1-3%) with
acceptable reliabilities. The tagging of gluon jets will improve compared to the PETRA and PEP
energies, but it will still be difficult to obtain a clean high statistics sample. In most of these cases it is
not enough to use topological methods alone. Rather it is the detailed particle structure that reveals the
parton flavour putting requirements on experimental devices. Lepton identification, a good momentum
resolution, vertex detection, and the identification of the hadron type are necessary assets for extracting
the maximum information about the primary parton.

12. Conclusion

It is just somewhat more than ten years ago that the first evidence for jets in € e annihilations has
been found. By then it required a detailed statistical analysis to be convinced of their existence. With
the higher energies accessible at PETRA and PEP, a detailed picture of jets has emerged both at a fixed
energy and as a function of the c.m. energy.

This data flow led to a very good qualitative understanding of jet properties materializing in rather
evolved simulation algorithms. The models developed are a mixture of theoretically well founded
QCD-calculations and ad hoc parametrisations. The latter reflect our ignorance how to calculate strong
interaction processes in a regime where non-perturbative methods are not applicable anymore.

The models have turned out to be a big success and their development into large systems of
computer code is a necessary asset for understanding the processes in the hadronisation region. For a
fixed c.m. energy they are capable of describing even rather subtle effects. Once an appropriate
parametrisation for the fragmentation of a single particle has been found, they reproduce the overall
event topology, the relative production yield of the various particle species and the two-particle
distributions very well. In doing this they provide means for disentangling the various stages of jet
development and allow one to proceed from the mixture of various processes as reflected in the final
particles to the immediate dynamics at the parton level.

In general, however, today’s conclusions are in many cases only slightly more than qualitative, being
hampered both by the uncertainties in the theoretical penetration into the small Q% region as well as by
the systematic and statistical limitations of the data. There exist many examples of the need for more
accurate measurements: the fragmentation functions of different particle species to reveal the mass and
spin-dependence of fragmentation, such distribution shedding light on the jet dynamics like short range
correlations or the exact structure of non-leading jets. In all these cases measurements of a limited
accuracy exist. They are consistent with the most simple expectations, but have enough room for more
involved models: All data indicate that particles of compensating flavour are produced at very close
space—time points. However, at the moment, for example, they do not reveal if intermediate particles
are produced as perceived in some models.
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On the other hand only very few attempts have been made for phenomenological or even theoretical
considerations of jet dynamics outside of the standard fragmentation models. Exceptions are the
extensive discussions about multiplicity distributions, models for baryon production and in particular
the effects of coherent gluon emission. These developments have been of great help for the improved
understanding of fragmentation, in particular where it has been possible to outline the connection of the
measured distributions to the basic theory.

What understanding of jet development have we reached? In the last years lots of data that
sharpened our general picture of fragmentation have been contributed. The basic experimental results
can be expressed along the following main lines:

(1) Hadrons in jets originate from hard primary quarks and gluons.

(2) Fragmentation proceeds within colour neutral systems and not along individual partons.

(3) Non-perturbative effects become important at virtual masses of ~1 GeV.

(4) Hadronisation proceeds in discrete steps.

(5) The system left over at each step fragments according to its retained mass. It develops like a
primarily produced system of the same mass.

(6) The various steps are related by the emission of flavour neutral quanta.

(7) The production yield of hadrons is primarily determined by their parton content, not by the
property of the hadron itself.

Most models for fragmentation are constructed along these lines. During the recent years consider-
able progress has been achieved in finding experimental evidence for these features. The measurements
supporting these ideas are listed in table 12.1. No experimental finding digresses from these lines. All of
this constitutes a lot of progress, but of course to each of these points further questions can be attached,
some of them are mentioned in chapter 10. In general one needs a more quantitative approach to
hadronisation, say, instead of finding evidence for short range correlations determine the correlation
length.

