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Chapter 1

Introduction

The aim of this thesis is to study identified strange pirticles in the hadronic decays
of the Z" particle. The focus is on three different properties of these events:

• The inclusive momentum distribution of identified particles, in this case the
Kg meson and the A baryon.

• The Forward-Back ward asymmetry of high momentum A baryons.

• The polarisation of high momentum A baryons.

This topic fits in with the many precision te its of the standard model as being
performed at the LEP collider. The DELPHI detector at LEP has a strong focus
on the identification of particles. During the past four years I was employed by
the DELPHI-group at the NIKHEF-H institute in Amsterdam. During the first
two years my work concentrated on the speciality of DELPHI: the Ring Imaging
Cherenkov detector (RICH). The RICH has been operational from the end of the
1991 run, but it was still too early to really use its data for LEP physics.

First a short summary will be given of the many interesting things that can
be done at LEP, and the specialities of the DELPHI detector, using particle iden-
tification. Subsequently a description will be given of work done leading to this
thesis.

1.1 LEP physics at DELPHI

In the first few years of LEP most measurements to be done did not require a
very sophisticated detector. Even now, the most important information derives
from the measurement of charged tracks. For di-lepton events this was com-
plemented with the use of Iepton identification by the muon chambers and the
electromagnetic .'n'^rimeters.

In this first st^c of LEP it was an advantage to have a higher data-taking
efficiency and a simple detector for which the data are relatively easy to interpret.
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However, the DELPHI detector was not designed to have the advantages of sim-
plicity. Still, the final results as they are presented in papers are not significantly
less accurate than those of the other LEI' experiments.

These 'simple' results are very significant. Some of the most important mea-
surements are:

• The shape of the '/" mass peak has been determined to a very high degree of
precision from all its visible decay channels. Forward-backward asymme-
tries in the lepton channels offer a way to measure the weak mixing angle,

2

• The invisible width of the Z" was inferred from the cross section at the
peak, the visible width of the Z" peak and its branching ratios. It is only
compatible with the existence of three generations of light neutrinos in the
standard model11061.

• Using the distributions of many variables describing hadronic Z° decays, an
unprecedented accuracy has been obtained for the value ot <•,, the coupling
constant of the strong force. This measurement opens the way to more
accurate extrapolations of the known couplings to higher energy scales, as
governed by the Renormalization Group Equations. This offers new and
stronger checks to extensions of the standard model.

• Unsuccessful attempts to find many proposed new particles have resulted
in stronger limits for their mass.

Other topics are more challenging from the detector point of view. These
are mainly based on identification of leptons inside hadronic jets, and the use of
silicon vertex detectors. Here the differences between the various LEP detectors
are becoming important. In this context 1 should mention the following results:

• The Z° decays offer a wealth of heavy-quark-physics. Till recently b-jets
were mainly tagged by the leptonic decay channels, where one can use
the high transverse momentum of the lepton, due to the high mass of the
B-particles. The important results are the branching ratio of the Z° into
b-quarks, and the forward-backward asymmetry.

• Results are also being obtained for the decay of a Z° into r-quarks. Here the
most important tool is the D* particle, with its characteristic decay into a D
and a low momentum pion.

• The high proportion of b-events, the strong boost from the Z° decay at a
well known position and the high resolution silicon vertex detectors make
it possible to measure lifetimes of B-particles from the decay at secondary
vertices. In 1993 the lifetime tags have started to produce better results than
the lepton tags.

• The very accurate measurement of the T lifetime.
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The next detector-challenge at DELPHI is to exploit the capacity for the iden-
tification of hadrons with its special Ring Imaging Cherenkov (RICH) detectors.
This will help to study the behaviour of strange B-mesons and baryons.

It is clear that heavy quark physics can also profit from the identification of
kaons and protons. This is especially true for decays of higher multiplicity, where
the combinatorial backgrounds can be reduced considerably. For normal heavy
quark physics a good vertex detector is the most important factor. It is evident
however, that particle identification also has an impact on the study o heavy
baryons. With a good identification of protons, the correlations of protons with
leptons will be a fruitful terrain.

It should also be possible to do an accurate measurement of the forward-
backward asymmetry for the strangequark, by studying high momentum charged
kaons, possibly combined with a pion to form the decay of a K"°(8U2J. When
the tracking in the endcaps by the Forward Chambers operates fully, and can
be combined with the particle identification by the Forward RICH, this can be
improved further still.

The first important measurement that is passible only with the RICH has been
done in 1993- an accurate determination of the branching ratio for the decay
r —> K~fT. Maybe it will also be possibk to set limits to the mass of the tau
neutrino, by studying the invariant mass in r decays into charged kaons and
pions that are very near to being forbidden by energy conservation.

The combination of many of the measured parameters gives strong constraints
on particles predicted by the standard model but with a mass far beyond the
directly available energies. The predictions for the mass of the top quark are
significant. Strong restrictions also follow for extensions of the standard model.
There is an increased interest for supersym metric extensions of the standard
model ('the Minimal Supersymmetric Standard Model' and GUT theories with
supersymmetry). This strengthens the hope for finding such new 'unexpected'
phenomena a; future experiments, maybe even at LEP 200, when the energy will
be increased t u'ast twice the W* mass.

More detailed studies can be done on the mechanisms for the hadronisation in
jets, its dependence on the flavour of the jet, and the kinds of particles produced.

1.2 This thesis
When I arrived in the DELPHI group at NIKHEF-H, it looked like a clever idea
to start working on the offline analysis programs of the RICH detector. This was
the sure way to work on subjects that are unique for DELPHI. I contributed to
the alignment of the Barrel RICH detector of 1990, which made it possible to
prove to the world that this RICH detector can really identify particles. It was an
exciting and sometimes confusing time of people fighting with the detector, the
data, and often with each other as well. However, in 1991 it was far from clear
that a meaningful use of this detector would be possible in time for this thesis.

A logical way out was to look for decays of neutral strange particles which
can be reconstructed from the measured charged tracks. There was still the
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hope that the RICH could already contribute to the suppression of parts of the
background. The first problem to work on was the determination of momentum
spectra of these identified particles and to compare them with the predictions
of Monte Carlo programs or with analytical calculations done in the so-called
next-to-leading-log approximation (see sectioas 3.6,3.9.2,6.4).

A much more interesting idea was to examine very high momentum particles
in the hope that they carry information about the primary quarks produced in
the decay of a '/" boson. In this context it is useful to measure an asymmetry, in
which some of the experimental uncertainties cancel. For the moment, the only
particle that can be detected in sufficient quantities for such a measurement is the
A baryon.

The first asymmetry that comes to mind is the forward-backward asymmetry.
Within the standard model the value of this asymmetry is connected to the weak
mixing angle, sin2 A1,, . A combination of the quark asymmetries, dominated by the
down type s-quark, can be measured through the asymmetry of high momentum
A baryons (see sections 3.7, 3.9.3, 6.3).

A second problem would be to look for a longitudinal polarisation of high
momentum A baryons. The standard model predicts that the primary quarks
from a Z" decay are polarised. An interesting question is if and how the spin
of the primary quark is transferred to a high momentum A baryon. This could
possibly be connected to measurements of the spin structure of the proton at
NMC, SMC and HERA.

The problem here was the uncertainty whether the two more interesting mea-
surements could be realised within the available time. On the frisbee field I was
fortunate to meet Francois Lamarche, who was foolish enough to attempt to mea-
sure the longitudinal polarisation of A baryons at the OPAL experiment. He got
me going for his idea, and it turned out that there was still some work needed to
predict the polarisation in the context of the relatively primitive quark model of
hadrons (the result of this work can be found in section 3.8).

1 am very satisfied of having succeeded in finding a topic that was interesting
and also needed original and creative contributions. Due to the low efficiency for
high momentum A baryons the final results (section 6.3) are fairly marginal, but
it was a exciting experience to set up the methods for doing this measurement
(section 5.4) and to look into the kinematics of the A decay and its background
from Kg (section 5.2). An interesting method to measure the forward-backward
asymmetry was developed (section 5.3). It results in analytical formulae that give
the forward-backward asymmetry in terms of moments and it can be shown with
a baby Monte Carlo program that the method is as good as the log likelihood
method.

Other promising ways of dealing with these problems of spin-structure could
be offered by the reconstruction of other particles, e.g. E, E and fi baryons. It could
even become interesting to look for polarisation effects in decays of baryons with
a c or a b quark: Ac, Ah. These particles have already been found in the data
and some information is available about their momentum distributions and their
relative abundance.



1.2. THIS THESIS

1.2.1 A short summary _^_
Chapter 2 gives a description of the Standard Model, its history, its extensions,
and the reasons why experiments like LEP are manifestly important in the quest
for knowledge about the fundamental laws of nature. Subsequently, chapter 3
first describes the models of hadronic decays of the Z° (section 3.4). Section 3.8
develops the way to predict the forward-back ward asymmetry and the longitu-
dinal polarisation of the A baryon in the context of the quark model for baryons
and the JETSET Monte Carlo program. The resulting predictions are presented
in section 3.9. Next to these properties of high momentum A-baryons, attention
is also given to the shape of the low-momentum part of the spectrum. This has
been calculated in the next-to-leading-log approximation and with the assump-
tion of Local Parton Hadron Duality (LPHD, see section 3.6). Since the JETSET
model is known to describe the data very well, it is also interesting to see whether
the assumption of LPHD is compatible with the predictions of JETSET (section
3.9.2). Chapter 4 briefly describes the experimental setup of the accelerator and
the detector. Chapter 5 is devoted to the methods for analysing the data. First the
selection of the data is described (section 5.1). Section 5.2 looks into the kinematic
description of A decays and its background from K" decays. Knowledge of its
behaviour is important for an estimation of this background and its impact on the
polarisation measurement. Section 5.3 discusses different methods to determine
the forward-back ward asymmetry and it develops a method of moments (section
5.3.3). This leads to analytical expressions for the expected accuracy as function
of the number of events and the angular acceptance. Subsequently, it is showed
that this method is equivalent to a log-likelihood method. Section 5.4 develops
the method for determining the backgrounds and for measuring the longitudinal
A polarisation.

Finally chapter 6 describes the experimental results and provides a comparison
with the theoretical expectations. The first results from the DELPHI detector are
given for the forward-backward asymmetry and the longitudinal polarisation of
high momentum A baryons. The statistical accuracy is not yet sufficient to demon-
strate a non-zero value for these quantities, but it is certainly realistic to expect
a really significant measurement in the near future. Next to this, the properties
of the momentum spectra of identified particles are combined with many older
experimental data, that are partly re-interpreted to attempt a comparison with
next-to-leading-log calculations and the predictions assuming LPHD.



Chapter 2

Introduction to the Standard
Model

This chapter describes the Standard Model: how it evolved to its present state,
what are some of the remaining problems, what types of extensions are being ad-
vertised by theorists, and why it is essential that experiments like at LEP continue
the evolution of our knowledge about the fundamental structure of nature.

2.1 A brief history of the 'Standard Model'

Introduction.
This section will try to describe how the present model for subatomic interactions
came about, and which where some of the important steps in the evolution to its
present state.

In the fifties of this century, Quantum Mechanics had its quantitative successes
in the field of Quantum Electro Dynamics (QED): the Lamb shift, the fine- and
hyperfine structure of the Hydrogen atom and the gyromagnetic ratios of the
electron and muon1". Indeed, the development of the theory of both Special
Relativity and Quantum Mechanics are intimately connected to the properties of
electromagnetism.

It was already recognised in the thirties that that there where nuclear forces that
could be described by the exchange of bosons, and Yukawa had even predicted
the existence of the pion, but the theory was far from complete. The Fermi model
for weak interactions'21 could give a very accurate description of some weak
processes, but it is non-renormalizable and therefore limited.

In the quest for one model for all subatomic interactions many essential steps
were taken, and lost again in the confusion. When it all came together, it still took
years to prove that the Standard Model was just as respectable as QED|3~*]. When
a model for the electro-weak forces came together in the early seventies, the word
'Standard Model' was coined. By now, 'Standard Model' is generally meant to
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include also the strong force (»luons) as well as the specific coupling constants of
all the fermions.

Gauge field theory
In 1954 it was recognised by Chen Ning Yang and Robert Mills'71 that the gauge
theory of electromagnetism could be generalised to the case of a non-abelian gauge
group. The way to quantise this kind of theory was found by Richard Feynman
and Bryce DeWitt, in a search for a quantised formulation of gravity. It turned out
that one needs certain unphysical 'ghost' particles to reconcile quantum theory
with the choice of a given gauge. Later Faddeev and Popov gave a clear and
general explanation of these ghost particles'81 using path integrals.

The quest for unification
Prompted by the success of QED, some people started to dream of a description
of all forces by gauge theories. In 1961 Sheldon Glashow191, following in the
footsteps1 of Schwinger1101, gave a unified description of the weak and electro-
magnetic forces as a gauge theory of U(1) x SU(2). He made the neutral currents
of the groups U(1) and SU(2) mix, in order to obtain a massless photon and a
massive neutral vector particle. He put the two known lepton generations into
a triplet (/+,/",i/|). In 1964 Salam and Ward'91 came up with the same model,
but with a different organisation of the Ieptons. It was unclear how to couple
the hadrons and how to understand nuclear isospin and strangeness. The big
problem was that the mass term for the vector bosons not only breaks the gauge
invariance, but also destroys the renormalizability of the theory.

Spontaneous symmetry breaking
The observation of many near-symmetries drew even more attention to the ques-
tion whether it is possible to 'break' a gauge invariance in such a way that the
theory survives. Simply adding a mass term to the Lagrangian breaks the local
gauge invariance. This kills the theory, since the mass term in the Lagrangian
introduces a coupling to the longitudinal component of the vector field, without
the corresponding kinetic term, to make it propagate. Spontaneous breaking of
a symmetry arises when on the one side its Lagrangian contains a symmetry,
while on the other side it is broken by the solution to the classical field equations.
Goldstone1111 proved that the spontaneous breaking of a (global) symmetry is
always associated with massless particles, the Goldstone bosons. Subsequently it
was found by Higgs, Kibble, Englert, Brout, and others1121 that the result was dif-
ferent for a local (gauge) invariance. The Goldstone bosons can be transformed
into a longitudinal component of the vector boson field by a special choice of
gauge. A mass term for the vector bosons arises simultaneously. The gauge
invariance is in fact only 'broken' by this choice of a gauge.

1 Only SU(2) for the electromagnetic and charged weak currents.
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The Standard Model
In 1967 both Weinberg and Salarn'91 came up with the standard electro-weak
model as it is known today. They introduced spontaneous symmetry breaking
into Glashow's model and arranged the leptons onto a left-handed SU(2)-doublet
(vi. 1)L, and a right-handed singlet, (1)R.

The fundamental Higgs scalar field interacts with itself through a four-point
vertex, while its mass term in the Lagrangian has the wrong sign. The simplest
Higgs sector is a complex scalar isodoublet. The self-interaction and the neg-
ative mass conspire to give a non-zero vacuum expectation value to the field
corresponding to one of its four degrees of freedom. The other three fields are the
r-.assless Goldstone bosons, that are subsequently 'eaten' by the three weak vector
bosons that become massive. The remaining massless vector boson is the photon.
Since the electro-magnetic force is a mixture of the weak U(1) and the weak SU(2)
groups, the electric charge is equal to a combination of the weak hypercharge and
the third component of the weak isospin2:

Q = Is+l-Y (2.1)

The quark model
In those times, the strong force was described by the Yukawa potential due to the
exchange of ix, p and K* particles, none of them fundamental. Thus it was called
a 'bootstrap' theory, after the story of Baron von Munchhausen, who pulled
himself up out of the swamp by his own bootstraps. Many symmetries were
identified, classifying the complex zoo of hadronic particles and resonances. In
1964, this lead to the Quark Model of Gell-Mann and Zweig"31, where the quantum
numbers of charge, baryon number, (nuclear) isospin and strangeness could be
seen as a consequence of hadrons being composed of quarks. A quark and an
anti-quark would form what is now called a meson, while three (anti)quarks
form a (anti)baryon. On the other hand hard scattering experiments found a
scaling behaviour'14"16' that could be clarified by conceiving of the proton as a
'box of partons', moving around freely inside the proton. The identification of
the 'partons' with the 'quarks' produced what is now referred to as the (Quark-)
Parton Model'161 for hadrons. Since quarks had never been seen in experiments,
it had to be postulated that for some reason they where always confined within
hadrons. A tentative explanation"7' for this could be given by ascribing a new
'colour' quantum number to each quark: red (r), green (g), or blue (b). For some
reason that was not understood, all observable particles could not be allowed to
have a net 'colour'. It was a real mystery that on the one hand the quarks behave
as quasi free particles, while on the other hand they are confined.

The GIM mechanism
The proposed unification of the electro-weak forces did not yet include the proper
way to couple the quarks to the weak vector bosons. Actually, all existing models

2 Beware that the weak isospin and hypercharge are not the same as the isospin and hypercharge
used to classify mesons and baryons.
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for the weak force predicted measurable strangeness changing neutral currents,
In 1970 Glashow, Iliopoulos and Maiani (GIM)!1S1 found that the unwanted effects
could be cancelled by the introduction of a fourth quark. This 'charm' quark
had already been proposed for different reasons in the early sixties114"2", but its
discovery would still have to wait four more years.

Renormalizable gauge theory

At this point many models existed, some better than others, but it still was not
clear which one was right, or even which one was really renormalizable and could
give precise and calculable results. In the GIM-article no mention was made of
the model proposed by Weinberg and Salam three years earlier. This situation
changed when in 1970 Gerard 't Hooft followed up the work by Martinus Veltman
in trying to find renormalizable Yang-Mills theories with massive gauge bosons'22'.
He was fascinated when he heard how the Gell-Mann-Levy sigma model for the
strong force could survive renormalization15'23'241. The sigma model is a model
with four scalar fields with a spontaneously broken symmetry and he took the
hint that this could possibly work for the vectors of a Yang-Mills theory as well.
First't Hooft showed that a massless Yang-Mills theory could be renormalized12'"1.
A critical step was the derivation of Ward-identities' that demonstrate the fact
that renormalization does not spoil the gauge invariance|z2'2=i'2''. Then he showed
how to renormalize the first loop in the case that the symmetry is broken by the
Higgs mechanism128'. After this it did not take long before renormalization could
be proved completely1291.

Renormalization amounts to expressing the calculations of measurable quan-
tities with respect to the renormalized ('physical') parameters of the model. The
'bare' charges and masses, as they occur in the Lagrangian, are not equal to the
charges and masses as they are observed by an experiment. Due to vacuum
fluctuations the bare charge is 'screened', and changes effectively. In electrody-
namics the polarisation of the vacuum through the creation of virtual c+i'~pairs
changes the self-energy of a point charge. Already in classical electrodynamics
this self-energy is divergent. In quantum mechanics, such corrections to divergent
quantities have measurable effects, that have to be calculated. For a renormaliz-
able theory the infinities can be absorbed in the definition of the 'renormalized'
coupling constants, masses, and fields. The result is that measurable quantities
are still given by well denned, finite expressions in terms of the 'renormalized'
parameters.

The renormalized parameters of a theory depend on the energy scale: the
'renormalization point'. Although this scale can enter the calculational procedure
as an arbitrary constant, dimensional arguments give it physical significance.
The so-called Renormalization Group Equations'30-31' relate the dependence on the
renonrijilization scale to the dependence of the 'effective' or 'running' coupling'32'
on the momentum transfer.

3 In 1975 Becchi, Rouet, Stora and Tyutin found that these identities can be derived from a
symmetry, now called BRST symmetry1261.
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Dimensional regularization

An important tool was developed for the proof of renormalizability. It is now
widely used in perturbative calculations: the method of dimensional regular-
ization'33'3". A regularization method makes the model finite, but expresses the
divergences in terms of some parameter. The original model corresponds to a
given limit case. Since the divergences are expressed in terms of this parameter, it
is possible to classify and keep track of them all. Dimensional regularizatii t relies
on a generalisation of all divergent integrals of spherically symmetrical functions
to a non-integer 'dimension' d = 4 - f. The divergences show up as < "n. n = 1
This regularization method has marked advantages over the older methods, like
the one due to Pauli and Villars1341. Its most important advantage is probably that
it keeps most of the relevant invariances intact.

Different regularization methods give different parametrisations of the 'infini-
ties', each leading to different 'subtraction schemes'. All possible schemes should
lead to the same measurable results, and thus nothing should change due to an
additional finite renormalization. However, it is important to work in one well
defined scheme and in dimensional regularization the obvious choice is 'Minimal
Subtraction' (MS) !31'. In this scheme only divergent terms proportional to f~"
are subtracted. In the 'Modified Minimal Subtraction' scheme (MS), l35) a well-
defined additional finite subtraction eliminates some recurring constants from
many formulas.