In that sense the physics of jets is far from being settled. It remains an important field of research
that may be able to explore the transition from a region of hard partons to that where the interactions

Table 12.1
Measurements related to basic features of jet development

Feature

experimental evidence

section

primary quarks

cross section, angular

Introduction

and gluons and charge distribution
colour neutral string effect 6.2
system
non-perturbative energy dependent, comparison 9
effects with models
discrete steps hemisphere correlations, structure 7
of non-leading system
recursive fragmentation hemisphere correlations, structure 7
of non-leading system
emission of flavour neutral short range correlations 8
quanta
mass and spin dependent 31,33

parton production
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become really strong such that colour confinement determines the final properties. There exists good
hope that with the larger statistics and higher energies available especially at the next generation of
e"e” colliders, many open questions can be tackled at least from the experimental side.

The focus of the future frontier of experimental high energy physics will be in a space-time region
where quarks and gluons interact asymptotically free. To explore it one requires a reconstruction of
these partons from jet properties. The broadness and diversity of jets complicates such an analysis.
Their particles are distributed in a relatively broad region and those of different jets frequently overlap
with one another complicating the association of particles to partons. In general it is relatively
straightforward to determine the energy and direction of these asymptotically freely interacting partons.
To know their flavour is much more complicated and seems in general only feasible for heavy quarks. It
requires not only monitoring the overall energy and particle flow but to obtain more refined
informations about the jet structure.

The use of jets as entities has already begun and everything indicates that the problems can be
managed with appropriate detectors and with a better knowledge of the hadronisation process.
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Appendix
A.1. Variables for inclusive particle production

Scaled variables
As discussed in section 3, the particle distribution within jets obeys approximate Feynman scaling,
the variables used are

2F _2p 4l

T BT we T we

where E is the energy, p the momentum and p, the momentum component parallel to the event axis of
some particle, W is the total c.m. energy, & x, =2.
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These variables are related by

x,=(1/8)x,, x”=xp\/1—pi/p2.

They coincide for —1 and in case of a limited p. for p— =, respectively.
The Lorentz invariant cross section can be expressed in terms of these variables as

3 3
do x; do

E——=——5
dp 7 dpydx,

In analogy the transverse component can be scaled as

xp=2pJW.

Rapidity
The shape of the particle distribution becomes especially simple in terms of the longitudinal rapidity
(“rapidity”’)

Etp, | (E +p,) (E+p))
n =;In=—F=In
E_pll m”+ pr My

with the transverse mass m> = m’ + p’. The maximum value of the rapidity for a particle of mass m is
given by

VST AW
Vmax = 1 ~In —
m m

for py > m.
The rapidity has the simple property of being additive under a Lorentz transformation along the
event axis

1+
y—)y'=y+%ln<1_g>.

Therefore the difference between rapidities y,, y, of two particles a and b is invariant under a Lorentz
boost.

Ay=y, -y, =Ay' =y, ty,.
Since
dp,/E =dy

the Lorentz-invariant cross section can be expressed as
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3 3
pdlo-_do
dp® wdpidy

Due to insufficient particle identification the true rapidity is often approximated by the pion rapidity,

attributing the pion mass to every particle. Assume a particle of certain momentum p. If the mass m, is
assigned to this particle the resulting rapidity is denoted by y,, for a mass my it is y;. Then

Ya=Yst ln(mB/mA)

for y>0 and p, =0.
In section 8 quantum number correlations were discussed in terms of the rapidity difference. Its
connection to the invariant mass M of a system of two particles of mass m, and m, is interesting [292]

M?= m? + m:: + ZmTlWlT2 COSh(Y1 - Y2) - 2PTIPT2 COS(¢1 - d’z) :

Here m, =\ m’+ p} and p, the transverse momentum to the event axis. ¢, denotes the azimuthal
angle.

It is instructive to realize the close connection of the rapidity to the light-cone variable 7 used in the
standard fragmentation schemes [56]. With

Y,=-Inn

it follows

y=-Y,+In(2P /m;).

A.2. Two-jet variables

To obtain a measure of the jettiness of an event as well as to determine the event axis both linear
and quadratic quantities are used. Depending on which momentum component they refer to they are
either minimized or maximized. The most frequently used are the thrust and the sphericity variable.

Sphericity
The sphericity [293] is defined as
. L p"zl'i
S(n) =min 5 5o

where the factor 3 scales the upper limit of S to 1. The sphericity axis minimizing the above expression
can be found analytically by diagonalizing the tensor

z

Iaﬁ = (pizaaB —'piapiﬁ)-

1
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The value of the sphericity is given in terms of the eigenvalues A, as

S (3/2)A,
CATATAC

The convention is to order the A’s according to A; <A, <A,. The extreme values of § (§=0,1)

correspond to a perfectly jetlike and an isotropic event, respectively. The eigenvector of A, is the

sphericity axis. The other eigenvalues and vectors have the following meaning:

(i) A, =35 (p")*/L p* and #, is the momentum component transverse to the sphericity axis in the

event plane defined by 7, and 7,.

(ii) A, =3I (p")*/E p® and A, parametrises the component out of the event plane, this component is

the smallest of all momentum contributions. It is a measure of how far the event is restricted to a plane.

It is therefore referred to as aplanarity A*). For perfectly flat events A =0.

The information of the sphericity tensor can be fully exploited by correlating two of the three
eigenvalues. A convenient way is to plot A versus S. The two variables are limited by A <3S, the
particle density is therefore expressed within a triangle as shown in fig. 3.4.5. The regions characteristic
for special types of events are indicated.

Since the sphericity is quadratic in p; and p, its value is different if an event is considered at the level
of partons, prompt particles or final particles. This complicates comparing measurements to theoretical
predictions which are mostly calculated on the parton level. Since the sphericity changes with the
splitting of one parton into (several) soft ones, it is considered as being not “infrared safe”.

Another less frequently used variable obtained by minimizing the transverse momentum component
is the spherocity [294]

st =nin( 2 [Z ]

As discussed by Brandt and Dahmen [295] the spherocity variable exhibits instabilities against the
relative angles and the axis determined with S’ does not always coincide with the intuitively preferred
direction.

Thrust
Instead of searching for an axis along which the transverse momentum is minimized, one can also

look for a maximum of the parallel component. This is the basis for the second popular jet measure,
thrust [296, 297]

A

Lph
Lp

T(n,) = max

ny i
This quantity is linear in momentum and thus does not depend on what stage of the jet development it
is determined, it is “infrared safe”. This renders the thrust distribution in particular useful when
comparing data to theoretical predictions.

The disadvantage is that its determination requires an iterative procedure with the number of steps
increasing with particle multiplicity N as ~2".

*) Note that in section 9.4 another way of parametrising the component out of the event plane has been used (acoplanarity).



310 P. Mattig, The structure of jets in ee  collisions

The concept of thrust can subsequently be applied to find the event plane: the vector #, orthogonal
to #,, spanning the plane of the event, is determined by calculating the thrust of the transverse
momenta with respect to #,. With #; = fi, X #, one obtains the three components analogous to those
from the sphericity tensor. Note, however, that in contrast to the sphericity they have to be calculated
in separate steps. The quantities corresponding to pi and p>** are then

Bpis . _Ipi
Zlp| tLlp|

and sometimes referred to as “major” and “minor”. The quantity

M, =

0=M,-M,
is called oblateness [298].

A.3. Three-jet measures

The sphericity and thrust concept can be generalized in a rather straightforward manner to three-jet
events by defining three non-overlapping partitioned sets of particles C,, C,, C,.
In the case of the generalized sphericity [299], one finds axes i, m, and #i, and requires

2 (X i)+ 2 (py % i) + 2 (py X i)’
G C Cs

to be at its minimum. To ease the finding of the sets C, and axes m, fulfilling this requirement, the
normal to the event plane determined by m,, i, and rt, is assumed to coincide with 7, of the sphericity
tensor. This reduces the task of sorting the particles since it becomes a planar problem which can be
relatively easily solved. The three-jettiness is then defined as

1 L(p X m,)
]3= = 2{ ’2 }
N-3 2

Here A> = {(p3). with (p3) the average transverse momentum squared of a jet with energy E,. In
general (p2). is assumed as ~0.1(GeV/c)” similar to the case of two-jet events.

The generalised thrust method has been defined in ref. [295]. It requires the maximization of the
linear term

2 p it p w2 p =T
C, C, Cy

The three-jettiness is called triplicity in this case and is defined as
T, = max T;/Z Ip.l.