After the demonstration that the model of Weinberg and Salam could really
be taken seriously, 't Hooft presented accurate predictions for elastic neutrino-
electron scattering, providing a direct experimental test of the model1361. Wein-
berg1371 published the corresponding result for interactions with hadrons.

The fermions and renormalization

The renormalizability with the presence of the fermions it not automatic. Jn
1972 a flaw was found in the proof of renormalization of the Standard Model'3"1.
The reason is the Adler-Bell-Jackiw triangle anomaly139"*1' that occurs when left-
handed and right-handed fermions have different couplings.

The model is only renormalisable when the anomalies cancel between the
different fermion states. Since the Standard Model consists of three identical
families, this cancellation has to occur for every family separately. There are
four types of triangle diagrams in which anomalies arise due to contributions of
opposite sign for left-handed and right-handed fermions:

left-handed right-handed

« E y3- E y3 <2-2>
fermion states fermion states

left-handed

a ]T Y (2.3)
isodoublet states
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Y

$ left-handed right-handed

. E v- E Y

00 0 0 " <.ju.irk slates quark states

Uraviton k-tt-handi-d right-hjndi'd

- E v- E v
,-. ti-rminnstall's fermion states

The sums are over the different fermion states that run around the loop. No
anomalies arise from the SU(3) group (QCD), because it only involves vector
couplings. The possible anomalies in the weak SU(2) vanish due to the properties
of the group'.

It turns out that the hypercharge of all thv> fermions in the Standard Model
is fixed by demanding that the anomalies cancel. The additional demands from
the Standard Mode! itself are, for example, that right-handed neutrinos decou-
ple, that left- and right-handed fermions have equal electric charge and that the
normalisation of Y is defined by equation 2.1.

In 1972 this need for the cancellation of anomalies again pointed to yet undis-
covered c quark. Another consequence is that the charge of an electron and
a proton must add up to exactly zero, which again is not unimportant for the
stability of atoms, matter, and indeed ourselves.

Asymptotic freedom and confinement
In 1973 D.J. Gross, F. Wilczek and H.D. Politzer142' published their discovery of
'asymptotic freedom' in the SU(3) model of strong interactions, as the gauge
theory of colour. Non-abelian gauge theories have the property that the gauge
bosons themselves carry a charge, and interact with each other. Surprisingly,
this leads to an overcompensation of the screening of a charge by the fermions:
the effective coupling becomes small at short distances (large momenta) and vice
versa. Gerard 't Hooft knew of this property151, but did not publish it. A 'running'
coupling constant that increases with the distance could reconcile the confinement
of quarks in a hadron with the observation that the same quarks move around as
quasi-free 'partons' within the hadron, at observed at high momenta. Quantum
Chromo Dynamics (QCD) could be added to the Standard Model.

For electro-magnetism the use of a running coupling constant can be cir-
cumvented by defining the coupling constant at large distances (zero momentum
transfer). For a non-abelian field theory like QCD, this is not possible. In this limit
perturbation theory is not valid due to confinement and anyway, free quarks and
gluons have not been observed. Neglecting the dependence on quark masses, the
solution for the QCD running coupling to first order is1431:

, „ , , 127T

(33-2n/)log(QVA2)

The anomaly is proportional to the trace of the product of the group generators at the three
vertices. This trace vanishes for SU(2) because the generators are the Pauli matrices, riti = 1-3,
that are traceless and anti-commute: {T,TJ) = 26ij /, where / is the identity.

12



2.1. A BRIEF HISTORY OF THE 'STANDARD MODEL'

where Q is the momentum transfer in an interaction, nj is the number of quark
flavours that contribute in loops to the running of or,, and A « 100 McV/c2 is
the characteristic QCD energy scale at which the coupling diverges. It is typical
of a renormalisable model that that dimensionless coupling constants 'run' on a
logarithmic energy scale.

Surprises, some of which expected

It was in this same year of 1973/ that experiments reported neutral-current
events'44' at CERN° , as predicted by the Standard Model. After initial prob-
lems, this could be confirmed in 1974 at Fermilab1451. The discovery of the J/4>
particle came in the autumn of 1974I46). It was interpreted as a bound state of
cc. This charmonium state caused a huge excitement, as it reinforced the belief in
the Standard Model that needed the existence of the charm quark. Then in 1975
came the unexpected6 discovery of the r lepton147'. The consequence was that
one more generation had to be accommodated within the Standard Model. The
bottom quark came two years later with the discovery of the T particle, and its
interpretation as a l>!> bound state'48'.

Quark mixing

The third generation introduces the possibility of CP-violation into the Standard
Model, through the way the weak charged current mixes the quark generations.
This can explain the small CP-violation found in 1964 in ihe decays of the long
lived component of neutral kaons'491. The Higgs mechanism does not only pro-
duce the masses of the weak vector bosons. Through a matrix of Yukawa cou-
plings it also creates a mass matrix for the fermions. To obtain the 'physical'
fermions, this mass matrix is diagonalized by redefining the down-type quark
fields. Due to this the weak charged current is no longer generation-diagonal
and the resulting mixing of the quark generations is parametrised by the uni-
tary Cabibbo-Kobayashi-Maskawa-matrix (CKM)'501. As yet, no mixing between
the lepton generations could be demonstrated. Allowing for redefinitions of the
phases of the fermion fields, the CKM-matrix is determined by three real angles,
and one complex phase. None of these angles can be predicted by the Standard
Model. The complex phase causes CP violation within the Standard Model.

The gauge bosons

The 'final' confirmation of the gauge theories came with the observation of its
gauge bosons. In 1975 the first quark jets where observed at SPEAR [511 from
events e+r~ —> qq. It took until 1979 before the first direct evidence for the
gluon'52' came from three jet events (e+e~~ —» qqg) that were observed at PETRA
and subsequently also at PEP. Then in 1982, the W and the Z where found by the

5 CERN.1 Conseil Europeen pour la recherche Nucleaire
6 There was some confusion, since this was the time of the search for 'open' charm in the D-meson.
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1

boson(s)
coupling
masses

spin

electro-weak force
electro-

magnetic

i

0
]

weak

w",w-,z"
" / • . A ; , s i n 2 &u;-,ik

"i\v, mz

1

Higgs

[ ["

A/,,,,,,,, <"/

»'H

0

strong force

H
a s

0

1

gravity

gravitcn

G

0

2

Table 2.1: 77ze particles describing the fundamental forces in the Standard Model. The
Higgs-boson has not yet been observed. Gravity has not yet been quantised and is strictly
not part of the model. The constants Cf are Yukawa couplings of the Higgs field to the
ferynions that determine the fermion masses and the CKM-matrix.

UA17 and UA28 experiments at the SPSU collider at CERN exactly in the mass
range expected from the theory'531.

2.2 The present 'Standard Model' of particles and
forces

The Standard Model is the gauge theory of the three groups:

SU(3)xSU(2)xU(1) (2.7)

If the symmetry breaking SU(2) x U(1) —> U'(l) is done by the simplest Higgs
mechanism, this results in three massive vector bosons and one Higgs scalar. The
charged weak current is associated purely to SU(2), but the neutral currents from
the 0(1) and SU(2) mix to produce a massless photon and a massive Zn boson.
The strength of this mixing is given by the weak mixing angle ffw . The gluon field
of the unbroken SU(3) has 8 different colour-states. A summary of the bosons in
the Standard Model is given in table 2.1.

The fermions come in two kinds: leptons and quarks. Leptons do not interact
with the strong force and no mixing of the lepton generations has as yet been
observed. Quarks have a colour charge, and for each quark there are three colour
states: 'red', 'blue' and 'green'. The quark mass eigenstates are not equal to the
weak eigenstates. This fact is parametrised by the CKM matrix.

The weak force has the special property that it violates parity. This it does
by having different couplings to fermion states of different 'chirality'10. The left-
handed fermions belong to isospin doublets (/ = ±), while the right-handed states

7 Underground Area 1
8 Underground Area 2
9 Super Proton Synchrotron

10 In greek: 'xflP' = 'hand', hence 'chirality' = 'handedness'. For massless fermions, the chirality-
operator, 75, is equivalent to the helicity. This operator defines what is 'left-handed' or 'right-
handed'.
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Table 2.2: The fermions of the
standard model and their electro-
weak couplings (neither the t-
auark, nor the r-neutrino have
as yet been observed). The weak
eigenstates of the quarks <!', s'
and )>' differ from the mass eigen-
states<l,xand\>. Theanti .'article
of a left-handed fermion is right-
handed, while Q. /:(iiaz>e opposite
sign.

are singlets (/ = 0). The electro-weak quantum numbers of the fermions are given
in table 2.2.

The charged current (Wr:t) couples to two fermions with opposite third com-
ponent of isospin ]-j. Therefore it couples exclusively to left-handed fermion?
(and right-handed anti-fermions). The CKM-matrix acts on the d-type quarks to
produce the weak eigenstates that interact with u-typequarks. For leptonssuch a
mixing of generations has not been observed. Except for the effect of this matrix,
the coupling strength to the W* is proportional to:

coupling of charged current: (2.8)

The neutral current (Z") couples to a fermion and its anti-fermion. Since it
contains an admixture of the U(1) gauge field, it couples to both right- and left-
handed fermions, but the coupling constants differ (/3/j = 0, l3L = ±^). The
coupling strength to the Z(l is proportional to:

coupling of neutral current:
sill 6U, ros #„,

(2.9)

This coupling determines the production rate of Z" bosons at LEP 1 through the
reaction e+e~ —> Z() (see section 3.2 for more about the couplings of the Z° and
asymmetries in its decays).

Right-handed neutrino's decouple completely from all other fermions in the
Standard Model. Only gravity would be able to feel their presence. It can be
supposed that they do not exist at all.

2.3 A few problems, many possible solutions
With the revolution of the early seventies, theoretical physics 'overtook' exper-
imental physics. In fact, experimental knowledge is only just catching up with
the Standard Model of weak and strong forces and we have arrived at the phase
of the precision tests. Theoretically, there are many problems with the Standard
Model, some are 'aesthetic', but many are fundamental as well.
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Gravity
An old and important puzzle is how to combine the successful theory of general
relativity with the equally successful formalism of quantum mechanics. It is a big
problem that gravity couples to the energy density, while the present quantum
theory cannot even define a finite energy density for the vacuum. Anyway, none
of the proposed solutions are testable by experiment (supergravity, superstrings).

One of the old attempts at unification of electro-magnetism with gravity was
due to Kaluza and Klein. They proposed a five dimensional space-time, where the
fifth dimension is circular, with a tiny radius. Rotations along the unobservable
circular fifth dimension turn out to produce the gauge theory of U(1), and thus
electro-magnetism. In this context, the charge of particles is interpreted as the
'fifth component' of the energy-momentum vector. This simple case can be gener-
alised to other gauge-groups, where the simple circular fifth dimension has to be
substituted by the more complicated geometry of the bigger gauge group. Mathe-
matically the geometry of a space with a gauge symmetry is called a 'principal fibre
bundle'. This nice geometrical picture of gauge forces leads to a unification with
gravity in classical theory. It remains to be justified why the 'group-directions' in
this extended space-time are so compact and unobservable'541. The big problem
is to find a way to quantise it all, since giavity still leads to unsolved problems.
The notion of the 'compactification' of extra spatial dimensions to produce the
degrees of freedom of a force field is also an important ingredient in theories of
(super)strings.

Grand unified theories
The intricate relationship between gauge symmetries and renormalizability sug-
gest that the relations (2.2M2.5) are no accident, but the result of further symme-
try. This leads to unification of the strong and electro-weak forces within a bigger
gauge group: a so-called Grand Unified Theory (GUT). This group mixes the
fermions of the different 'families' within one generation11. The SU(5) GUT does
not only force the quarks and leptons into a multiplet with the correct relative
electric charge, but it also gives a rather good prediction for the weak mixing
angle. The problem is that it predicts as yet unobserved decays of the proton,
and that the mixing angle is not exactly correct. Likewise it could be reasonable
to try and find a similar explanation for the symmetry between the three known
fermion generations.

The hierarchy problem
An important aesthetic problem is the huge 'hierarchy' of energies, from the Plank
energy (hc/^G^ ~ 1.2 • 1019GeV/c2), at which gravity becomes strong, down
to the electro-weak (100 GeV) and strong (100 MeV) scales, and neutrino's, that
are massless, or nearly so. There should be a 'natural' mechanism to explain
this hierarchy, and at the same time 'protect' the low scale coupling constants and

11 Beware: the word 'family' is often used as a synonym for 'genrration', maybe even elsewhere
in this thesis.
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masses from being substantially changed because of radiative corrections from the
unknown new physics at the very high energy scales. The solution should avoid
'fine-tuning' of the input parameters to some ridiculous accuracy. The currently
popular solutions to the hierarchy problem use the notion of a coupling or mass
that 'runs' on a logarithmic energy scale.

Supersymmetry
One very popular solution is 'supersymmetry'. This symmetry between fermions
and bosons causes cancellations between divergences, resulting in the wanted
'protection' of the small mass scales. It explains the hierarchy of scales through
a mechanism based on a 'running' Higgs-mass. In the basic Lagrangian, valid at
very high energies, the Higgs field is a normal scalar particle. Due to radiative
corrections, the (effective) mass of the Higgs field 'runs' as a function of the
logarithmic energy scale, decreasing towards lower energy scales. At a certain
point the mass even becomes negative, thereby producing the symmetry breaking
potential known from the Standard Model Higgs mechanism. The hierarchy is
now not so unnatural, since the mass 'runs' down as a function of the logarithmic
energy scale. In the special case of the SU(5) GUT, both the proton lifetime and
the weak mixing angle are brought in agreement with the experimental fact. From
a phenomenological viewpoint, it is very useful to extend the Standard Model in
'minimal' ways, with 'minimal' assumptions and a 'minimal' Higgs sector. This
leads, among others, to the so-called 'Minimal Supersymmetric Standard Model'
(MSSM).

Technicolour
A class of solutions of the hierarchy problem do away with a fundamental Higgs
field altogether. The 'technicolour' scenarios break SU(2) 'dynamically' through
confinement involving a new force at a high energy. One introduces either155"56' a
new strong force with its corresponding new types of 'quarks', or'57' only a new
kind of quarks in a higher dimensional representation12 of the existing colour
group SU(3). The hierarchy of scales is again explained through the running of
a constant on a logarithmic energy scale. This time it is the coupling constant
of the new type of quark that becomes strong. The techni-quarks are thus con-
fined, and 'techni'-mesons appear. These composite particles take over the job
of the conventional Higgs-field. The techni-pions combine with the SU(2) vector
bosons to furnish them with a longitudinally polarised component, and thereby
a mass. A problem seems to be the prediction of Flavour Changing Neutral Cur-
rents (FCNC), which can be prevented by a very slowly 'running' or 'walking'
coupling1581. The fact that the top-quark has such a high mass (expected 110-200
GeV) has led to suggestions that the Higgs particle could be a 11 condensate. It
is even speculated that SU(2) could be the low energy effective theory, resulting
from a peculiar type of half-confinement below a higher energy scale. The gauge

12 It turns out that SU(3) can accommodate exactly one weak doublet of quarks in a colour sextet
representation, without spoiling asymptotic freedom.
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field would lorm condensates, that subsequently cause the bosons to be effectively
massive'591.

Many possibilities
One of the obvious weaknesses of the Standard Model are its many free param-
eters. The minimal Standard Model for the electroweak and strong interactions
depends on at least 18 independent free parameters. For the bosons there are two
couplings constants, <t and <ta, the Z" mass, the electro-weak mixing angle and the
unknown Higgs mass. For the fermions there are 6 quark masses, 3 lepton masses
and 4 angles describing the quark -nixing matrix. We are still groping our way
towards finding a structure in these numbers (the Wolfenstein parametrisation of
the CKM matrix is like the Rydberg model for the Hydrogen atom).

Moreover, the model leaves many questions blatantly unanswered and just
allows for various extensions. QCD allows a modification by the addition of a so-
called j?-term in its Lagrangian, proportional to a free parameter, if. The neutrino's
can very well have small nonzero masses. They could also mix. How can we
understand the mass of the fermions and their possible mixing? What is the
significance of the quark and lepton generations? Some models try to explain the
very small (zero?) masses of the known left-handed neutrino's (See-Saw model,
left-right symmetry). In the case of the quarks it is difficult to even define the
masses, as they 'run' due their colour charge.

The experimental future
The experiments at LEP13 study the decays of the Z°-boson. They are doing for
the present Standard Model what high precision measurements did for QED: pin
it down as far as possible, restrict some of the many future possibilities, and,
hopefully, run up against some m.-w puzzling problem. No new physics has
yet been found at the first stage, at the Z° mass peak (LEP 1). In the future
the energy will be increased to produce W+W~pairs (LEP 2), and extend the
searches for the effects of new physics. The possible finding of the top quark
at the Tevatron14 is much awaited. Experiments are being planned to measure
the mixing angles in the CKM-matrix much more accurately, through the decays
of K§ and B particles. Neutrino experiments try to observe if neutrino's have a
mass, and whether they mix. If the Higgs-boson will not be found at LEP 200, the
future plans for huge proton-proton colliders (LHC15 ,SSC16) promise to finally
answer the questions about the Higgs mechanism. Now that QCD is a respectable
theory, one could argue that it is not really interesting to do more research into its
murky non-perturbative confinement-regime. However, it is important to study
these properties since they are important ingredients of many of the extensions

13 The 'Large Electron-Positron collider' at CERN near Geneva.
14 Tevatron: The proton anti-proton collider at Fermilab (Chicago), with the experiments CDF and

DO.
15 LHC: 'Large Hadron Collider', to be installed in the LEP tunnel at CERN'
16 SSC: 'Superconducting Super Collider', was to be built in Texas, USA. However, this project has

been stopped by congress in October 1993.
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of the Standard Model. This thesis will consider the experimental possibilities of
identified hadrons in jets.
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Chapter 3

Identified hadrons in Z° decays

3.1 The decays of the Z° boson

At LEP 1, the different decay modes of the Z° boson are being studied in great
detail160""63'. The Zu boson decays into fermion-antifermion pairs. Its branching
ratio1 into quarks dominates with 69%, of which 12% is for each up type quark
and 15% for each down type. Small corrections due to the top quark modify the
number for b-quarks. About 21% of all Z° bosons decay into neutrino's, leaving
only about 4% each for the charged leptons.

The decays into e+<>~and fi+fi~ are the simplest to describe. In the tracking
detectors they produce two charged tracks, back to back and with a high mo-
mentum. Electrons are identified by the energy deposition in the electromagnetic
calorimeter. The muons show up by penetrating the calorimeters without a big
energy loss, and leave the detector through the muon chambers. The decay into a
T+T~ pair is characterised by the decay modes of the r-lepton into a small number
of charged tracks (1,3, rarely more). Running at or near to the Z° pole, the decays
into a neutrino and an anti-neutrino are not observed. At higher centre of mass
energies it is possible to observe radiative Z° events with vpy, where only one
photon with a high transverse momentum can be seen. Finally, the decay into a
quark-antiquark pair results in two or more jets of particles (See figure 3.1). It is
not possible to determine the flavour of the original quarks on an event-by-event
basis, but flavour dependent quantities can be determined on a statistical basis.

3.2 Asymmetries in the Z° decays

Parity violation in the Standard Model is caused by the different couplings of the
Z° and W± bosons to left- and right-handed fermions. A clear effect at LEP is a

1 Roughly speaking, the branching ratio for the different fermions is proportional the sum of the
squares of the left- and right- handed couplings to the Z° (eq. 2.9 and table 2.2) or, equivalently,
to ii? + a2, (defined in section 3.2). Quarks come in three colours and the 1 quark is too heavy to
contribute.
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Figure 3.1: A three-jet even t recorded in 1989 with the DELPHI detector. Charged tracks
are displayed'as continuous curves, while boxes denote showers in the calorimeters, and
the dashed lines denote 'neutral particles' as inferred from isolated energy showers. The
upper plot shows a view along the beam line, cutting through the barrel of the detector.
The lower plot shows the projection on the horizontal plane containing the beam line.
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net polarisation of the Z° boson even when the incoming electron and positron
beams are unpolarised. This results in asymmetries that are sensitive to the weak
mixing angle sin2 6W .

The fermion fields / couple to the Zu through the current:

*l = E h* [°lM^ + d^T1} f = ^ ^^ih + hlJRhi (3.1)

The constants g{ R give the coupling strength to the left- and right-handed compo-
nents2 of the fermion field. Alternatively the coupling can be split into a vector3,
and an axial vector4 part, with coupling constants vf and aj. These constants are
given in terms of the elementary electric charge, e, the weak mixing angle, 9W, the
weak isospin In of the (left-handed) fermion and its electric charge Q:

At the Z° mass peak, the reaction e+<>~ —> ff proceeds mainly through the
creation and annihilation of a Z°-boson, but there is a non-negligible contribution
from the exchange of a photon, mainly by its interference with the Z°. In com-
bination wich radiative corrections, this causes a dependence of the asymmetries
on the centre of mass energy and the flavour of the final fermion.

Quantum corrections to the Z° propagator affect the asymmetries for all the
fermions in the same way, while vertex corrections with t quarks in a loop affect
mainly the couplings to the 6 quark.

3.2.1 The left-right asymmetry

Theoretically a very clean way to measure the couplings of e+e~ to Zu is to
compare the cross sections for different longitudinal polarisations of the electron
and positron beams163'. There may come a stage where the beams in LEP can
be longitudinally polarised for physics5. For the measurement of the Left-Right
asymmetry, the idea is to polarise sequential bunches of either beam in different
directions. Since this measurement relies only on the ratio of cross sections for
the different polarisations of the incoming beams, it is not necessary to identify
the final states at all. An accurate determination of the relative luminosity of the
different combinations of bunches will be essential.

The Left-Right asymmetry is defined as follows:

. ffz, - OR ,- ...
ALR = • (3.4)

2 These are only mass eigenstafes when the fermion mass is equal to zero.
3 The part without 75
4 The part with the 75
h Here the first result1641 came from the SLD detector at SLC, the SLAC Linear Collider. There the

reaction e+<!~ —• Z° can already be studied with polarised electrons, albeit at lower luminosities.
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where oLR are the cross sections for left(right)-handed electrons and unpolarised
positrons.

At the Zu mass peak, the Left-Right asymmetry is about equal to AK, where
the quantities .4/ are defined by:

(3.5)

The numerical values are shown in table 3.1 with their sensitivity to sin2 9W.
The exact value of Am is affected by the contribution to the cross section

of photons, and their mixing with the Z° boson, as well as by the higher order
radiative corrections. If the final fermion is an electron, there is the additional
effect of the t-channel scattering of the e+e~ pair.

Table 3.1: The strength of asym-
metries at the Z° peak in the Born
approximation and their sensitiv-
ity to sin2 6W for sin2 6W = 0.23.

fermions

u.
e
d
u

fl T

s b
c

-4/

- 1
-0.16
-0.94
-0.67

0
7.8
0.6
3.4

AFB

0.12
0.019
0.11
0.08

dApa

-5 .9
-1.9
-5.6
-4.4

3.2.2 The forward-backward asymmetry
For unpolarised beams, the forward-backward asymmetry AFB is equal to the
charge asymmetry AcHt and it describes the directional correlation between the
incoming electrons and the final (anti)fermions:

= ACH(S) =

When the polar angle 6 is defined with respect to the incoming electron, the
forward and the backward cross sections can be defined as as:

Jo dfi
- 2 7 r f | ^ (3.7)

The dependence of the differential cross section on the angle 0 and the centre of
mass energy squared (s) has the form:

= Df(s){l + cos2 0) + Bf(s) cos 6 (3.8)

The final electron state should again include the t-channel Bhabha scattering.
Neglecting the dependence on the final fermion, the asymmetry near the Z° mass
peak is approximately163':

3/ _^JM\
4 V 2vevf J '

(3.9)

24



3.3. THE MONTE CARLO METHOD

See table 3.1 for the approximate numbers at the Z° peak. An accurate measure-
ment of this asymmetry can be interpreted as a measurement of sin2 6W. This is
possible for the muon, the tau, for the electron (after subtraction of the t-channel
contribution) and the <-.c and l>b final states. Ultimately, using the possibility of
DELPHI to identify charged kaons, a similar measurement is hoped to be possible
for the .s-.s final states.

3.2.3 The polarisation of the decay products of the Z°

When the polarisation of the final fermion can be observed through an asymmetry
in the distribution of its decay products, this provides another measure of sin2 0w.
Although the anti-fermions have a polarisation opposite in sign, the anisotropy
in the decay products is the same as for the fermions, since the asymmetry in the
weak decay is also opposite. For the case of the r lepton this has been done. A
disadvantage of this method is that it has to rely on explicitly identified decay
channels, thus complicating the measurement and reducing the data sample.

Even for unpolarised beams, the polarisation of the final fermions at the Z°
peak depends on the polar angle 9. This dependence'631 cancels in the average
over a symmetrical interval [-<os#m,<os0m]:

=> (Pf)e « Af (3.11)

(for the values of Af see table 3.1). A small correction comes from photon ex-
change, and initial and final state radiation. For quarks an additional correction
comes from the final state radiation of gluons. The final state radiation only has
an effect on the polarisation of the heavy fermions (r, c and l>), owing to a general
result of relativistic quantum mechanics that the helicity of a massless fermion is
conserved even when arbitrary numbers of gauge quanta are emitted or absorbed.

3.3 The Monte Carlo method
It has become common practice in high energy physics to use Monte Carlo event
generators to compare experimental data with theoretical calculations. The reason
for this is that exact integrations of cross sections folded with detector acceptances
are impossibly complicated. The Monte Carlo method offers a general scheme to
describe the basic physics and fold in the detector response.

A complicated detector in high energy physics is nothing without a good
system to calibrate it and to register its behaviour very well, day by day. When this
has been accomplished, the detector performance can still be very complicated. It
often comes to a point where the detailed simulation of a detector is as important
to the understanding of the detector as the calibration.

The Monte Carlo method fits very well to the scale of high energy experiments.
Different people or groups contribute to different parts of the description. The
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work of theorists of different plumage is combined with the simulation programs
made by experimentalists. At LEP this finally results in a description of hadronic
events starting from the initial perturbative stage, through the fragmentation,
hadronisation, hadron decays, ending with the simulation of detector response.
Finally the same analysis can be let loose on either the real data or the simulated
data.

All these Monte Carlo models contain free parameters that have to be tuned
to the real data"*"1"1. Some important parameters relate to the fact that the de-
scription of the different stages in the development of a jet have to be combined,
at some chosen energy scale. The first scale to choose is the renormaiization scale
defining the value of <>„ in the chosen subtraction scheme. An important parame-
ter is the scale where the parton shower stage stops and the hadronisation model
takes over. The hadronisation models are also parametrised by phenomenologic.il
parameters, many of which describe the production of strange particles, baryons,
and vector and (possibly) tensor particles.

3.4 The description of hadronic Z° decays

The description of hadronic Z° decays is much more complicated than that for the
leptonic ones. While the electron and muon are stable, and the r-Iepton decays
into a small number of secondaries, quarks result in jets of particles, and possibly
more jets due to the radiation of gluons.

For practical purposes it is useful to distinguish four or five different stages
in the development of jets (fig. 3.2). The creation of the Z" and its primary
decay into a fermion pair can be described by perturbation theory. This can be
extended by identifying explicitly some leading logarithms related to the coherent
emission of soft and collinear gluons. In Monte Carlo programs, this leads to the
parton shower picture. From this point onwards, there are only phenomenological
models to describe the creation of hadrons. Finally unstable hadrons can decay.

3.4.1 The perturbative phase

The annihilation of an electron an a positron to create a Z" particle and the sub-
sequent decay into leptons or quarks can be described to very high accuracy by
perturbation theory. The radiative corrections to the production have been cal-
culated to high precision. The most striking effect is the initial state radiation of
photons, since it changes the shape of the Z° resonance by adding the 'radiative
tail' at energies above the Z° mass. In the DELPHI simulation, the DYMU31651 pro-
gram incorporates the radiative corrections. The matrix elements for the decay
of a Z° into quarks have been calculated up to second order in ns. The matrix
elements from Ellis, Ross and Terrano'661 and those from Gutbrot, Kramer and
Schierholz167'681 have been implemented in Montr; Carlo programs like JETSET'6 9 1

and HERWIG1701. This stage of a hadronic decay produces about three or four
partons, where a parton is a quark, a gluon or a photon. The second order results
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Figure 3.2: An illustration of the different stages in the generation of an hadronic Z° decay.
The creation (1) and the decay (2) of the Z" boson can be calculated in full perturbation
theory. The O(ns) models include here the emission of the first gluon. Subsequently,
a 'parton-shower' (3) is allowed to develop from the initial quarks (and gluon), using
the leading log approximation. Models using the O(<\1) matrix elements have the exact
description for the emission of two gluons, but skip stage (3). The creation of hadrons
is modelled by a phenomenological 'hadronisation' model (4). The subsequent decays of
hadrons (5) are either known from experimental data, calculations, or ez>en guesses. After
this the full detector response can be simulated.

have not been combined with the successful parton shower description of the
further development of jets.

3.4.2 Extended perturbation theory: parton shower

Perturbative calculations to higher orders rapidly become very complicated.
However, in approximations it is possible to stretch perturbation theory further'7".
This leads to the 'parton shower' picture, in which a jet develops first as a cascade
of partons that subsequently 'decay' into hadrons. An advantage is that this can
be implemented in Monte Carlo programs. The probability of partons to split
can be calculated to first order in perturbation theory, giving the Altarelli-Parisi
functions. A subsequent refinement includes the effect of coherent emission of
soft collinear gluons by imposing an angular ordering.

It is often possible to sum infinite sub-series of Feynman diagrams. The result
usually is expressed in terms of logarithms of ratios of mass scales. One well
known place where logarithms turn up is in the running coupling strength of
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QCD, which has an 'Ultra Violet' origin (renormalization). The large logarithms
occurring in jet physics have a low energy origin. They are due to the coherent
emission of soft and collinear gluons. Since most of the particles in a jet arc soft
and collinear, it i-> important to treat this problem of coherence properly.

The Altarelli-Parisi splitting functions
An O{n) description is compatible with a cascade of partons splitting in two, but
it does not yet include the effect of collinear divergences. Coherent emission of
soft and collinear gluons can be approximated by identifying leading logarithms
of the form:

where the smallness of ns is cancelled by the accompanying factor logQ2. A
re-summation of such terms is called the 'Leading Logarithm Approximation'
(LLA). An improvement of this is the 'Next to Leading Logarithm approximation'
(NLLA) , also called" the 'Modified Leading Log Approximation' (MLLA) . In
both these approximations it is still possible to describe the evolution of jets in
terms of a chain of independent branchings of quarks (<]) and gluons (</): q —< q;j,
S —* <i<i and g — R£. The relative probability of these splittings is described by the
Altarelli-Parisi equations172':

(3.12)

They give the probability of the branching a —> be for a given longitudinal mo-
mentum fraction z for parton b and transverse momentum p±. Note that p\ is the
scale to be used for the evaluation of the .inning coupling strength'731. For z < \,
the splitting kernels Pn^br. are given by:

1 - 2

R,gq(*) = 2CF
 l + ^~ *) '

z
Pg_(|<1(2) = 2TR U2 + (l -z)2]

PK-M{z) = 4Nc^—~~~ 0.13)
z(\ -z)

where C> = 4/3,7VC = 3 and TR = 1/2. Note that Pff^qq(z) gives the probability
per allowed quark flavour- and colour state q. For a right description at z = 1
where the quark or gJuon in question does not radiate any energy, one should add
a term -x t){\ - z) to P^^z) and P(1^qg(z) to obtain the correct normalisation.

6 The name MLLA is used by the russians working on these calculations because the NLLA result
still looks like the LLA parton shower where each parton has a definite 'father' parton'71'76'.
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Angular ordering
The development inside a jet is modified by the coherence of soft gluons. The
reason is that soft gluons have a long wavelength, and are thus affected not only
by their 'father' but also by the 'grandfather' and 'uncles'. The next to leading
logarithmic corrections take most of the coherence effects into account and it is
perhaps surprising that the description can still be in terms of partons emitted by
one 'father'. It turns out that most interference effects between partons of the same
jet are taken into account by the prescription of '(strict) angular ordering''74'711 for
the angles between the partons:

<-V < <-)/, (3.14)

The subscripts s, / and </ stand for 'son', 'father' and 'grandfather'. One could
conclude that outside the allowed region, the partons interfere destructively.

Strictly, this description is only accurate for variables that are defined by av-
erages over the azimuthal angle. The Angular Ordering can be refined by intro-
ducing an angular kernel17" into equation (3.12). A problem for implementation
in Monte Carlo programs is that this function is not positive definite in the region
excluded by (3.14). This is essentially due to the mentioned effect that coherent
emission breaks down the simple picture of a parton being emitted only by one
'father' parton.

Coherent gluons in Monte Carlo programs
The resulting probabilistic description of the development of a jet fits very well in
a Monte Carlo program'751. The JETSET program'691 combines the O(as) matrix
elements with the coherent parton shower. The coherence is implemented by
angular ordering according to equation (3.14). The HERWIG program1701 seems
to improve this slightly by implementing the actual angular kernel for angles
satisfying relation (3.14)1761. The ARIADNE'771 program describes coherence by not
emitting a parton from only its 'father', but from the colour-dipole formed by the
'father' and 'grandfather' together". This construction automatically takes care
of the O(tt.,) matrix elements for e,+er —> qqg.

These parton shower Monte Carlo generators typically continue until the par-
ton multiplicity is about 10. This number depends on the choice for the scale
Qo as 1 GeV, at which the evolution of the shower is stopped. This scale has to be
appreciably abcve AQ^J-), since there the running as(Q

2) diverges. It also has to
be somewhat higher than the mass of the hadrons created afterwards.

Matrix elements and parton shower
As yet, nobody has found a way to combine the parton shower description with the
O(a2

s) matrix elements for e+e~ —> qqg. This is again due to the incompatibility of
the shower picture with interference effects. In the JETSET option that includes
the second order matrix elements (ME), the whole parton shower stage is skipped,
and the string model has to describe this part of the development as well. For

This postpones the problem to (he level of the fathers of the dipole.
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the parton shower option (PS) the string model only describes the final non-
perturbative phase where hadrons are formed.

Since the quarks carry an electrical charge, they can also emit n photon. The
result of the Leading Log calculations in QED are included in the above mentioned
Monte Carlo programs as well.

3.4.3 The hadronisation phase

The description of the final transition of quarks and gluons into hadrons depends
on phenomenological models, since it is at present impossible to calculate this
behaviour from first principles. The reason is that the problem is non-perturbative
and thus much more complicated. This last stage in the description is based more
on physical intuition and fits to the data than on hard calculations.

In the older models describing the physics of jets, the description of the par-
ton shower using leading log approximations was still being developed. The
'hadronisation' or 'fragmentation' models also had to describe the part of the jet
evolution currently described by the parton shower model.

3.4.3.1 Independent fragmentation

The first and simplest hadronisation model was developed by Feynman and
Field'781. It is not used very often anymore. It dates from the days that experiments
tried to establish the existence of quark jets (SPEAR), and later gluon jets (PETRA,
PEP). It treats the decay of all partons independently.

3.4.3.2 String fragmentation

The string fragmentation model'79'69' assumes that all the partons are connected
with string-like tubes made of the gluon field. Quarks sit at the end of a string,
and gluons (as 'colour-anticolour pair') create a kink in the string. These strings
break up into short strings resulting in hadrons. The LUND parton shower model
with string fragmentation is often used as a reference model, since it describes the
data very well. Originally the string model was used to describe the complete jet
evolution, and it produced the so called 'string effect'. Nowadays this is taken
care of by the parton shower evolution.

In the LUND string model there is no causal connection between breakpoints in
the string. This means that it is possible to describe the breaks in any convenient
order, e.g. from the quark/antiquark ends inwards. This leads to an iterative
scheme, where a qq pair is created near one of the ends of the string. The quark
or anti-quark at the end of the string combines with the anti-quark or quark from
the created pair to form a meson. This process is repeated until all string-energy
is used up, with a special procedure for a consistent breakup of the final string
fragment into two hadrons. This picture is more complicated in the general case,
where the string contains kinks, due to gluons.
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Transverse momentum and quark flavours
The momentum distribution of particles in the fragmentation stage is controlled
by the longitudinal and transverse fragmentation functions. When a string breaks
up, a quark-antiquark pair is created. Classically, the quark and the anti-quark
have to be created at a certain distance, in order that the energy stored in the string
can be used for the quark masses and their transverse momenta. In a Quantum
mechanical picture, the quarks are created at the same point, and subsequently
tunnel to the region allowed by energy-momentum conservation. The tun .filing
probability leads toa Gaussian distribution for the transverse mass w\ = m^ +i>\,
where the width is determined by the energy density of the string, K. = 1 GcV/fm,
or 8 kw0.2GfV 2 :

This leads to a predicted suppression of heavy quark production u : <i : s : <• ~ 1 :
1 : 0.3 : 10~1!. Jn practice it is difficult or even impossible to define the accurate
value for the quark masses, and therefore the suppression of s quarks must be
considered as a free parameter. Since also the string tension is not so well defined,
the transverse momenta are generated in JETSET according to a Gaussian width,
that can be tuned by the user:

f(p±) •*•<>*]>(-hl>l/rf) (3.16)

Note that for a meson Tucson = 2(Tq' s i n c e j t i s b" ' '1 ̂ mm two quarks. Through
the Heisenberg uncertainty principle, the width of the p± distribution can be
translated into a 'thickness' ~ hh/<rH = 0.25 fm of the string near the breaking
point.

The longitudinal fragmentation
Once the transverse mass of the fragment has been determined, only one free
kinematic variable is left undetermined. In the LUND model this variable is
chosen to be the fraction z of E+p\\ taken by the hadron from the available amount
of E + p|| in the string. Subsequently, the relation E2 = m\ + p\ determines the
distribution of both E and p^.

Within the string model there is no definite prediction for the distribution of
z. An additional requirement is that of 'symmetry': the fragmentation process
should be the same, irrespective of whether the iterative procedure is started at the
q end or the q one. This leads to the LUND symmetric fragmentation function1801

. It depends on three parameters, two of which could depend on the flavour of
the two quarks in the fragment:

1^(1^)"% (-*=&)/(,)« 1 ^ ( 1 ^ ) % (-*=&) (3.17)

To avoid factors of c, we are using units here with c = 1. It is also common to use units with
ft = c = 1.
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The index a corresponds to the 'old' flavour in the iteration process, /V to the 'new'
one. In the JETSET programall the a,,,«forall quark flavours are equal. However,
a different value can be given for diquarks. The h parameter is universal:

Various other parametrisations of the longitudinal fragmentation functions
exist. A harder fragmentation of the heavy h- and e-quarks is indicated by the
data. The Peterson et al. fragmentation1811 function is widely used:

The parameters f,, are expected to be proportional to m~2. In JETSET the param-
eters f q are free and do not depend on each other.

3.4.3.3 Cluster fragmentation

The third model is the so-called cluster fragmentation1821, as implemented in the
HERWIG program'701. It first splits gluons into quarks, then collects these into
meson-like 'clusters', that subsequently decay into hadrons.

3.4.4 Decays of instable hadrons and resonances

Most of the hadrons that can be produced are resonances with a very short lifetime,
or heavy hadrons which decay with a longer lifetime. These decays alter the
properties of the final hadron jet significantly. This can again be implemented
very well in a Monte Carlo program, by using decay tables. These tables are taken
from experiment, or from calculations, predictions from quark model symmetries,
or just guesses.

3.5 Baryon production in the LUND model
The diquark model
In the LUND model, baryons are produced through the creation of a diquark-
antidiquark pair at the breakup of the string. The transverse mass could again be
described by tunnelling, leading to suppression factors depending on the diquark
masses. It is easy to check that the given factors lead to 'reasonable' values for
diquark masses. The main parameters affecting the production of different types
of diquarks in the JETSET program are:

• 'P(vi)/'P(li)' The relative probability to create a diquark rather than a quark.

• {V(us)/P(ud))/(V(s)/V(u)): The extra suppression for a diquark containing
an s-quark. This extra factor is needed because the tunnelling formula
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depends on in2, so that the diquark and strange quark suppressions do not
factorize. For the rare case of ss diquarks, a good approximation of the
tunnelling formula is used: Pss = (PsPaa)

2Pau.

• \V(mii)/V(i\qa): The suppression of spin 1 diquarks relative to spin 0, apart
from the factor of 3 due to the number of spin states. In the string model,
this is due to a higher mass of the spin triplet.

• V(J = 3/2)/V(J = 1/2): An extra suppression of spin 3/2 baryons with
respect to the spin 1/2 baryons. This effect could be small, since the mass
splitting of the baryons is much smaller than in the meson case.

• Optionally, the creation of diquarks at the end of the initial string can be
suppressed further. This would decrease the correlation between baryons
and the primary quarks as generated at an earlier stage. The spectrum of
baryons can thus be softened.

Only the ground state (L = 0) baryons are produced by JETSET. Of course
the boundary between the hadronisation model and particle decays is not well
defined. One could hope that most effects due to excited L > 0 baryons can be
included in the dynamics of the string.