An exact solution of this equation is an extremely time consuming procedure. Approximations have
been suggested (see discussion in ref. [300]).
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A.4. Multi-jet analysis

As discussed above, the extension of the concept of the sphericity or thrust to higher jet multiplicities
is limited by the necessary amount of computer time. An alternative approach is to use cluster
algorithms which can be applied to any number of jets. They therefore are in particular important for
the higher c.m. energies where the frequent occurrence of events with more than three jets is expected.
Its application to multi jet events has been first suggested by Lanius [301] and Babcock and Cutkosky
[302).

A fundamental difference to the methods discussed before is that the number of clusters is in general
free for each individual event. The sphericity or thrust variable determines the direction of two
(collinear) jets, the triplicity or generalized sphericity assumes three jets, no particular jet multiplicity is
used for the cluster method.

The basic ingredient of a cluster algorithm is some measure of similarity or distance between two
particles. Various means have been suggested, e.g., (1) the angle between particles and their total
energy [303], (2) the angle between particles [304], (3) the invariant mass of particles [115].

Particles which are adjacent in space are combined into clusters. This requires an optimization of the
measure of similarity and leads to some arbitrariness in the resulting cluster multiplicity. However, as
was pointed out before, such an arbitrariness corresponds to our present uncertainty of when to call
some bundle of particles a jet. The finding of clusters can be simplified by e.g. using the minimum
spanning tree algorithm, combining the nearest lying neighbours with some test particle. This avoids
considering all possible combinations.

As an example of a cluster algorithm we will list the different steps for cluster finding proposed in
ref. [303]. Their scheme has been applied in various experiments.

(a) Finding preclusters:

— all measured particles are used and are members of a precluster;
- two particles belong to the same precluster if n,*n, >cos a, a is a predefined value. This defines
preclusters D, with n, =L p, /% |p,|.

(b) Combining preclusters into clusters:

— each precluster is a member of exactly one cluster;

—two preclusters are combined into one cluster if D, D, > cos g8, g is predefined and 8 = a.

—a cluster has to fulfill £ E, > E, (1 — ¢) where again ¢ is a predefined energy and E_, is the total
measured energy. The number of clusters has to be minimal.

Most other cluster algorithms avoid defining preclusters and come along with less free parameters.

tot

A.5. Treatment of three-jet events

For studying the detailed properties of three-jet events, it is frequently necessary to explicitly
reconstruct the jets (see e.g. sections 5.2 and 6.2). The general procedure of treating these events can
be divided into four major steps:

(1) Only events exhibiting clear three jet structure are selected. This can be achieved e.g. by cuts in the
sphericity or thrust. Typically 10% of all events are retained.

(2) The three-jets are found with one of the methods discussed before in this appendix (triplicity,
generalized sphericity). From the associated particles one reconstructs the observed energy and
direction given by the energy and momentum vector sum of all particles in each jet.

(3) Since in most cases the angles are quite well determined, whereas the energies are distorted by
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losses and measurement errors (cf. discussion in section 11.1), the energies are reconstructed from the
jet directions assuming massless parton kinematics.

sin §,, E
]‘ - . - . cm
sin &, +sin 6, +sin §;

(A5.1)

where 6, 1s the angle between jets a and b. With the additional constraint % §; = 27 the outcome can
be improved by fitting energies and angles.

(4) The jets are then ordered according to their energy E, > E, > E; with corresponding angles 6,, 6,
and 6, in the plane of the event. All events are directed in an equal manner within the plane by fixing
6, =0 and 6, > 6, with 6, <180°. By ordering the jets according to their energies one enriches jet 1 with
quarks and jet 3 with gluons.

The efficiency and reliability of this method depends on the quality of the detector as well as on the
detailed cuts applied. For their analysis of the string effect at W= 35 GeV (section 6.2) the JADE group
estimates in their sample jet 1 to be closest to the gluon direction in 12% of their events, the equivalent
numbers for jet 2 and jet 3 are 22% and 51%. The remaining 15% are due to broad two-jet events
simulating three-jet structures.
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