The popcorn model
A framework for the creation of diquarks is given by the 'popcorn' model'83'.
A model from UCLA with similar predictions is described in184'. In this model,
diquarks are not created as such, but baryons appear from the successive produc-
tion of qq pairs with a different type of colour. In QCD there are three types of
colour: red, green and blue. Suppose, e.g. that the quarks q and q at the ends
of the string are red and anti red. Then it could happen that a green-antigreen
pair q^j is created in between. However, this pair will not be pulled apart by
the red-antired field in the string, no break up will occur, and it would normally
only exist as a fluctuation. If the qi moves towards q and q"] moves towards q,
the field in between them will be of the type anti blue ('<? + r + b = 0' for colour
triplets in QCD). In this central field, an antiblue-blue pair q2q2 can be created.
This time the field can pull the pair apart, and q\ can gain energy from q2 in order
to end up on its mass shell. This effectively recovers the tunnelling formula for
the production of a diquark. The remaining 'diquark' on the end of the string
does not necessarily lead to the creation of a baryon. It is also possible that several
blue-antiblue pair creations occur before this happens, creating mesons.

The popcorn model leads to three additional types of subprocesses in the
iterative procedure of string fragmentation:

q"i— qi —> «ii—12 +(qiq2) meson
baryon
baryon
meson

(3.20)
(3.21)
(3.22)
(3.23)- q j q 2 > q, -
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The JETSET program constrains the last process, so that no more than one meson
is created between the baryon-antibaryon (BB) pair. This model gives a descrip-
tion, motivated by QCD, but it does not have more predictive power than the
model creating diquark-antidiquark pairs. It does predict that mesons can be
produced between baryons, modifying the correlations between the B and the B.
The production of these mesons is suppressed, because the fluctuation causing
the creation of the diquarks must be large enough to allow for the creation of
its mass. Another tunnelling formula can be given to suppress the creation of
more mesons'83'. In JETSET only one meson M can be created. Three additional
parameters have to be introduced:

• FM ss 0.5 V{BMB)/V{BB) This parameter determines the probability9 to
create the popcorn meson. The number 0.5 depends weakly on the strange
suppression factor, etc.1831.

• P(BMaB)/(V{BMB) + V(BMSB)): A suppression factor for strange pop-
corn mesons.

• V(B3MBS)/(P{BSMBS) + V(BMB)): A suppression factor of having an ss
pair shared between the B and the B of a 8MB.

In the BM.B scenario, the (anti)diquarks forming the B and the B are not neces-
sarily charge conjugates. The square root of the diquark suppression factors must
be applied if they are only relevant for either the B or the B.

Even though the JETSET model contains many free parameters, OPAL finds'8*1'
that it cannot reproduce the correct ratios of H( 1530)°/S( 1385)* and il~/=.( 1530)"
in hadronic Z° decays. Experimental data'85'10887', favour the diquark model,
with a possible popcorn contribution. However, a clear choice between the string
model1691 and the cluster model182-701 is still not possible.

3.6 Analytical calculations of parton distributions
It has been possible to calculate some distributions at the parton shower level
analytically, and even to combine the results of the O(<i1) matrix elements'921 with
the Next to Leading Logarithms. The results are thus not only a cross check for the
Monte Carlo generators, but can be expected to be more accurate. The problem
is to relate distributions for partons to those for hadrons. This section will try
to explain what is the philosophy behind comparing calculated distributions of
'partons' with experimental distributions for the hadrons in jets.

It has been observed that certain global characteristics of hadronic jet systems,
calculated at the parton level, agree well with the measured ones for hadrons. It
seems that the perturbative phase dominates many distributions. This leads to
the hypothesis of 'pre-confinement', or 'Local Parton Hadron Duality' (LPHD)'951,
stating that all effects of hadronisation and the final decay of hadrons can be

a The OPAL collaboration1631 defines the 'popcorn probability' to be Ppopcom = PARJ ( 5)/(().5 +
PARJ(5)) = FM .
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absorbed into simple normalisation constants, relating partons to hadrons. These
normalisation constants are assumed to be universal: since they describe low-
energy effects, they should not depend on the centre of mass energy.

Monte Carlo models provide these 'correction factors', that relate quantities
defined for the generated shower of partons to those defined for the jet of detected
hadrons. Firstly there is the ratio of the distributions for stable hadrons and for
partons, depending on the fragmentation model. A second factor relates the
generated hadron distributions to the detected ones. Quantities define . at the
parton shower level can be compared with real data after multiplication by these
factors. To be safe, one usually avoids regions where the correction is more than
about 10% or where the correction fluctuates a lot. An important reason for this is
that both the detector and the hadronisation process can cause a smearing, which
is not always equivalent to a change in normalisation.

To make sense, caution has to be taken that the variables under study are well
defined for (massless) 'partons'. They should, for instance, not depend on the
scale (Qo) at which the development of the shower is stopped. Firstly, the variables
must be collinear safe, i.e. they should not change their value when a momentum
vector is split into two parallel momenta with the same sum. The amplitude for
such splittings diverges in perturbation theory, owing to the presence of (nearly)
massless particles. The second demand is that the chosen variable is infrared safe:
it should not be too sensitive to the emission of arbitrarily soft gluons. Thirdly,
there is the practical demand that the chosen distribution has not only been cal-
culated to the appropriate order in »,, but that possible large collinear logarithms
have been identified explicitly, and that both results have been combined consis-
tently. This extends the range in parameter space that can be reliably predicted,
increasing the useful fraction of the data. It also diminishes the dependence on
the renormalization scale, resulting in smaller systematical errors'93', e.g. in the
determination of o,.

3.6.1 Momentum distributions of identified particles

Using the parton-hadron duality hypothesis, the distribution of the scaled hadron
momentum, xp = /V^beanv o r tp ~ ~^°&sp> c a n be calculated in NLLA19697'.
For low momenta, the dependence on the event flavour can be neglected, and
calculations of the spectrum usually apply to gluon jets. We will avoid the case
of high momenta, where the flavour dependence is strong. It should however be
possible to study the momentum distributions of particles in a sample enriched
with gluon jets.

An interesting aspect of this distribution is due to the interplay of perturbative
and non-perturbative QCD: at low momenta, the distribution of £p exhibits a
'hump-backed plateau' (see e.g. figs. 3.6,3.7.a, 3.8.a, 3.9.a). The development of
a shower through parton splittings causes the multiplicity to rise with decreasing
momentum. This development stops at a given scale, when hadronisation takes
over. As hadronisation collects parlons into hadrons, the multiplicity drops again
at very low momenta. The point at which this happens is determined
and by the mass of the created hadrons.
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As the centre of mass energy increases in e+e collisions, the maximum in the
£p distribution is shifted towards higher £,, (lower xp) in a well defined way. This
behaviour has been confirmed by many experiments at different accelerators'98"1051

and again at LEP l ln71twl l0^nl- ]151.
In the limit of massless hadrons, the spectrum is given by the so-called 'lim-

iting spectrum'. The 'hump backed' £p spectrum can also be approximated by a
Gaussian distribution or, better, by a distorted Gaussian"161 . Since the abun-
dant pions have a mass near or even below the characteristic scale of QCD, \QCD,
they can be treated as nearly massless and the £.p spectrum for all charged particles
is very near to the limiting spectrum. Fits can be made using an effective QCD
scale Aeff. The spectra for kaons and protons should exhibit their maxima at a
lower value of (,,,, because the hadron mass causes a higher energy cut-off for the
development of the parton shower1971.

The spectrum of all charged particles can be fitted to the sum of the separate
spectra as expected for pions, kaons and protons. The result is quite satisfactory.
The most interesting free parameters in this fit are the positions of the maxima of
the various ^-distributions.

To study the dependence on the mass and the other quantum numbers of a
hadron, one should also study the spectrum of identified hadrons in jets. This
was done at lower energies already198"101-1031021 and this work will continue at the
higher energies of LEP. At the L3 experiment, with its excellent electromagnetic
calorimeter, it has been possible to collect a large sample of reconstructed K"
decays. This sample of low mass hadrons is interesting, since its momentum
spectrum is expected to be close to the theoretically calculated limiting spectrum
for the partons. At DELPHI, it will be possible to identify the charged hadrons
with the RICH detector.

Many strange hadrons can be identified through their decays at a vertex that is
well separated from the primary vertex. There is ample data from the K| meson.
The strange vector meson K** can be studied through its decay into K0^*. There
is also much data from the strange baryon A, decaying into pir~. Subsequently,
these data can be used to reconstruct the decays H~ -> Air" and Sl~ -» AK~. Till
present, the OPAL experiment seems to have the largest samples of these decays.
This detector has a larger tracking detector than DELPHI, with a good capability
to identify particles through the specific ionization.

3.7 The interpretation of AFD for identified hadrons

High momentum strange hadrons are strongly correlated to primary strange
quarks. Where the difference between a hadron and its anti-particle can be ob-
served, this opens the way to the observation of quark asymmetries. For the time
being the A-baryon offers the best chances. With the identification of charged
hadrons, as can be offered by the RICH detector in DELPHI, it will also become
possible to use the K~ or the K*°. The reconstruction of the A decays could be
helped by the identification of the proton, and one could hope to obtain a sufficient
sample of reconstructed E and II decays as well1125'86'1261.

36



3.8. THE LONGITUDINAL POLARISATION OF A BARYONS.

While the statistics of reconstructed A decays in hadronic Z° events is suffi-
cient to study the spectrum at low momentum, both the number of events and
the reconstruction efficiency drop strongly at high momentum. At this moment,
the statistical error on the asymmetries is too large to interpret the result as a
meaningful measurement of sin2 9,,,. In addition, there are substantial systematic
uncertainties due to the jet evolution and hadronisation. However, the standard
model expectation for the quark properties can be used as input. The measured
hadron asymmetries should then indicate if and how they are modified by per-
turbative and non-perturbative QCD. The A forward-backward asymmetry can
test the correlations between particles and quarks. The HRS collaboration112"1 at
PEP10 measured a forward-backward asymmetry, due to the -y-Z" interference.
The value of .-1/.-a = (-2:i±K±2)% for r.K = E\/Ebem > 0.3 was consistent with
the predictions of the JETSET model.

3.8 The longitudinal polarisation of A baiyons.

As shown in section 3.2, the fermions produced in Z° decays are polarised. For
the strange quark, this effect can be measured by determining the longitudinal
polarisation of A baryons with a very high momentum. However, it is not so
simple to predict what the polarisation of a A will be when the polarisation of
the strange quark is -94% as given by the standard model (see section 3.2.3 and
table 3.1). This section deals with the longitudinal A polarisation and the various
physical mechanisms that should be taken into account to obtain an estimate from
a Monte Carlo program. The momentum distributions are described by Monte
Carlo programs, but various mechanisms have to be accounted for 'by hand'
in order to attempt a prediction of the transfer of spin from primary quarks to
detected A baryons. This is done in the context of the parton model.

The possibilities of this measurement where already pointed out by J.E. Au-
gustin and R.M. Renard|1IH) at the 1978 LEP summer study. The most important
problems of predicting and observing the polarisation for x., < 1 where discussed
by F. Lamarche1119', also from the experimental perspective. While this work was
being extended for this dissertation, G. Gustafson and ]. Hakkinen'120' gave a
rough prediction including the effect of more baryon resonances, but not men-
tioning the uncertainties due to events with c. and b quarks. M. Burkhard and R.L.
Jaffe1121' gave a formulation in terms of fragmentation functions, again neglecting
all A's from c. or b quarks. A. Anselm, M. Anselmino, F. Murgia and M.G. Ryskin
also contributed11221 to this problem. They argue that spin 1/2 particles like the A
baryon quantum mechanical interference terms are suppressed by a factor sin a,
where a is the angle between the quark (jet) and the hadron. This means that
the simple picture, as will be addapted in the following, of independent fragmen-
tation of different quarks into (leading) hadrons is a good approximation. They
also argue that this is not true for spin 1 particles, like the D*[123ilMI.

In the context where the fragmentation is described by a Monte Carlo program

10 The 29 C.-V <•+<•-collider at SLAC
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like JETSET, it is not difficult to give a full picture of the known decay chains, <is
will be done here. This treatment also includes a small contribution of polarised
A's through E* from u and (/quarks. While a measurement of the - polarisation
directly gives the value for sin2 #„., the distributions for identified hadrons depend
strongly on how jets develop and and how hadrons are formed. In addition, the
predicted polarisation relies on the validity of the quark model description of the
spin structure of the relevant baryons. In the next section this will be applied to the
predictions from the JETSET program1*1"1. Another way to study the polarisation
of quarks would be to use a variable, suggestively called the 'jet-handedness'112'!.

A special feature"29' of the spin-^ A baryon is that its polarisation can be anal-
ysed through the kinematics of the decay into a proton and a IT . The longitudinal
polarisation of a leading A might reflect the helicity of a primary .-.-quark from
the Z° decay. The measurement should not be interpreted as a measurement of
the weak mixing angle, but as a probe of the mechanisms in QCD that modify the
polarisation.

The existing hadronisation models do not describe the transfer of polarisation
from the primary quark through the whole decay chain producing A baryons.
It is however possible to determine how often a given kind of hadron contains
an original quark from the Z° decay. Only this fraction of the data is expected
to exhibit a correlation between the quark and the hadron. This information is
enough to obtain an estimate of the forward-backward asymmetry. But this is
only the beginning of the story if we also want to determine the polarisation of
the final particle.

As for the case of r polarisation, field theory tells us that the polarisation of
a massless primary quark will not change when it emits any number of massless
gauge bosons, photons or gluons. There is an effect due to the nonzero quark
masses, and to first order in perturbation theory it can become a few percent for
the case of the b quark"19'. We will suppose that the quark polarisation survives
through the perturbative stages of the jet development. The transfer of spin from
a quark to a baryon like the A can then be predicted from the spin structure
as given by the constituent quark model. Subsequently, it is possible to give a
description of the transfer of spin in the important decay chains leading to a A.
Both the hadronisation and the production of excited baryonic resonances could
modify the polarisation. Although these effects must be mentioned, they are not
well known. It can however be argued that it is reasonable to neglect them, as we
shall do. Before describing all these steps, it is good to check if the magnetic field
in the detector can influence the measurement.

It is encouraging that a non-zero longitudinal A polarisation was actually seen
in up and up interactions detected in BEBC at CERN1130'. For certain selections
a longitudinal polarisation was seen, while the polarisation perpendicular to the
production plane11 was always consistent with zero. This confirms the picture
given by the naive quark model.

1 ' see section 3.8.4
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3.8.1 Spin precession in the magnetic field

Since the A has a nonzero magnetic moment, its spin will undergo a Larmor
precession in the magnetic field of the detector. This property was actually
used"3" to measure the magnetic moment of the A. In DELPHI, the effect is
small, but not completely negligible. The polarisation at the production vertex of
the A can still be measured, but it could be necessary to account for the rotation
around the #-field axis, over an angle depending on the flight lengl in the
detector.

In the A rest frame, let r be the time, /iA the magnetic field, and /7A the magnetic
dipole moment of the A. The equation of motion for the spin s*that determines
the angular velocity 3 of the precession is then given by:

— = fi^ x fi\ = .7 x 3 ' (3.24)
AT

The Lorentz transformation to the A rest frame increases the #-field component
transverse to the A momentum by a factor12 7. The longitudinal component
is invariant, but does not contribute anyway. The magnetic moment equals"321

/iA = (— 0.613±().00-l)/ijV/ where the nuclear magneton is/t/v = <h/2mv —- 3.152--l.r>-
1 0 - U M K V / T . For momenta above 13.5 Gc.Vfc, fi > 0.91* « 1. In this case, the
precession angle <j> around the (oriented) axis determined by the B field is most
conveniently given in terms of the flight length in the detector, L = /i-yrr s: •yrr.
The factors 7 cancel from the equation (in SI units):

4>= 2>XADL = _(11.220 ± 0.07°) -DL/li (3.25)
phc

where in DELPHI, B s= 1.2 T and L cuuld be of the order of 1 in. For a given
rotation angle 4> around the axis determined by the field D,\, the maximal change
in the direction of the spin occurs when the A spin and momentum are perpen-
dicular to this rotation axis. However, this 13° rotation degrades the longitudinal
polarisation by only 1 - cos 13° a 3%. The effect is probably more significant for
a measurement of polarisation correlations in AA pairs at lower momenta, where
0 < 1. Since-sin 13° = 0.22, it could also be more important when considering the
mixing of the longitudinal polarisation with a possible out of plane polarisation
that would arise from hadronisation as described in section 3.8.4. In essence, this
classical derivation of the precession angle is also valid for the behaviour of the
quantum mechanical spin operator.

3.8.2 The constituent quark model for the baryon spin

The constituent quark model"331 neglects the effects of virtual quarks and gluons
inside a hadron. For ground state hadrons this is quite a plausible assumption.
Assuming that the ground state hadrons have zero orbital angular momentum, it
leads to a definite prescription for the spins of the quarks inside the hadron. This

12 7 = J / y/l -fP, and fl = v/i:
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makes it possible to predict the spin of a baryon that is produced from a polarised
quark, and two other quarks (a 'diquark' with spin 0 or 1). On the experimental
side, the 'spin-crisis' in the the proton and neutron spin structure functions"^'
suggests caution.

Since quarks are fermions, the state function for any baryon must be antisym-
metric under interchange of any two equal quarks. Furthermore, since hadrons
have to be colourless, they must be in a colour singlet state:

h'i'l),! = i«>lour}4 x jspace, spin, flavour) s (3.26)

where the subscripts S and A indicate symmetry or antisymmetry under permu-
tations of equal quarks. The three 'ordinary' quarks (up, down and strange) result
in an approximate SU(3) flavour symmetry. The configuration of both flavour
and spin can be characterised by the multiplets of an SU(6) symmetry. Tradition-
ally, this SU(6) model was used to describe the hadrons and hadronic resonances
made from the three light quarks, u, <1, s. Since baryons contain only three quarks,
the same symmetry applies to the structure of all baryons, after changing some
of the quark flavours. The quark masses break the symmetry severely, and the
model has some difficulty do describe mass splittings within SU(6) multiplets.
The hadronic resonances have been described with harmonic oscillators, but this
cnnnot be expected to be very exact. It should be stressed, however, that the
known breaking of SU(6) does not imply that the model cannot describe the spins
of quarks inside the ground state baryons correctly. Can the spin configuration
change without any additional (e.g. rotational, gluonic, or mesonic qq) excitations
inside the baryon? It could be that some of the observed '.varyons are not pure
states, but that they contain a very small admixture from buryons with a different
isospin, strangeness, etc. This mixing must be very small, to be compatible with
the observed decay modes of these hadrons. All in all it seems to be worthwhile
to compare experimental baryon polarisations with the predictions based on their
SU(6) spin-flavour structure.

The Ground State Baryons
The ground state baryons have orbital angular momentum L — 0 and a symmetric
space part of the wave function. If the spin state is symmetric, with total spin \,
the flavour state has to be as well. Three spins cannot be in a completely anti-
symmetrical configuration, but they can be in a state of mixed symmetry, where
one pair of spins is antisymmetric: the total spin is \h. The symmetry properties
of the flavours must be exactly the same, leading to a symmetrical state for spin
and flavour combined. The L — 0 baryons made up out of three kinds of quarks
correspond to the symmetrical representation of SU(6). It has 56 dimensions, and
it splits up into an octet of spin \ (two states each), and a decouplet of spin | (four
states each):

56 = 8 ® 2 © 1 0 ® 4 (3.27)

Round brackets a& in '(abc)' are a usefu' notation for the symmetrization and
normalisation of wave functions &(xi), b(x2) and c(x3) with respect to the internal
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coordinates. The resulting spin-flavour composition of the spin | decouplet is
presented in table 3.2, while the spin i octet is shown in table 3.3.

The nomenclature for the ground state baryons is based only on the n and
<1 constituent quarks. This is enough when the only other quark is the s. The
nuclear isospin T is defined as equal to the weak isospin of only the u and <i
constituent quarks'1. The quantum numbers Strangeness, Charm, and Bottom
are defined as the number s, <: and b quarks in a hadron, with the sign of their
charges.

The Polarisation with respect to a Quark
If three quarks with random spins combine to form a spin % baryon, the 4 possible
spin states will occur with the same probability. If, however, the spin orientation of
one quark is fixed, we can consider the other two quarks as a spin 1 'diquark' with
a random orientation with respect to the polarised quark. It should be stressed
that this 'diquark' is just a combination of two quarks, and has nothing to do with
the way the baryon was created. The spin 1 'diquark' can have thre'j possible
orientations with respect to the quark, each with the same probability. Spin 1 and
spin \ are added up according to the following Clebsch-Gordon factors:

I 1 - 0 ) * l 5 - + 5 >

I l \ ^ |1 i 1\ /T|3 1\
l l . - l ) x I2. + 2) = yab'-a)

The same factors follow from the spin configurations for the baryons as given in
table 3.2. The resulting polarisation of a spin § baryon with respect to any of its
constituent quarks is 5/9:

2 -L Ill _ 1\
P - IJ ) , a / - - 2 2 3 3

1 "•" 3 "r 3

If two quarks in a spin | baryon have the same flavour, they must form a
symmetrical spin triplet, with spin 1. The factors - 1 and | in table 3.3 for the
average spin w.r.t. the quarks are the square of the Clebsch-Gordon coefficients
for adding spin 1 and spin \ to get 5.

Heavy Quarks in Baryons
The structure for the baryons containing a heavy <• or b quark is analogous, and
can be obtained from table 3.3 and table 3.2 by exchanging light quarks for heavy
quarks. It is common to use the same basic symbol for baryons with equal isospin,
and add subscripts and superscripts to denote the heavy quarks and the charge.

13 The word isospin is used for different things in different contexts, even using the same symbols,
so beware!
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symbol T

• ^ 2

A + 3
2

\ " 3

" 2

A- |

E - + 1

£•" 1

E*~ 1

2

— • - 1
~" 2

U- u

•A

.1

1

1
2

_ 1
•y

l

0

- l

2

1
2

0

s

I)

0

0

0

- 1

- 1

- I

- 2

- 2

- 3

•/= = +§

(11+11 + 11+)

(u+i.+a+)

(<M+i.+ )

( d + <I + < ! + )

(•i,-d + s+)

(d + d+.s+)

(S+S+I1+)

(«+s + d+)

(s+s+s+)

spin-flavour wave function

•U — + ^

( U + H + 1 1 - )

^ ( n + u + d - ) - v / f f u + d + i i - )

v / T ( d + d + u . ) + / f ( d + u + < l _ )

(<i + < l + , l _ )

/r(.i + u+s_)+yf(u+s+u.)
/ i l u + d + s - ) + ^ / T f d + s + n - ) + ^ ( s + i i + d - )

v/T(,l+d + s_)+N/f(.l + s+«J-)

v/I^ + s+u.J+x/fts+ii+s-l

v/T(s+s+ .J_)+ >/J(8+d+1)_)

( S + S + H , )

Table 3.2: Tte . / p = | baryons composed of the light quarks. For a data sample with
equal proportions of.'z = \.\,-\,-\,ihe polarisation of the baryon is 5/9 with respect
to the direction of any chosen (type of) constituent quark.

symbol

P

n

A

S +

2°

E~

5°

H-

r

2

1
2

0

1

1

1
1
2

1
2

T3

i
2
1
2

0

1

0

- 1
1
2
1
2

5

0

0

1

- 1

- 1

- 1

- 2

- 2

spin-flavour wave function
for ./= = +!

yf(u+ii+d_) - ^(u+d+u-)

-^/jfd+d+u.-) + ^/jfd + u+d-)

i/idi+s+d-j - v/ifd+s+u-)

^/^"(ll+ll + S-) - \ /?(u + S+U_)

yf(u+d+ s . ) - ^(u+s+d-) - v/i(d+s+ii

yftd+d+s,)- yi(d+s+d-)
— V 3 ( s + ^ + 11— ) "I" v / 3 (ll-j-.S-f-H_ )

spin w.r.t
d u

I 2
J 3
2 1
3 3

0 0
2
3

• , 2 2
- ^ 3 3

2
3

1
3

1
3

1
1
3

1
3

I
3
2
3

2
3

Table 3.3: The flavour-spin wave functions for the Jp — l / 2 + baryon octet that is wade
from the light quarks, and the predicted average spin of the baryons with respect to each
quark type.
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This leads to subtleties, like •=.+ ^ 2,A+, where the superscript A indicates that the
c quark replaces the K quark in the anti-symmetrical pair. All baryons without
any u or A quark are called ii. When more heavy baryons can be studied, it will
probably become necessary to modify this naming scheme.

3.8.3 Spin transfer in baryon decays

3.8.3.1 The Electromagnetic decay of the D" baryon.

The En decays for almost 100% into A7. In the simple quark mode) (table 3.3),
the u<l] 'diquark' with spin 1 must loose its spin to the photon to create the udo
'diquark' inside the A. The s-quark is not affected by this process and thus it
transfers its polarisation to the A: l\ = -\P-c<.

An argument"351 from long before the existence of the quark model is based
on the conservation of parity in this electromagnetic transition. Independent of
the intrinsic parity of both baryons, it is shown that in the rest frame of the £",
the polarisation of the A depends on its direction £A as:

PA = ~{PZ» -'"'A)'"'A (3.30)

The photon emission flips the component of the polarisation parallel to the di-
rection of the decay axis, while the other components become zero. Taking the
average over the different possible directions of the A, one again arrives at:

<A)»A = -^(A:«> (3-31)

3.8.3.2 Hyperon decay parameters

For historical14 reasons, strange baryons are called 'hyperons'. Experimentally,
the weak decays of Jp = | hyperons into a baryon and a meson are described by
decay parameters as defined in the Review of Particle Properties11321. Analogously,
the same parameters can be defined for the weakJy decaying spin | il~-baryon.
Starting with the most general (weak) decay through an intermediate vector- and
axial vector current, one derives that in the centre of mass system of the strange
baryon the decay rate is proportional to:

R = l+7([2>/-w;) + (l -~f)(il;fh)(cJi-h) + (t (uif7i+uii-ji)+fi(h-(Cjf xcj;)) (3.32)

where the direction of the final baryon is given by the unit vector n. The spin of
the initial and final baryon are in the direction of the unit vectors (ij and u>/. The
'unit vectors' Cii and <l/j have a quantum mechanical interpretation: they can only
be measured in one given direction at a time.

For any chosen axis one has u>/ = ±u),: the spin is either conserved, or it
is flipped. The angle between the initial spin and the direction of the decaying
baryon defines the value of (ii, • n). If Rcj gives the value of R for the case that the

Strangeness was also called 'hype;charge', not to be confused with the weak hypercharge.
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spin is either conserved, or flipped, the mean transfer of spin in a given direction
is given by T = (R,-- R/)/{R,.+ Rj). The average over all directions ft is obtained
by integrating over the solid angle iV. (T) = J<Ul(Rr - Rf)f JdU(R,: + Rf). If
the hyperon polarisation is I\, the polarisation PB of the decay baryon is given
by"32':

Pa = (» + / V - ^ + ^ ( f V x n ) + 7 n x ( i V x » ) ^
1 + n(PY -h)

3 /

Still in the rest system of Y, the anisotropy of the decay is determined by the
constant r>:

"-— = R,. + Rf = 1 + n(Py • h) = 1 + nPY cos B* (3.35)

This is the property"291 used to measure the polarisation of the A. Note that the
anisotropy in the decays of a A and a A are opposite. At the same time, the
longitudinal polarisation of the s and s quarks produced in the decay of a Z° are
also opposite. We can safely assume that the created baryons are also polarised
oppositely from the anti-baryons, and therefore the decay anisotropy should be
the same for a A and a A.

The three constants a, [i and 7 depend on the relative strengths of effective
vector- and axial-vector couplings, and are constrained by «2+02 + y2 = 1. Exper-
iments measure the constant a and an angle <f>, defined such that 0 = sin 4><J\ — a2

and 7 = cos 0^1 - <k2- Time-reversal invariance requires, in the absence of final
state interactions, that (i = 0|I32J. However, the final state interaction is strong,
resulting in phase shifts and nonzero values for <f>. Relevant results are available
for the decays of the A and the E (table 3.4). The parameter a has been measured
for the decay A,. —• ATT+, resulting in a weak upper bound for the A polarisation
for this decay mode.

3.8.3.3 Decays of the spin | baryons

When a Jp = | baryon decays strongly into a spin \ baryon and a pseudoscalar
meson (Jp = 0~), the meson has to carry a way exactly one unit of spin to conserve
parity. The spin of the initial and final baryons must then be parallel. In the weak
decay of the il~, parity is not conserved, and the decay parameters from table
3.4 describe the spin transfer. The average polarisation transfer in decays to A
baryons depends on the different branching ratio's and the numbers from table
3.4 and equation (3.31). The result is summarised in table 3.5. To obtain the
polarisation transfer from the primary quark to the final A baryon, these numbers
should be multiplied by 5/9, the polarisation of the spin | baryon with respect to
any of its constituent quarks (eq. 3.29).
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A
—0

~ -

K

11-

decay

- p 7 r -

-* An0

— Air'

-> ATT+

- AA' -

— E"n~
- E - 7 T -

a

0.642 ±
-0.411 ±
-0.456 ±
-1.03 ±

-0.026 ±
0.09 ±
0.05 ±

0.013
0.022
0.014
0.29
0.026
0.14
0.21

-6 .5
21

4

4>

°±
°±
°±

3.4°
12°
4°

0.90 ±
0.93 ±
\P\<

-- i +

0.06
0.01
0.7

h

Table 3.4: A few relevant hyperon decay parameters from experiments^ and the po-

larisation transfer to the A. The data for il~ decays are consistent with the expectation

particle

E(13«5)+

E(1385)°

H(1530)°

E(1530)-

n~

decay

— ATT+

— E'V+

— £ + 7r"
- ATT0

— E + 7T-
— E"7T +

-» E°7r"

- f_\
- A K -
—» 5~7rn

- = ° i r -

branching
ratio

8 8 %
C%
6%

8 8 %
6%
6%
0%
2/3
1/3
2/3
1/3

67.8%
23.6%
8.6%,

average A
polarisation

)
} 92%

J
]
> 100%

[
Jj 92%

} 91%

1
> 98%

J

Table 3.5: Tte branching ra-
tios of spin 3/2 baryons and
the resulting average polarisa-
tion transfer to finally produced
A baryons. The experimental
results11321 do not distinguish
charges in the decays ofT," and
H*. Isospin arguments for these
strong decays lead to relative
branchings given by Clebsch-
Gordon factors.
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3.8.4 Non-per.turbative spin effects

It has been observed that A-baryons from proton-proton collisions obtain a polar-
isation in a direction perpendicular to the event plane, as defined by the momenta
of the initial proton and the final A-baryon. This out-of-planepolarisation(L%i in-
creases linearly with the transverse momentum and reaches about 40% at 1 GeV/r..
This behaviour was surprising, since it cannot be explained from hard scattering
processes as calculated in perturbative QCD, where parity is conserved. The re-
sulting source of polarised A baryons has been used for an accurate measurement
of the magnetic moment"3".

A relatively plausible explanation for this behaviour was given in the context
of the string hadronisation model1137-791. The basic idea is that classically, the
creation of a massive quark-antiquark pair must occur at a small separation, such
that the energy of the colour field in between is equal to the produced masses.
In a quantum mechanical picture, a virtual pair is produced in one point and
subsequently tunnels out through a linear potential. In the string hadronisation
model (figure 3.3), a gluon field string is stretched in the direction of the incoming
proton, until it breaks and an us pair is created. Since the two quarks must be
separated by a finite distance, there is a nonzero orbital angular momentum,
proportional to the transverse momentum of the quarks with respect to the string.
In the absence of transverse excitations in the force field, this must be compensated
by the spin of the quark-antiquark pair. After considering the different schemes to
combine the quarks into a A baryon, this model gives a quite adequate quantitative
description of the data.

Figure 3.3: A quark and an anti-quark with
transverse momenta px and —px are produced
at a distance ( « 2^x/« from each other,
where the transverse mass ii\ = m^ + p\,
and K is the energy density of the string. The
quarks carry an orbital angular momentum

L « £px « 2 /ZXPJ . /« / which is compensated
partly if the spins are polarised in the opposite
direction.

o
~ I ®

s

Ip±

In another model due to T.A. DeGrand and H.I. Miettienen11381 it is noted that
when a strange quark is grabbed from the 'quark-sea', it is accelerated in a di-
rection which is not parallel to its velocity. Therefore it will undergo a Thomas
precession'139'1401 around the axis (pp x pA). This is due to the relativistic ana-
logue of the centrifugal force and the Coriolis force, related to Lorentz boosts.
The Thomas pseudo-force results in an effective term in the Hamiltonian that
favours the observed direction of polarisation. This model can explain the ob-
served features in a qualitative fashion. Note that there is nothing inherently
non-perturbative about a Thomas precession: it is a normal feature of relativistic
(held) theory. But then how can Parity be broken to cause the out-of-plane polar-
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isation? Again one must invoke non-perturbative effects due to the finite size of
hadrons that cause effective interactions that are not localized in one point.

The same type of effect could possibly polarise A's in Z° decays. This would
suggest a measurement of the A polarisation perpendicular to the plane defined
by PA x Pa, where the quark momentum ;7S can be approximated by the direction
of the jet. However, both proposed mechanisms only apply to the case where the
s quark is created at the hadronisation stage. It is thus reasonable to expect that
the longitudinal polarisation of high momentum A's will not be affected.

A search'1411 for the out-of-plane polarisation was actually done at TPC/2-,
at PEP, at a centre of mass energy of 29G«V. The data sample was split in two
by a rapidity cut at y = 1.75. High rapidity corresponds to high momentum.
The signal is expected for the low rapidity sample, where the A is mainly created
at the hadronisation stage. A possible signal of P = (15 ± !))% was seen in the
low rapidity sample. The polarisation for high rapidity was consistent with zero:
P = (4 ± 18)%.

3.8.5 Excited L > 0 baryons

After the hadronisation phase, it is still possible that much of the information of
the quark spin is lost when a substantial fraction of baryons is produced through
L > 0 resonances. Resonances live long enough for the strong force to redistribute
the angular momentum over the available degrees of freedom: the spins and the
orbital angular momenta of the quarks. In the strong decay to one of the L = I)
baryons angular momentum is carried away by mesons, decreasing the correlation
between the spin of the primary quark, and that of the final baryon.

In the available Monte Carlo models, no L > 0 baryon resonances are pro-
duced at all, because experimentally not much is known about their importance.
Tacitly, it is supposed that the sum total effect of resonances is described by the
parametrisations of the model. Although this could be correct for event shape
parameters and general momentum distributions, the polarisation of particles
could very well be modified. The experimental observation of the out-of-plane
polarisation in proton collisions shows that the polarisation created in the hadro-
nisation phase is not washed out by the production of high spin resonances. This
suggests that it is reasonable that we neglect this effect in the estimate of the A
polarisation.

3.8.6 The challenges of A polarisation

Concluding this section, we can say that in the naive parton model most mecha-
nisms that can modify the A spin are understood quite well. The most important
uncertainties seem to concentrate at the quark fragmentation. Deep inelastic scat-
tering experiments' that are sensitive to the spin structure of quarks inside protons
and neutrons have produced the well known spin-crisis"34': the valence quarks
turn out to carry only a very small part of the hadronic spin. The measurement of
longitudinal A polarisation at LEP is a very similar experiment, only this time we
start with a polarised quark and study the polarisation of A baryons, with their
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simple parton model spin-structure. Will there be a complementary spin-crisis?
Or is the s quark heavy enough to escape the lot of u and d quarks inside a nu-
cleon? Theoretical work is still needed to really calculate the spin properties of
quark fragmentation. Sum rules as for the structure functions in deep inelastic
scattering don't exist. On the experimental side it is still necessary to improve the
reconstruction efficiency of high momentum A decays, with a high purity.
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3.9 Predictions of the JETSET Monte Carlo

A Monte Carlo program like JETSET provides the relative contributions of dif-
ferent production channels for high momentum A baryons. A simple study was
done on 106 events, using the standard (DELPHI) fragmentation parameters and
options188-891, without any simulation of the detector (see table 3.7). For the pa-
rameters describing the creation of baryons, the values from OPAL1861 as fitted
to describe the production of E* where used. This choice was made because an
important fraction of the A baryons come from decays of a £*. The A's were only
used when the decay was inside a cylinder around the interaction point with a
radius of 80 cm and a length along the beam-pipe of 160 cm. This should simulate
roughly the effect of acceptance on the relative importance of the A's from the
decay of the long living 5 and il.

For the study of the distribution of (,,, = - log xv for low momentum particles
in connection with the analytical calculations assuming Local Parton Hadron
Duality (section 3.6), one wants to concentrate on the part of the spectrum that is
not flavour dependent. It is interesting to see what the much more sophisticated
JETSET model can tell us about the range of validity of LPHD. One would like to
compare the spectra of different particles to see if they exhibit different maxima
in the distribution of |<Ur/d£p| = \x,, • der/dr^. For this reason plots will be shown
not only for the A baryon, but also for some of the particles that will become
detectable with the RICH. Since experimental analyses are being done of the E~
and the il~, some more information about these particles is also interesting in this
context.

Completely different measurements can be done with high momentum parti-
cles since they carry information about the primary quark. For A baryons, the high
momentum sample is appropriate for a measurement of the forward-backward
asymmetry and the longitudinal polarisation. In the future, charged kaons identi-
fied by the RICH will also be used to measure the forward-backward asymmetry
for strange quarks.

As the strong force that produces all the particles from the fragmentation of
quarks and gluons conserves CPsymmetry, we can use the distributions for charge
conjugate states linked to the charge conjugate quarks, doubling the Monte Carlo
statistics. The differential cross sectioas shown here all include the contribution
of the charge conjugate particles.

Some general features of particle multiplicities compared to the multiplicity
of stable charged particles can be found in figures 3.4. Figure (a) shows the
fractions of all the stable charged particles as a function of £p = - loga.-p. The
corresponding scale of x.p is given above these figures. In figure (b) the comparison
with some other interesting particles is given. It is interesting to see that at very
high momenta (x,, > 0.3), nearly all pions and Kaons are from decays of the
K'"(802) (branching ratio into K+w~: 2/3). It can also be seen that at xp > 0.3
about one third of all protons are from A decays (branching ratio into pw": 64%).
This shows that particle identification at high momentum can help a lot in the
reconstruction of very clean simples of strange particle decays.
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(a) Stable charged particles (b) Various interesting particles

Figure 3.4: The relative abundance of particles (and their charge conjugate) in hadronic
Z° decays, normalised to all charged particles, as predicted by JETSET. In fig. (a) only
the stable particles are shown in a linear scale, while in fig. (b) other interesting particles
are added in a logarithmic scale. At the top of the figures a scale for xp is given. The Kg
is left out, since it is just half as abundant as the K+ .

3.9.1 How to associate hadrons with the primary quark

Unlike in the reol data, it is easy to see what is the dependence on the flavour
of the event. Although the JETSET manual is not completely clear about this,
it is possible to decide for every particle that originates directly from the string
whether it contains a primary quark from the Z° decay. Jn the JETSET manual169',
the user is explicitly warned against interpreting the parton shower development
as the 'event history', but according to Torbjorn Sjostrand11421 it still makes sense
when one is only interested in the flow of quark flavour and momentum. As this
is not clearly documented, this linking will be described here.

A string is always formed by combining a quark, a number of gluons and an
anti-quark in one given order. The string is thus seen as a colourless flux tube of
the strong field, starting at a quark and ending at an anti-quark. The momentum
of the gluons creates 'kinks' in the string and changes its colour. In £. given event it
is possible to have more than one string, depending on the number of (anti)quarks
produced in the parton shower. An example is shown in figure 3.5.

The 'decay' of the resulting string in the JETSET model produces a list of
hadrons, most of which are resonances that will subsequently decay. Both the
input list of quark-gluons-antiquark and the list of the resulting hadrons can be
found in the event common of JETSET. The hadrons produced from the string
are given in an order corresponding to that of the input partons (quark-gluons-
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Figure 3.5: In the string fragmentation
as implemented in JETSET, hadrons
originating from the endpoint of a string
contain thequarkat that endpoint. In the
JETSET commons, the partons forming
the string and the hadrons created from
it are listed in the correspondin\ vder.
In this picture the incoming partons are
on the left, the thick zig-zag line is the
string and the out-coming hadrons are
on the right.

antiquark). This makes it possible to link a particle produced in the decay of the
string to a quark or an anti-quark at one of the endpoints of the string.

The subsequent problem is to recognise if the associated (anti)quark did ac-
tually originate from the primary Z° decay, or if it was produced at a later stage
in the parton shower, due to the splitting of a gluon or a photon. It is correct to
infer this flavour information from the parton shower development as given in
the event common.

Now we are able to associate with the primary (anti)quarks only those hadrons
that directly originate from the string fragmentation. The association of the decay
products of these 'original' hadrons with the primary quark will be made simply
by tracing back in the decay chain and by taking the quark associated to the
original particle coming from the string. This can have some effects that could be
unexpected. As an example, a few charged Kaons will be associated to primary
down quarks through the decays of the K*u(892) (see fig. 3.8).

3.9.2 The flavour dependence of momentum spectra

The assumption of Local Parton Hadron Duality (LPHD) is that the effect of
hadronisation on e.g. the momentum distribution is reasonably well described by
normalisation constants after the contributions of all the different decay chains are
added up. Figures 3.6(a) and (b) make it clear that this is not a trivial assumption.
The Monte Carlo data show a marked dependence of the spectrum on the 'father'
particle of both the Kg and the A.

Figures 3.7-3.9 show more detailed information about the flavour dependence
of the spectra of the A baryon, the charged Kaon and the Z~ baryon. Since neutral
Kaons behave much like the charged ones, no special figure has been devoted to
them. Figures (a) show the dependence on the 'event flavour': the flavour of the
quark coming from the Z° decay. Figures (b) show the fractional contribution of
each flavour, while figures (c) show the same for those particles that have been
associated with the primary quark as described above. Figures (d) show for each
flavour whether the particles are associated to the quark rather than the anti-
quark, or vice versa. Figures (c) and (d) together demonstrate whether a particle
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Figure 3.6: The ^-distribution for particles with a different 'fathtr' particle in JETSET
(the contribution of the charge conjugates is included). Particles directly produced by the
fragmentation, have the LUND-model 'string' as their 'father'. At the top of the figures
a scale for xp is given.

is sensitive to the forward-backward asymmetry of the primary quarks.
It is probably another argument against LPHD that the spectra of these strange

particles all exhibit a strong dependence on the flavour of the primary quark. The
real problem seems to be that the dependence already starts at relatively low
momenta, not much above the maximum in each of the distributions given in
figs. 3.7-3.9(a). The conclusion would be that the contribution from primary
strange quarks quite probably causes a shift in the value of £* = - log x™x at
which the maximum for the inclusive particle spectra occur.

Figure 3.7 presents the predicted spectra for the A baryon. In figure 3.7(b)
one can see that for momenta above 13.5 GeV/n (xp = 0.3), more than 40% of
the A baryons are from s-events, while figure 3.7(c) shows that about 35% can
be associated to an s quark from the ZQ decay. Since the A is a baryon, it is not
strange to see in figure 3.7(d) that there is a very strong correlation of the (anti)A
with (anti)quarks.

Looking further at the information for charged Kaons (fig. 3.8) it is clear that
identification at high momenta with the RICH will produce interesting results.
The E~ baryon (fig. 3.9) is also interesting, as it contains two strange quarks. Al-
though the OPAL collaboration already determined a value of £' for this baryon,
there will probably never be enough high momentum H~ baryons for a competi-
tive determination of the forward-backward asymmetry for strange quarks.
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Figure 3.7: Momenta of the A baryon and the relation to the primary quark flavour (the

charge conjugate case is included).
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Figure 3.8: Momenta of the K+ meson and the relation to the primary quark flavour
(the charge conjugate case is included). Note that a contribution for <1 quarks is included,
mainly from K' decays.

(a) ~^ per event flavour. (b) Fraction for each event flavour.
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(c) Fraction associated with primary (anti)quark, (d) Ratio (</ - <])/(v + <j) for the fraction asso-
per event flavour. ciated to primary (anti)quark.
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Figure 3.9: Momenta of the S~ baryon and the relation to the primary quark flavour

(the charge conjugate case is included).
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(c) Fraction associated with primary (anti)quark, (d) Ratio (q - </)/((/ + '/) for the fraction asso-
per event flavour. ciated to primary (anti)quark.
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3.9.3 The forward-backward asymmetry

Figure 3.10 presents the predicted forward-backward asymmetry for a number of
hadrons as a function of the momentum. It is clear that the identification of the
K+ and even the proton by a RICH will produce interesting possibilities. Up to
quite high momenta (£;, =s 1, xp w 0.37) the asymmetry of the A is still half that of
the s quark. This,is due to the contribution from charm events, which only falls
off at still higher momenta, as shown in figure 3.7(c).

3.9.4 Expected A polarisation

Starting from the different possible ground state baryons and their decays, it is
possible (table 3.5) to give a quite complete description of the production oi a A
in JETSET, but only when the primary quarks are light: u, d, s (the excited L > 0
baryons are absent in this Monte Carlo).

The J ETSET model predicts that only a small fraction of the u and d events iead
to A's containing one of the primary quarks. This is due to the strong suppression
of strange diquarks. The Clebsch-Gordon factors also conspire to suppress the
direct production of an unpolarised A from a u / J quark and a strange diquark
with spin 1 (suppressed as well). The production of the spin 3/2 E* is suppressed
more strongly still. The production of a E° is relatively important, but only a small
part of the polarisation is transferred in the decay. The consequence is that most
A's from u and d events are created purely in the string fragmentation process,
and have no relation with the primary quark.

For the s events, the contrary is true, and the direct production of a A from
a primary s quark and a iici0 diquark dominates at high momenta. For xp > 0.3
this accounts for about G6% of the A's, while 18% are from decays of baryons
containing the primary s and 16% are not associated to the s quark at all.

In the case of the heavy quarks, there are many more possible decays, and it is
not clear how the polarisation is transferred. This unknown fraction of the data
decreases when higher and higher momenta are considered. The As from the <•
events are harder than those of b events. The largest single fraction comes from
the A,t. A (theoretical) estimate of the polarisation transfer for these cases would
be helpful and one could also hope to estimate the effect of the charm events from
the experimental dependence of the polarisation on the momentum.

Figure 3.1 l(a) shows the dependence on the momentum of the polarisation and
of the contributions with unknown polarisation, while figure 3.11(b) shows the
average for ail momenta above a given minimum Table 3.6 explicitly sum marises
the situation for a sample with xv > 0.3. The polarisation in figure 3.1 l(a) can
be described by a linear function of xp. The fit is not very good, but as a rule of
thumb one can say that in the range 0.3 < xp < 0.9:

PA « 0.06 - 0.90 • xp (3.36)

The JETSET Monte Carlo with *he used parameters deviates from this simple
function by less than 0.08.
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Figure 3.10: The predictions of JETSET for the forward-backward asymmetry of a
number of particles and its dependence on xp.
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Figure 3.11: The strength of the predicted left-handed A polarisation and the fraction from
charm and bottom events with unknown polarisation as a function of xv. The indicated
error bars ore statistical. These unknown fractions are assumed to be unpolarised. In
(b) the result is integrated down to a minimum value for xp corresponding to possible
experimental cuts. The indicated cut at xp = 0.3 corresponds to table 3.6.
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The statistical error from the Monte Carlo is indicated in figures 3.11, but much
more important are the systematic uncertainties. The most conservative error
estimate would be that all A's from c and b quarks are polarised completely, but
in an unknown direction. The fractions in figure 3.11 give an upper bound on the
systematic uncertainty due to this unknown fraction. It seems very reasonable
to expect a net polarisation for the data with xv > 0.3. For this sample, the
fraction of A's correlated with a primary <: quark is less than the fraction with
a primary s quark. Ignoring the polarisation of the (.--correlated sample, the
resulting polarisation would be -37%. With the default values of the JETSET
parameters, the polarisation is lower15: about —31% for xp > 0.3. This means that
the prediction from JETSET could have a systematical error of not more than 6%,
due to the (present) uncertainties in the parameters describing baryon production.

15 The number given by Gustafson and Hakkinen"201 is near to the value for the default parameters,
but the authors claim to have used the parameters as fitted by OPAL1661
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Table 3.6: The various origins of A baryons and a prediction for the polarisation at the Z"
peak. The 'unassociated' hadrons do not contain a primary (anti)quark. An estimate of the
polarisation is found by multiplying the entries in the last two columns and adding them
up. Assuming all unknown numbers to be zero, the polarisation would be P — -37.5%
foi xv > 0.3. The fraction with unknown polarisation is 25.0%, of which 16.1% comes
from charm events and H.9% front bottom events.
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variable value default description

PARJ(1)
PARJ(2)
PARJ(3)
PARJ(4)
PARJ(5)
PARJ(6)
PARJ(7)
PARJ(18)
PARJ(19)
PARJ(21)
PARJ(41)
PARJ(42)
PARJ(45)
PARJ(54)
PARJ(55)
PARJ(81)
PARJ(82)
PARJ(136)
PARU(21)
PARU(102)
PARU(123)
PARO(124)

0.1
0.285
0.18
0.012
0.5
1.0
1.0
1.0
1.0
0.395
0.2
0.34
0.5

-0.054
-0.006

0.3
1.0
0.99

91.25
0.23

91.2
2.49

0.1
0.3
0.4
0.05
0.5
0.5
0.5
1
1
0.35
0.5
0.9
0.5

-0.054
-0.006

0.4
1.0

0.229
91.25

2.4

V(qq)/V(q)

iP(u<l,)/'P(udo)
= 0.5 • V(BMB)/V{BB)m

factor to suppress sharing ss in baryons of B,MB^
factor to suppress strange meson in BMSB
factor to suppress spin 3/2 baryons
factor to suppress diquarks at the end of a string
Gaussian width of transverse fragmentation, in GeV
parameter a in the Lund symmetric fragmentation
parameter b in the Lund symmetric fragmentation
a = PARJ ( 4 1 ) + PARJ (45) for diquarks (eq. 3.17)
ec, the Peterson fragmentation constant for c
tb, the Peterson fragmentation constant for b
The QCD scale, KQCD, in GeV
Invariant mass cutoff in the parton shower, in GtV
max. energy fraction of radiated photons in DYMU3
Centre of mass energy in GeV(=2cpbeaTn)
Weak mixing angle (important for asymmetries)
Mass of the Z° in GeV
Width of the Z° in GeV

Table 3.7: The settings of the most important parameters used for JETSET 7. 3 with
Parton Shower and String Fragmentation, as built into the DELSIM program. The
DYMU3 generator1651 is used to include radiative corrections for the Z° production. The
Peterson fragmentation function is used for the heavy c and b quarks. The fragmentation
parameters are taken as fitted from the DELPHI data1881. Decays of long living particles
(A, E, E, ft) were turned on explicitly at the generator stage (otherwise this is referred to
the detector simulation). The strange suppression factor and the parameters for baryon
production (PARJ(1- 7)) are those as fitted by the OPAL collaboration to agree with
their data on the production of the £*'86'. For meson production, the defaults were used.
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Chapter 4

The experimental setup

4.1 The Large Electron Positron collider (LEP)

ForCERN, the LEP collider was the 'logical' next step1611 after the W and Z° bosons
where found at the SPS. To give an impression of the size of the project: LEP has
a circumference of 27.3 km, the beam is held in place by 3368 dipole magnets
and focussed by 808 quadrupoles. In its first stage LEP is now running on the
Z° mass peak1621 and many of the properties of the Z° are being measured with
an unprecedented precision by four experiments (fig. 4.4): DELPHI, L3, ALEPH,
and OPAL.

The next stage will be to increase the beam energy above the threshold for
W+W~-pair production. All radio-frequency cavities that are used to accelerate
the beam must by then be superconducting. This will give the opportunity to
measure the W mass accurately, study directly the triple vector boson coupling
and extend the mass range for searches of Higgs bosons and other particles. Other
possible options are polarisation of the beams'631 and running with more bunches
('pretzel mode') to obtain a higher luminosity at the Z° mass peak.

4.2 The DELPHI detector

The DELPHI detector"431441 at LEP was conceived as a general purpose Detec-
tor with Lepton, Photon and Hadron Identification (figures 4.1, 4.2, 4.3). This
short description will start with a focus on the specialities of DEI PHI: particle
identification with the Ring Imaging Cherenkov detector (RICH). Subsequently
attention will be given to the High Density Projection Chamber (HPC), the other
calorimeters and the tracking devices. In the combination of the sub-detectors in
DELPHI, technical reasons have led to a 'hole' in the general particle identification
capability (muon, electron, photon, and hadron) around polar angles of 40° and
1-1(1°.
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Figure 4.1: The various parts of DELPHI: Vertex Detector (1), Inner Detector (2), Time
Projection Chamber (3), Barrel RICH (4), Outer Detector (5), Hight density Projection
Chamber (6), superconducting magnet (7), Time Of Flight (8), Hadron Calorimeters
(9), Barrel Muon chambers GO), Fonvard Chambers A (11), Small Angle Tagger (12),
Forward RICH (13), Forward Chambers B (14), Forward Electromagnetic Calorimeter
(15), Forward Muon chambers (16), Forward Hodoscope (17).
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irney-Voltaiie « c t l

Figure 4.4: A schematic picture of the LEP ring, the ~ 100 m deep DELPHI pit, its
orientation and the definition of the DELPHI coordinate frame. The z-axis is along the
beam-pipe, parallel to the momentum of the incoming electrons. It is tilted over 3.6030
mrad w.r.t. the horizontal plane. The x-axis points from DELPHI towards the centre of
the LEP ring, but it lies in a horizontal plane and does not follow the 13.23 mrad tilt of
the LEP ring. The y-axis is tilted with respect to the vertical over 3.6030 mrad.

4.2.1 The Ring Imaging Cherenkov detector

DELPHI includes a Ring Imaging Cherenkov (RICH) detector1143-145'146'1261, one
of the first to be incorporated into a 4n detector at a collider experiment. In
this detector it is possible to reconstruct the angle between single Cherenkov
photons and the emitting charged particles. A liquid radiator works in the low
momentum range up to a few GeV/c, were a gas radiator takes over, saturating
at about 20 GeV/c for the Barrel RICH and at about 30 GeV for the Forward
RICH. A charged particle first passes through the liquid radiator. The cone of
Cherenkov light from this thin layer creates a 'ring' image in the photon detector.
Subsequently, the particle passes through the photon detector, creating a (large)
ionization signal that is used to check the alignment1147-146'. This signal can also
provide an additional point for the tracking. Subsequently the particle passes
through the gas radiator. Mirrors catch the Cherenkov light emitted all along the
path in the gas radiator, creating ring a image in the photon detector.

In the Barrel RICH (figure 4.5), the photon detector consists of 48 Time Pro-
jection Chambers (TPC's) with quartz windows. The drift gas contains some
photosensitive vapour (TMAE), that can absorb a UV photon, releasing an elec-
tron. These single photo-electrons must then survive a drift of up to 1.5 m to
the readout chambers. The wire address provides the rt/> coordinate, while the
induced charges in the pads behind the wires provide the r-coordinate and the
drift time gives the z-coordinate. The conversion depth of photons in the detector
is of the order of 1 cm, making it possible to separate the liquid- from the gas pho-
tons. As the radiator gas is a liquid at room temperature, the whole detector must

64



4.2. THE DELPHI DETECTOR

I=-T—=EHZZ3
•HUHIII IHNIII I I IWIHIIIUXIII I I IHII I I I IHII I I IHNHIII I I IHII I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I IHH

Low / M * h /
Energy Energy
Pair ticks Particle*

(•vter Cylinder

ElKlncal Insulation Liquid RadHtot Iub»

- - 1550 —

Figure 4.5: A cross section through a quadrant of the Barrel RICH (dimensions in mm).

be heated to about 40°C. There is a 'hole' in the particle identification capability
between the momentum ranges coverd by the liquid and gas radiators. It could
be closed by pressurising the whole detector to increase the refractive index of the
radiator gas.

The principle of the Forward RICH is similar, but its geometry is very dif-
ferent. This is mainly due to its positioning perpendicular to the magnetic field
of DELPHI. The liquid radiator is segmented in polar angle, such that losses
due to total internal reflection is minimised. However, this means that a part of
the liquid ring can be lost due to obstruction by a neighbouring liquid radiator.
The drift of the photo-electrons is perpendicular to the magnetic field with a large
Lorentz angle between the direction of the drift and the electric field. To minimize
the dead space in the photon detector, the drift distance must be short, and the
number of electronic channels is large. The signals of strips and wires are multi-
plexed to reduce the cost and the number of cables. In the analysis of the data it is
necessary to take into account that liquid photons can be lost due the mentioned
dead areas, or shading by other radiators or simply because the photons miss the
photon detector. Since more space is available for the gas radiator in the Forward
RICH, it will perform better at high momenta. It was also possible to use another
radirtor gas, at room temperature.

In 1990 the first data came from the Barrel RICH and it could be demonstrated
that the idea works. In 1991 the quality and quantity of the data was sufficient
to reach further and try lo do measurements'107', although the alignment and
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calibration have only recently been finalised. In 1992 the Barrel RICH was fully
operational, although initially impurities in the liquid radiator gave some trouble.
The Forward RICH, covering angles down to about 17° is working since the 1993
data taking.

4.2.2 Calorimetry

The High-density Projection Chamber (HPC)
The electromagnetic calorimeter in DELPHI is another innovative project. In the
barrel region, the electromagnetic calorimeter is based on the TPC idea, with a
drift volume containing many layers of lead, to convert the energy of photons
and elf >rtrons into showers of electrons. These showers are reconstructed in
three dimensions, resulting in a very high granularity and an acceptable energy
resolution. The numbers obtained in 1991 were:

(Tj = 3.5mrad (4.1)

(T6 = 2.6mra<l (4.2)

aE/e. = (25/-/E+7)% lEmGeV] (4.3)

The high granularity is needed to identify the n° particle, as it decays into two
nearly parallel photons. The identification of the n° opens up many exclusive
decay modes of heavy quarks and the T lepton. The detector has functioned
sufficiently for the 'simple' physics of the first years of LEP, but it is still quite a
challenge to obtain the design goals. The detectors in front of the HPC have a
radiation length of ~ 1, also complicating the analysis.

The Forward Electro Magnetic Calorimeter (FEMC)
For the FEMC in the two endcaps, a safe and proven detector concept was chosen,
based on lead glass. Its energy resolution in 1991 was about 4% for 45.5 GPV
electrons.

Hadron Calorimeter (HAC)
The return yoke of the superconducting magnet is instrumented as a Hadron
Calorimeter. In 1991 the energy resolution was about 120%/N/E (E in G<V).

The combination
In the offline analysis of the data, the different calorimeters must be combined to
obtain the full angular coverage. Some information of tracking detectors (mainly
the outer detector and the forward chambers A) can be added, to see if showering
started before the electromagnetic calorimeters. The task of all the calorimeters
is to identify electrons, photons (IT0) and neutral stable hadrons. They also give
additional information for the identification of muons. Much less emphasis was
put on a complete angular coverage and a good resolution of the overall energy
in the event,
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4.2.3 The tracking sub-detectors

The analysis in this thesis is based on charged particles, mainly detected in the
central tracking detectors:

The Micro Vertex Detector (VD)
This sub-detector consists of three cylindrical layers of silicon microstrip detectors
at radii 6.3 cm, 9.0 cm and 11.0 cm, covering polar angles between 31 and
149°. For isolated tracks, the intrinsic point resolution in the transverse plane is
measured to be 8 ;im. The two track separation is better than 100/*m. For high
momentum tracks with hits in all three layers of the VD, the uncertainty of the
track extrapolation to the vertex region is 24 /mi. This was the situation during
the run of 1991. The VD is continuously upgraded. After having received its third
layer, the next step will be to add the capability of measuring the z coordinate.

The Inner Detector (ID)
This detector has two parts. The Jet Chamber is a cylindrical drift chamber for
high resolution tracking just outside the VD (inner radius = 12 cm, outer radius
= 28 cm, covering polar angles between 29° and 151°). The Trigger Layers are
located outside the Jet Chamber. They are optimised to provide a fast trigger for
tracks coming from the primary vertex. This chamber gives a robust measurement
of 2 and 0.

The Time Projection Chamber (TPC)
This is our main tracking device with an inner radius of 35 cm, an outer radius of
111 cm and a length of 2 x 130 cm. If covers polar angles between 22° and 158°.
In <t>, the TPC is segmented in 6 sectors that are divided in two by an anode wall at
2 = 0. Particles ionize the gas locally, as they pass through the sensitive volume.
The ionization electrons drift to the end plate where they create an avalanche on
the sense wires and induce a signal on the readout pads behind the sense wires.
The sense wires offer a measurement of <lE/<lx, the energy loss by ionization per
unit of length, that is used for particle identification. The readout pads give r and
r(j>, while the z coordinate is obtained from the drift time.

The Outer Detector (OD)
This detector is important for the measurement of tracks with a high momentum
by adding a point at r = 2 m. It contributes to the trigger and can detect showers
to aid the HPC in the electron identification (inner radius = 198 cm, outer radius
= 206 cm, covering polar angles between 12° and 138°).

The forward chambers A and B (FCA, FCB)
The forward chambers are there to improve the measurement of tracks at a small
angle with respect to the the TPC drift direction (parallel to the beam-pipe). The
forward chambers A are tixed to the TPC end plates and chambers B are in the
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endcaps, between the Forward RICH and the forward electromagnetic calorimeter
(FEMC). These detectors are crucial for the success of hadron identification by the
Forward RICH, and also for the identification of electrons by the FEMC. They are
also important for any kinematic reconstruction of decays in the endcap region.
The forward region is very important for the measurement of Forward-Backward
asymmetries in the decay of the Z° . Like theOD, the forward chambers can detect
showers, in this case mostly from the TPC end plate or the Forward RICH, and
they are to be integrated in the combined calorimetry.

The combination
Measurements of VD, ID, TPC and OD, taken together, provide a complete cover-
age for polar angles B between 25°and 155°, with a reconstruction efficiency near
to 100%. The average momentum resolution £p/p varies from 0.005 to 0.01;; (p in
G«'V/c), depending on 6.

4.3 Handling of the data
The process of producing, processing and interpreting the experimental data in-
volves many groups of people, starting from LEP delivering the beams to produce
Z°'s until articles are published about the various relevant subjects in physics. It is
sometimes difficult to make hard distinctions at the borders between the detector
itself, the read-out electronics, the software for the data acquisition, the data base
describing the detailed state of the detector and the offline treatment (DELANA)
of the data to produce the DST (Data Summary Tape). Even then the alignment
must be finalised by studying the data, and the DST can be 'fixed' (DSTFIX) to
avoid reprocessing the raw data too many times. The data at different stages can
be visualised by the DELGRA package. This is mainly used to debug the hardware
and the software and to understand rare events.

Subsequently, there are different groups that create their own private, or semi-
public mini-DST's with concentrated information useful for the study of a limited
set of subjects. A useful program to read the DST structure is PHDST1148'. Usually
HBOOK ntuples are then created, on which the final selection is done.

No deep understanding of the real data of DELPHI is possible without study-
ing the simulated data from the DELSIM program11491. Comparisons at many
different levels are made to debug the hardware, to improve the simulation, or to
understand experimental cuts and distributions.

While much of the online software is written in the language C, or C+ + , the
offline programs have been written in FORTRAN 77, with the addition of the ZE-
BRA memory management program and the PATCHY/CMZ code management
system.
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Fvaluation of the data

5.1 The data sample
The analysis presented in this thesis is based on about 243000 multi-hadronic
events collected by the DELPHI detector in 1991 operating at centre of mass
energies around the Z° peak.

5.1.1 The selection of hadronic events
Charged tracks are accepted if they satisfy the following requirements:

• The reconstructed momentum p > 0.1 GeV/c

• The length of the measured track must be longer than 30 cm.

• The angle between track and beam-pipe has to be more than 25°.

Hadronic decays of the Z° are selected by requiring that:

• The total enetgy of the charged particles exceeds 15 GeV.

• The energy in each hemisphere (z < 0, z > 0) of the detector exceeds 3 GeV.

• There are at least 5 selected charged tracks with momenta above 0.2 GeV/r.

In the calculation of the energies, the pion mass is assigned to all charged particles.
A total of 243 335 events satisfies these criteria. Events due to beam-gas scat-

tering and two photon interactions have been estimated to be less than 0.1% of
the sample. Background from T+T~ events is calculated to be less than 0.2% .

5.1.2 The determination of the primary vertex
The position of the beam was determined for each fill by using high momentum
tracks of many hadronic Z" decays. The spread of the beam is 28 /tm in the y-
direction, perpendicular to the LEP ring, 144 fim in the x-direction, in the plane
of the LEP ring, and of the order of 1 cm in the z-direction (along the beam-line).

69



CHAITER 5. EVALUATION OK THE DATA

For high momentum tracks the typical resolution on the impact parameter (the
distance between tr.ick and primary vertex in the xy plane* is directly related to
the number of associated hits in the VD. It is about 0.001 cm in the case of '.i hits,
0.007 cm for two hits and 0.010 cm for one hit. When the VD does not contribute
at all it is 0.040 cm. The measurement of the z-coordinate comes mainly from the
TPC and also from the ID trigger layers. The resolution for the z-coordinate at the
primary vertex is about 1 mm for tracks in the barrel region. The numbers given
here are for high momentum tracks, where the errors due to multiple scattering
in the beam pipe and the vertex detector are small.

An event by event determination of the Z" decay vertex can be done in a few
steps. First, select tracks with a momentum of at least ().."> GcV/r and an impact
parameter with respect to the beam spot less that ().!> cm in the xy plane and less
than 3 cm in z. A good approximation of the z coordinate of the Z° decay vertex
is given by the average z coordinate of the points of closest approach to the beam
spo* in the zy-plane.

For the study of charged two-prong decays of strange particles, this value
for the primary vertex is quite accurate enough. However, a x2 fit c a n be done,
constraining all the tracks to pass through the same point, and including the
information of the measured beams-pot in the .ry-plane. After the fit, tracks can
be rejected when the point of closest approach is more than 6 a away in x or y, or
8 a in z. Then the fit can be repeated with the final track selection.

5.1.3 The reconstruction of a secondary two-prong decay

The secondary vertex is reconstructed in two steps. The first step uses the xy
projection of the tracks, being a circle. When the circles cross at two points, the
ambiguity is solved by choosing the point with the smallest difference in the ^
coordinate. When the two tracks miss each other, the point of closest approach
in the xy-plane is taken. This point can then be used as first approximation for
a linearised fit that minimises the x2 obtained from the distances between the
secondary vertex and the extrapolated tracks. From the \2 of the fit a probability
is calculated.

This fit uses the routine developed to fit the primary vertex, where many tracks
are involved. It gives the secondary vertex point and the tracks after constraining
them to pass through the vertex. It also gives the full covariance matrix for the
vertex point and for each track separately. Correlations after this constrained fit
between the two tracks and the secondary vertex are not computed. This could
possibly be important for the error estimate for the invariant mass, that cannot
now be computed reliably from the resulting covariance matrices.

5.1.4 The Kg sample for determining the differential cross
section

To determine the momentum distribution of K|J mesons in Z° decays, we made
the following selection"071:
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• in the xy-plane, the sine of the angle between the vector sum of the charged
particle momenta and the line joining the primary and the secondary vertex
is less than 0.04.

• The impact parameters in the xy plane of both tracks projected to the primary
vertex must be greater than 0.15 cm, while at least one is greater than 0.5
cm.

• The separation in z of the two tracks is less than 0.5 cm. In case of two
intersections in the xy plane, the solution with the smaller distance in z is
chosen.

• The separation of the primary and secondary vertex in the xy plane is greater
than 1.5 cm.

• To reject the background from photon conversions and A decays, the trans-
verse momentum of the decay products relative to the total momentum
must be larger than 0.1 GPV/C. This removes only a small fraction of the K§
signal.

5.1.5 The A selection

We make the following cuts to select A candidates to determine the momentum
distribution:

• The probability of the x2 fit of the secondary vertex is larger than 0.04.

• In the a^-projection, the angle between the total momentum of the recon-
structed V° and the direction from primary to secondary vertex has to be
less than 1° for xp < 0.2, and less 0.5° for x.p > 0.2.

• The distance in the xy-plane between the primary and the secondary vertex
has to be more than 1 cm.

• When the reconstructed decay point is outside the VD radius, there are no
signals in the VD consistent with association with the decay tracks.

• When dE/dx information is available, the proton candidate must have its
dE/dx within three standard deviations from the expected value. This cut
reduces the background from the decay Kg —> TT+W~ .

To reject the physical backgrounds from Kg, candidates are rejected when the
7T7T invariant mass is within three standard deviations from the Kg mass. Photon
conversions to e+i:~ are rejected by requiring the mass for the <>+e~ hypothesis to
be larger than 0.1 GeV/e2. In addition, the transverse momentum of the particles
with respect to the total momentum has to be larger than 0.02 GfV/V2.
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5.1.6 A harder A selection for a high purity.

For a measurement of asymmetries it is important to obtain a high purity. While it
is not so important to exactly know the absolute detection efficiency, it is important
to be able to estimate the effect of a dependence on con 6 and cos 6*, 8" being the
angle of the proton w.r.t. the A momentum in the A rest-frame. For the simulated
data one can achieve a high purity by implementing a stricter VD veto, depending
on the polar angle of the tracks. A cross check on the real data shows that this
does not work in practice. An improvement would be to check in the real data
for dead or inefficient plaquettes in the VD detector, and to identify and use the
starting point of the tracks when the decay occurs inside the ID or TPC.

Quality of the secondary vertex
To assure a good quality secondary vertex, it is enough to demand the following.
These cuts must be stronger when one of the tracks has a VD hit.

• The probability of the x2 of the fit is better than 0.04

• The angle between the total momentum of the reconstructed V° and the
direction from primary to secondary vertex must be less than 1° when no
VD hit is associated to either track, but less than 0.5° when there is at least
one hit.

• The distance in the zy-plane between primary and secondary vertex has to
be more than 1 cm

• When dE/dx information is available, the dE/dx of the proton may not
exceed the expected value by more than 5 a. This cut reduces the back-
ground from the decay Kg —• 7r+7r~. However, we are interested in the high
momentum sample, for which it does not really help much.

The VD veto
A strong way to reduce the background for very high momentum is to use the
knowledge about the first detected point on a track. The simplest way to do
this is to use the Vertex Detector as a veto. The VD has three overlapping layers
and every A decay produces two charged tracks, starting in the same point. The
sample can now be subdivided according to the track with the most VD hits. For
simulated data a pure sample is obtained by the following selection:

• No VD hits, but inside the polar acceptance (one layer) of the VD: | cos B\ <
0.82 and 5 cm < Rxy < 100 cm, where Rxy is the decay radius in the xy
projection.

• At least one of the tracks has one VD hit, | cos 0\ < 0.75 (acceptance for two
layers) and 5 cm < Rxy < 100 cm.

• One of the tracks has at least two VD hits, and the decay point is consistent
with being inside the VD: | cos 0\ < 0.75 (acceptance for all three layers) and
5 cm < Rxy < 15 cm.
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The edges in the polar acceptance are found from the behaviour of signal and
background in the simulation.

5.1.7 The method to obtain inclusive distributions

In the DELPHI detector many sub-detectors contribute to the tracking of charged
particles. This results in a large number of different classes of tracks, each with
a different resolution on impact parameter and momentum. Thus, when one
first fits a secondary vertex and then reconstructs the invariant mass of the pair,
non-Gaussian mass peaks can be expected. In addition, one can expect the mass
resolution to depend on the momentum and 0 angle of the tracks. This is even
true for very homogeneous detectors with only one sub-detector.

The object is to obtain the distribution of the signal as a function of a given
variable, e.g the momentum. One way to do this is to histogram the mass distri-
bution in different bins of this variable. Then the distribution for each bin can be
fitted to a Gaussian for the signal and a polynomial for the background. To study
the systematic effect of the parametrisation, two gaussians, or even a Breit-Wigner
can be used for the parametrisation of the signal.

An alternative method would be to rely only on a fit of an off-peak sample,
dominated by the background, to any convenient function, e.g. a polynomial.
An estimate of the background under the mass peak is then obtained from an
extrapolation. The advantage of this method is that it does not depend on the
parametrisation of the mass peak itself.

For the A signal, the second method is not very useful, since its background is
not so simple to parametrise. This is because the A mass peak is not far above the
kinematic limit for pn pairs. The first method was used to measure the momentum
distributions of the Kg and the A.

A third method (see section 5.4.2) will be used to attempt to measure the
forward-backward asymmetry and the polarisation of high momentum A's. Since
this method explicitly relies on the description of the backgrounds by (he Monte
Carlo simulation, it is nice to be able to check that it gives momentum distributions
that are compatible with the ones published by DELPHI1107'1081.

5.1.8 The evaluation of the detection efficiency

We study the influence of the acceptance and resolution of the DELPHI detector
on our data with the simulation program DELSIM11491. Events were generated
using the JETSET 7. 3 Parton Shower program1691 with the DELPHI default
parameters. The electronic signals of the DELPHI detector are simulated up to
great detail for each detector component. Afterwards the data are processed with
the same reconstruction and analysis programs as for the real data. From the
simulated data we can obtain the ratio between the number of generated particles
and the reconstructed number. This gives the reconstruction efficiency as function
of the momentum or the proper lifetime of the particles.

Note that this determination only depends on counting and taking the ratio,
and it is not necessary to explicitly link the generated strange particle to the recon-
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structed tracks. However, the links between the generated and the reconstructed
particles enable us to get an understanding of the type of problems that occur in
the reconstruction.

A check that the simulation program results in a correct description of the
detection efficiency is to determine the well known lifetimes of the Kg and the A
and check whether the values are compatible with the (more accurate) ones in the
literature.

5.2 The A signal and its KJJ background.

5.2.1 Identifying the proton in the decay A —>• pn~

If a A has a sufficiently high momentum, the proton in its decay will always have
a higher momentum than the pion. In the rest frame of the A, the momentum of
both decay products follows from:

- IK
Numerically, po = 101 MeV/c The corresponding energies and velocities are
£ p « 943 MeV, Ev « 172 MeV, vp = po/Ep = 0.11c and ?>„ = 0.59c. After a boost
to the lab frame, the A has a velocity /3c and the components of the momenta
parallel to the total momentum are given by1:

pff|l = -ytfEv-cosFpo) (5.2)

where 9* is the angle between the momenta of proton and A, in the A rest frame.
It is now simple to deduce that when 0 > 2po/(Ep - £„) = 0.26, the momentum
of the proton will always be larger than that of the pion. This corresponds to a A
momentum of at least 0.3 GeV/c. 4

5.2.2 The Kg background

The Kg decays predominantly into a TT+TT~ pair. When the particle with the
highest momentum in the lab frame is taken to be an (anti)proton, the resulting
mass distribution causes a background for the decay A -» jw". For the case of
high momentum Kg mesons, the extreme relativistic limit gives a nice description
of the behaviour. This limit is valid for momenta larger than ~ 6 GeV/c. Let the
energies in the lab frame be denoted by E[ > E'2. When we assign the proton
mass to the most energetic particle, its energy is E", and the prr invariant mass is
given by:

roj, = ro£. + ml - m2
n + 2(E'{ - E[)E'2 (5.3)
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In the extreme relativistic limit, E{2 > (m2, - ml)2, and

F"
+ ...

This results in:

(5.4)

(5.5)

where /y0 = 083 is the velocity in the centre of mass frame of the K% and i> is the
angle between of the direction the 'proton' and the Kg. Since the 'proton' always
has the highest momentum in the lab frame, 0 < von V' < 1 and the resulting mass
is constrained to the interval 1.09 GeV/r2 - 1.40 GcV/c2.

The angular distribution in the decay of the scalar Kg meson is isotropic and
can be normalised to the number of detected Kg decays, Nnnn. Inverting equation
(5.5) we can subsequently obtain the distribution of m]m:

dmpr d cos V
d cos V" 4(ro?

12
(5.6)

This simple formula predicts a density of the K% background at the A mass peak
of w 0.0047 • ÂKJTIT per MeV/c2. Variations of the detector response can modify
this number, and also cause a smearing of the abrupt step at 1.09 GeV/c2. Cuts
on e.g. the e+e~ mass will modify this step as well.

5.2.3 The angular distribution in the A rest frame.

The angular distribution of the A background due to the K% is not isotropic in the
centre of mass of the faked A decay. For a determination of the A polarisation it
is important to understand this background.

The velocities ft oi the K| and ft' of the fake A are related by:

(5.7)

In the Kg centre of mass frame, let ;>o, EQ and fto be the momentum, energy
and velocity of the pions, while i/» is again the angle between the 'proton' and
the direction of the Kg. Consider the particle taken (correctly) as a pion. The
longitudinal component of its momentum in the lab frame (;\||) or the frame of
the fake A (p^) can be given as follows in terms of the boosted momentum from
the Kg rest frame:

(5.8)

(5.9)
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In the extreme relativistic approximation:

- if a l(y'~2-

This results in:

(5.10)

( / T» \ / \ \

- I — — + ) ?'o cos V + I — — I )
\ n 0 p7r / \ An pit / /;ii»V (5.11)

The direction of the 'proton' in the rest frame of the fake A is opposite to that of
the 'pion' and thus tan#* = —p'nj_/p',,^ This gives a relation between the angles
ijj and 9' that can be combined with eq. (5.5) to obtain the relation between 9* and
mpn, as represented in figure 5.1. The point at which Kg and A decays are not
distinguishable by kinematics lies at cost/» = 0.878, i.e. cos#* = 0.196.
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Figure 5.1: The relation between m,,*, cosfl* and vosil>. The horizontal line is at the
A mass and the curve shows the ultra relativistic limit for the Kg background. The dots
show the distribution of real data for A candidates with xp > 0.1. (Photon conversions
have been suppressed by asking m e + c - > QAGeV/c2.)
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5.3 Methods to measure the forward-backward
asymmetry

This section reviews three available methods to determine the forward-backward
asymmetry (Apg), applied to the special case of the production of prompt A
particles. After the problem has been parametrised, we will consider a binned \2

method, a method of moments, and the un-binned maximum likelihood method.
To test the robustness of the methods they are compared with a simple Monte
Carlo program generating the expected angular distribution, distorted by some
simplified detector effects.

5.3.1 A Parametrisation of the signal and the backgrounds

We assume that the detection efficiency is the same for a A or a A. To be general,
define the 'charge' C, where C - +1 (-1) for particles (anti-particles). The distri-
bution of the signal as function of C and r = cos(#) can be split into a symmetric
and an anti-symmetric part:

Nc(c) oc f(c) + CAg(c)

f(c) = f(-c)
g(c) = -g(-c) (5.12)

The strength of the asymmetry is parametrised by the parameter A. It is easy to
check that the parameter A is compatible with the conventional definition (eq.
3.6) of the forward backward asymmetry:

A ^"forward ^backward / c *«v
AFB = T7 —77 (5.13)

'•forward i '^backward

where 'forward' and 'backward' are defined by positive or negative cos(0).
For the primary quarks or leptons produced in a Z° decay the explicit distri-

bution is of the form:

Nc <x |(1 + cos2(6l)) + ,4Ccos(0) (5.14)

High momentum A's are produced in various production channels and for all
primary quark flavours. The measured asymmetry A gives the average, weighted
by the relative abundance of the different production channels. When we restrict
ourselves to the sample of very high momentum A's, production correlated to a
primary strange quark dominates (see fig. 3.7 b and c).

Symmetrical backgrounds to the signal dilute the asymmetry A. An important
experimental background of this kind comes from random combinations of tracks
that seem to come from a secondary vertex due to experimental errors. This
background can be modelled by the combinations of tracks with equal sign. There
is also a physical background from the decay Kg -< n+n -, where one of the pions
is taken as a proton (see section 5.2). This background can be cut away practically
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completely by rejecting the data under the Kg mass peak. The strength of the
two sources of background can be estimated from a region next to the A mass
peak. Non-leading A's that are uncorrelated with the primary quark also lead to a
symmetrical background. An estimate of this background must be obtained from
the Monte Carlo data.

The effect of a symmetrical background is to increase the symmetrical part as
/ -> (1 +£>)/, where D is a dilution factor. After renormalizing the distribution, it
is seen that the observed asymmetry parameter decreases to A/( 1 + D). From this
it follows that the standard deviation depends on the dilution factor R = 1/{1 + D)
(purity) and the size N of the signal as:

+ °\b4 (5.15)"A ~ NR2 ' "A R

Consequently, it is more important to keep the dilution low (high purity) than
to have a large signal. This is a general property of this type of asymmetry
measurements and it also applies to the measurement of the polarisation.

The symmetry properties of / and g can in principle be altered by asymmetries
in the detection efficiency. Corrections due to such asymmetries can be assumed
to be small, because of cancellations in the ratio of particles to anti-particles.

5.3.2 A binned x2 method

One could simply bin the data in Ccos(0), measure the angular distribution, and
fit it to the expected theoretical one. However, this would result in a method that
could depend critically on the dependence of both the detection efficiency and
the backgrounds on the polar angle.

To avoid this, it is natural to use a method depending only on the ratio of
the number of particles and anti-particles in the given bins of the polar angle. In
every bin of c. = coat), the following quantity can be measured:

a, = ±- (5.16)

where

NC = N; + N- = £ 1
I lit I'

dr = N; - N~ = Y, c> (5.17)
t at r

The subscript c denotes that the sums are over events i in the bin centred at
c = cos(6l).

Equations (5.12) relate a measurement «,.k in a bin k centred at .•* directly to
the asymmetry paramett" 4:

a,., = Ah(c.k) ,with h(v) 3 </(«•)//(«•) (5.18)
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The best estimate of the value of A and its error can then be obtained by
minimising the function x2 defined by:

r = Yl tta'-" ~ Ah(rk))faCli )
2 (5.19)

*
where aCk is the statistical error of the measurement of a,.k.

A disadvantage of this method is that the data have to be binned in c To
determine the value of A a minimum number of bins is needed, but when the bins
are too small there are not enough events in each bin to measure aCk. If the bins
are big, this can introduce some important systematic effects, that will have to be
corrected. The disadvantages of binning are avoided by the other methods to be
discussed. In fact, the number of events at our disposal is too small to be able to
use this method,

5.3.3 The method of moments

Expressing the asymmetry directly in terms of moments has the advantage of
avoiding the requirement to bin the data. The moments of a given distribution of
an observable are defined as the averages of powers of this observable. In general
an observable O is anything that can be measured, and it takes on a given value O,
for each given event i. In the case at hand all observables are essentially functions
of c: O, = O(cx). The average (O) can be defined by a sum over events, but also

sum over the bins of the averages Oc inside each bin:

(O) = Y, °l H
all i <•

Nu,t = ^ i V , = ^ l (5.20)
' nil t

Here Nr is the number of events in the bin at <•, while /Vl<lt is the total num-
ber of events. The n-th algebraic moment of O is defined to be (On), while the
corresponding central moment is ([() - (())]").

Since the moments carry much information about the distribution, we could
expect that the asymmetry can be expresseo as a function of moments. It will
turn out that we can choose an observable, for which the first and second moment
determine the asymmetry and its standard deviation. Small corrections could be
obtained from higher moments.

To derive an expression for A in terms of moments we will first 'bin' the data
as in the previous section, but then realize that the minimum of \ a in this case
is just the weighted average of the measurements of A in all the bias. When
the theoretical distribution is used to obtain this value, the result is an equation
defining A implicitly. By making some simple and plausible assumptions, one
can express the average in terms of moments and get rid of the binning.

U't A, "• «, /'»(<) denote the measurement of A in n given bin. The statistical
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error of Ac is given by:

. . . ,2 . . . _ , . . ,2 4JV + JV- I-a2 \-Alh2

The weighted mean A of /4C and its error are d: fined by:

A = yW<^c ±(Ecwc)~1''2 (5.22)

w, = (t)Ac)~
2 (5.23)

To simplify expression (5.23) we substitute the constant A for its measurement Ac

in the denominator of the weights wc. Then we use definitions (5.17) and rewrite
sums over <• in terms of sums over events i. The weighted mean A and its error
are thus expressed in terms of moments of C,h(<\) =

Ncach sr^ Cih(ct) sr , „ . . \ /^ 24)

all i

) ~ N ( °h \ (5
^ ~ Wtot \ 1 - /»»AV

all i

In the weighted mean the factors vVtot cancel to give:

The parameter A is still present in the right-hand side of equation (5.26), but
we can use the fact that A is expected to be a small number of the order of 10%.
We can jiist expand the right-hand side of (5.26) in orders of A2, and truncate the
series at an acceptable point:

2 m + ^

(5.27)
It is easy to check that the second term really is small if the efficiency is close

to being symmetric in c. Assuming that the symmetry properties of / and g as
given in equations (5.12) are exact, the assumed distribution (5.12) satisfies the
following relation for any positive integers k and u:

/ <C7i**+l) = A(tiik+*) (5.28)

Consequently the first term in the expansion (5.27) is exact, and the higher order
term vanishes for this cast*.

80



1.4

1.3

1.2

1 1

1

0.9

•

fCA
FCB
Forvart RICH

7
//

/ OD
/ hm* RICH

/

5.3. METHODS TO MEASURE THE FORWARD-BACKWARD ASYMMETRY

£
"I

FCA
F C I
Fonrart RICH

/

/

TFt"

•am

/

>

(IRK'H

25 30 36 40 45 50 10 15 20 25 35 40 45 50
8. y (d«f rt«)

(a) a given number of A's (b) a given number of Z° decays

Figure 5.2: The dependence of the accuracy a for a measurement of AFB on the number
of detected particles A?A, the total number ofhadronic Z° decays and the polar acceptance.
Figure (a) shows the dependence (eq. 5.30) of the standard deviation on the polar accep-
tance. Plotted is the product N\o2, in which the trivial dependence on N\ cancels. Figure
(b) again shows the dependence of a2 on the polar acceptance (eq. 5.31), but this time for a
fixed number of Z° decays, relative to the value for a full acceptance. The polar acceptance
of some of the relevant sub-detectors in DELPHI is also indicated (see also fig. 4.3). The
TPC measurement slowly deteriorates between 0 = 40°(140°) and 6 = 20°(160°).

Knowing that the second term is really a small correction, (Ch)/(h2) can be
substituted for A on the right-hand side of eq. 5.27. This results in:

A = (Cft) ~ {Ch)(h<)
{h2)2

O{A4) (5.29)

The first term includes all effects of a reduced acceptance, or even the effects of
a detection efficiency that is non-uniform but symmetric in c The second term
gives a correction for small deviations in the symmetry properties of / and g from
(5.12). This could be caused by an asymmetry in the detection efficiency. In most
practical cases these second order terms are completely negligible.

It seems as if nothing is left of the binning we started with. However, the
above derivation did rely on the existence of sufficient statistics in all bins of c for
efficiency effects to cancel in the ratio «<: = </, fNc, or h(c) = </(<•)//(<)• H is thus
advisable to reject values of <• with a very low efficiency.

liquation (5.29) provides a simple formula for the expected accuracy of a
measurement with a reduced angular acceptance, given by |r| — |C<IN(0)| < <'milK.
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After normalising (5.14) inside the acceptance, the result is:

~ (/i2) • A/tot 64 r m a x - arctan <-:max /V,,jt

Here yvtot stands for the number of detected A's inside the acceptance. Equation
5.30 is visualised in figure 5.2.a and can be used to find the expected statistical
error for a given angular acceptance and a given number of detected A baryons.

To understand the importance of a large polar acceptance when measuring
AFBI one should also express it in terms of a the number of hadronic Z° decays
Nh:

<4)2 -~ (5.31)
N

This dependence is visualised in figure 5.2, from which it is easy to see that for a
measurement of AFB the angular acceptance of the endcaps (20° < ff < 40° and
140° < 0 < 160°) is approximately as important as the barrel region (40° < 9 <
150°). In other words: adding the information in the endcaps is approximately
equivalent to doubling the statistics.

A complication is that the dilution D depends on the momentum. It has to be
checked if this changes relation (5.26). Let us assume we did the abov*> exercise
for bins in p, with result Ap/{1 + D(p)). The statistical error of Ap depends on
the dilution D(p) and the number of events /V(p). Again one can calculate the
weighted mean, this time over momentum bins. This time the effect of the dilution
can not be understood by a simple renormalization of the probability distribution.
The effect of the dilution is that we have to substitute /(<•) — (! + D(p))J{v) and
thus h(c) — h(c,p) = /i(c)/(l + D(p)) in relation (5.26) and its expansions.

5.3A The un-binned maximum likelihood method

The maximum likelihood method can be seen as a generalisation of the x2 method.
The likelihood L(X) is defined as the probability for a given set of measurements
to occur for the assumed distribution of the data. It isa function of the parameters
A that define the theoretical distribution. The best values of the parameters A are
found by finding the maximum likelihood. In practice one looks for the minimum
of - logL(A) instead, since it is simpler to manipulate and in simple cases it is
equivalent to x2-

To get a feeling of the method, it is useful to consider the case where the
likelihood method is in fact the same as the binned x2 method. Let's suppose that
we bin the data in the variable z = CVos(0). In each bin k the abundance V* is
measured. If each bin contains enough events, the statistical errors are given by
<f(t) = y/Y(s). Since Nc(r) = CN+{c) = A/ + (CV), the expected distribution of *
is N + (z). For this definition of the likelihood one finds:

HA) = n •_,.-i/»«*'»-w;M)i/«.)' ( 5 3 2 )

* * V2iiok
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-2log L(A) = 2_d((Yk-N+(A)/<jky-22^\oR(,/2-ir<Tk)) (5.33)
k AT

= x'2{A) +Constant (5.34)

Since the constant term does not depend on the parameter A, this log(likelihood)
method is equivalent to the more simple x2 method. In analogy to the x2 method,
an estimate of the error is given by the change in A needed to increase -2 log L(A)
by one unit. Equivalently, by approximating -2 log L at its minimum by a second
order polynomial, the error is found from:

_ 2 _ i)2 log L

'A ~ dA2 (5.35)

This formula for the error estimate is still applicable in the general case where
a non-Gaussian distribution is used to define the probability. A general proof
can be found in e.g."501; it invokes the law of large numbers and the central limit
theorem to ensure that the estimated values are near to the real ones and that the
final result is distributed according to a Gaussian.

The power of the likelihood method stems exactly from the fact that it can be
applied directly to a non-Gaussian distribution. We car. even use the function
N+{A,cos0) from equation (5.14), and define L directly, without reference to any
binning:

\oSL(A) = ^2 log(N+ (A, C cos 61,)) + Constant (5.36)

where the sum is of over all events i. The constant is determined by the normali-
sation of the probability.

In many cases it is difficult, or maybe even impossible, to normalise the like-
lihood function L(A) correctly. Both the position of the minimum and the error
estimate do not depend on this normalisation. Therefore it is common practice
to be 'sloppy', and define L[X) to be only proportional to the probability. If the
normalisation is correctly done, extra informa ion on the quality of the fit can be
obtained from the actual value of L at its minimum. This is again analogous to
the use of x2 •

In the case of one free parameter, the fit is most easily done done by fitting a
parabola through the points near to the minimum. The value of the parameter .4
is given by the minimum and the error estimate is again given by the change in A
from the minimum needed to increase the -2 log L by one unit.

An extra advantage of the likelihood method is that it is relatively straight-
forward to refine the definition of the likelihood by introducing extra parameters
to describe the detection efficiency and the background.

5.3.5 A Monte Carlo evaluation of the methods
The disadvantages of the binned \~ mothinJ are dear, but it is not a priori obvious
how the other two described methods compare. l)y construction, the method
of moments should be safe against polar variations of the di'tect'on efficiency, <»s

8.1
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Table 5.1: R<wlt± of She Monte Carlo gsmpan-
.son. The siaitsHGaiftwris itieerror resuUangp^m
the analytical formula gnxm to the text. 1b high
ptrrtbwn (J "A ) ibis tfrat i* .equal io the <mw>% ,at<
jound for both the method t>/ mammte end iheHikr-
li)h)t>d mrthttil The sprmit «/ the niflAswiemeinil*
around ihe nwan *.̂  itlno gjtwn to .an atxvwy «»/ *
tew prfrsrit by ihn- nurnhn The u:«'d ziaHuvs ft>r
the efficiency and ihr dilution ere gwm itw She lefi

long as the efficiencies tor particles and ant j -particles ai** equal. For the lii
methixl one can hope for the same type of cancellations, but dnis remains to be
demonstrated. If the number of events is big enough one could expect both
methi>ds to be equivalent, while tor smaller numbers of events one of the two
methods could be superior.

A simple way to compare both methods is by making a smaJJ Monte Carlo
program. One can generate a given distribution in the polar angle €, and random
charges for the particles. It is simple to include efficiency effects and a dilatksn
in the generated distribution. The rwsults of both methods can be compared for
different numbers of events per measurement. Of course the distribution used
for the likelihood method does not have to be 4?qua! to the generated one, since in
reality the efficiency and dilution are not exactly known.

Three levels of 'problems' when? simulated: the ideal situation, the situation
where the efficiency depends on the polar angle, and the situation where there
is an additional dilution. A small polar asymmetry was introduced into these
'detector effects' to see if this can cause serious systematic errors. The values used
can be found in table 5.1.

The two considered methods turn out to be equivalent within the statistical
errors for the relevant dilution, efficiency and the expected vaiue of the asymmetry.
The values found for the errors are also equal. It is also clear that the higher
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order terms if> equation [5.29) are completely negligible. SmaJJ differences can tee
observed in the systematic shifts fom the input value-ttf iShke asymmetry. This as
presented w tafoJe 5.J.

Note that .n eujiistanl eMjaeney and ddiuliow hav*.* .a'JwiasJ triviai) efforts, t'he
puint al <hih Monte C'.drin eJiuri is to «wpa«*" nJ»e ̂ **'« wwlhads ..wad to •ev.aJ'uau*
the eiiwts o! an e*.lrd depeniiencv an the pc>Jar angU'. 7*>e siteite an Ihe obss?rv««j
asymmelry tduiHtl by the dilution can be iaradi»j*tuo»d by Jfei* isjmpk* «caling A —
A) 1.20. The effect only becomes visible when ihe KtalislicaJ anm is smaller thaw
'ixfii c»J the input asymmetry .4 •- o.l.

The number ofevents we can obtain fromihe 399] dalaof ttwOELfHi detector
is C( J(KI) events with xf, > o.;i resulting in a measurement thai stiM hasa bigermx,
of the order of the magnitude a' the asymmetry A itself.
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5.4 Measuring the A polarisation
The method of moments is also useful ior iihedetermination oi iht* kwsgtatijnal A
polarisation. It avoids dividing the «maJ!l d&ta namph'&vwiiitii'rfni bins in «»» $*
The un-binsu*d likelihood nu*th<Mi would makv it pussibli* to sntmduev «.**lra i»w
parameters describing (he efficiency and the background*, bul J w the present low
statistics that would be Jike shooting A tog <w«}<h an t»li»phant gun.

The distribution in ni*0' is given by equation .(3.35>i>. Aiivr normalisation
within an acceptance ol |<-.OK#*| < <•„„ the polarisation follows darorlly toim the
average value of«» ©*:

For the linear distribution, the second moment dependsdirertly on Iheaccepta nee:

This leads to two alternative error estimates, we wiM just use the largest one.
To first order, the detector response can be described by a factor /•" = .(! +

6c>os0*)/(2cnJ. This leads to a simple shift of (nu.vft*), nssuJtijig in a shift !\ —
PA + 6/<>. Moreover, since the A's in the simulate data am? nut polarised, the shift
b is simple to estimate from the value of (™s#•) for the simulalvd data.

5.4.1 Hie importance of a pur? sample to the polarisation
Since the above procedure to estimate the contribution ol the backgrounds de-
pends critically on the predictions of cur simulation program, it is clear thai is
would be good to optimise the cuts such that the background is minimised.

Even if we could completely trust the description CIJ the background as based
on the simulation, it is easy to show that a dilution of the signal by an 'unpolarised'
background leads 'o a reduced sensitivity and blows up the statistical error of the
final result (see also 5.15).

Introducing a symmetrical background leads to a distribution of the following
form for signal (5) and background W) together:

B + .4oos«- x 1 + ^ ^ (5.39)
3 + B

x , + B + .4oos« x 1 +
dcosO" 3 +

where B gives the background contribution and the parameter .4 is proportional
to the polarisation. The purityofthe signal is given by /? = -Vs/JVs+o = 1/(1 +B).
The measured asymmetry A' is reduced by this 'dilution factor': A' = .4/(1 + 3) —
AR. For an acceptance | cos 0' \ < <-„„ the standard deviation of one measurement
of cos 9* follows from:

(cos2 IT) - (cosr}2 = Icj • (1 - 1 /?2.42rm
2) * \rm

2 (5.40)

where the approximation is valid because the asymmetry is small (20%), while
R < 1. Now the value of PA = A/n = A'/{nR) arid its error follow from:

_
* A —

86



. i is

l M

1 IS

\ i&

1 14

1 U

1 12

1 11

1 1

I O »

j.oe

. . _ _

\ \ \ , i • / . • •

1 u ' ' y •••

•fc * * * *.'
- 4 - - A ' , . v . - • - • . • . - - 4 .

1 , , . , J ^ . ' ' . •

-0 6 -Ot 4 4 O.? 0 0.? D< 0.6 O.B

<a) real data. xs, > u 2

. i -IS

•i i t

i i t

1 m

i rj

1 n

i 1

1.08

1.06

5.4. MEftSLMMC Tiit A I»i..ARlSA

; , ,, . IT ;"

' ' ' * •

• - •• - 1 . ., . ? v . "^ * * , '

i

•OS «0* ^) 4 O.? 0 0.? .0 4 0 4 D.B i

(to) sunulatt>d.data, j , , > 0 2

Figure 5.3: The samples to estimate the A signal (A) and the background from the
decay Kg —• n+ir~ (Ki and the other types of background iBK mainly fowin random
combinations of charged tracks.

where *« is the uncertainty of H. due to both systematics and Monte Carlo
statistics. This means that one should optimise experimental cuts such that
R2NS oc R2E is maximised, where E is the efficiency for the signal 5. The
second term forces one to minimise buffi as well.

5.4.2 Estimating and subtracting the backgrounds
The remaining problem is to deal properly with the background from decays of
the K<j and from other sources. One solution is to define three different data
samples and to suppose that the detector simulation accurately describes relative
fractions and asymmetries in these samples. The first sample contains the data at
the A mass peak. The other two samples should then give information about the
relative importance of the two backgrounds and the extra induced asymmetry. On
the one hand, the samples should be defined such that the detector response can
be assumed to be comparable for each sample and that the statistics is sufficient.
On the other hand, these samples should have no overlap, so that they describe the
properties of the three different physical samples: A, K|and other background.
In the OPAL analysis'1191, the background coming from 'random' combinations of
tracks is estimated from the combinations of tracks with equal sign. For technical
reasons this was not done here.

These partly conflicting demands lead to the three samples defined in table 5.2.
The additional acceptance cut is necessary to avoid the case that the two decay
products have nearly parallel momenta. This eliminates a region containing a high
background that is asymmetric in cosB', where it is most difficult to simulate the
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detector response correctly. These cuts and distributions are shown in figure 53.

name
'A'
•K'
•B'

acceptance

defining
|"<P»r - 1 HMi| <
|r«(m - 1.1550) <
|tHp» - 1 .1550 | «

| cos6'\ <

;0 .0 l
C 0.02
; 0.02
C 0.85

cuts of the samples

|oos«T +0.21 +6.3- m
loose* +0.21 + 6 . 3 R IP-! > 0

.IS

.30

Table 5.2: Definition of the three samples to separate the behaviour of the signal and the
backgrounds. The masses are in GeV/c2. Sample 'A' contains most of the A signal, 'A"
is dominated by the 'Kg', while 'B' contains mostly random background.

For the OPAL detector"19', the mass resolution depends linearly on jcos#"|.
The DELS IM data (fig. 5.4) do not show the same behaviour. The mass resolution
deteriorates at cos 0' « +1, while at cos €' % -1 things are worse: the efficiency
to find the track combinations drops. It can also be checked that the reconstructed
A mass does not depend too much on cos0*. For real data, the value of the mass
peak is very near to the nominal mass. It is possible that in the simulated data
the association of particles with the reconstructed tracks is less efficient when the
tracks are nearer to each other. However, for an estimate of the polarisation from
the present data, we will have to neglect this possibility.

For t = A, K, B, let N?M be the size of the different samples for the simulated
and the real data. The simulated data can further be subdivided according to
the true identity, j , of the particle: Nf}. To reduce the dependence on the Monte

88



5.4. MEASURING THE A POLARISATION

Carlo program, we will not use the fractions of the numbers of different particles
in each sample, but only the ratio's of the numbers of one particle in the different
samples. This means thai we have to believe that the kinematic properties of each
subsample, as well as the detector response, are simulated well enough.

We also need the asymmetry for each subclass in Jhe simulated A-twiched
sample: AAA, AAf< and AAJj. Here A could stand for either Jht» polarisation or the
averagf.' (rosfl*). The nolation for the subclasses in the simulated data can now
be extended to the estimated values for the real data. Assuming that the relative
fractions in the real data are the same, we obtain C independent relations, to be
added to 3 from the measured sample sizes. This is enough to estimate the 9
subsamples, and especially A'fA, N^K and NAB. We will further assume that
AAK ~ A%K< -4AS = A%B gives a sufficient description of the behaviour of the
background, while the asymmetry as induced by the detector response is equal
to AfA. This is because the simulated A's are unpolarised. The result can then be
found from:

* A A = * . * " " A * - AT«a (5.42)

•'MA MH AA
A A

Only ratios of simulated subsamples are used, depending mainly on the basic
kinematic distributions for the two decays and (or the other background. One
can be confident that these distributions are generated correctly. Smearings due
to the detector response should only slightly modify these ratios. The statistical
accuracy of the estimated numbers N{'A and AAA mus» be estimated from the
sizes of both the real and the simulated samples.

Nearly the same procedure can be used for the forwand-backward asymmetry,
with the small modification that we cannot just subtract the simulated value AAA,
because this asymmetry does occur in the simulated data.

The same method can also be used to obtain the differential cross section to
produce A baryons in hadronicZ0 decays: {Oo/0rp)/ah. Because the tuning of the
cuts is not optimised for a high efficiency that is accurately known, this should
be considered as a check. However, it couid be that this method is superior
in the high momentum domain, where the efficiencies of the two analyses are
comparable.
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Chapter 6

Experimental Results

6.1 Summary

The data taken by DELPHI in 1991 was used for a first attempt at measuring the
forward-backward asymmetry and the longitudinal polarisation of the A baryon.
From this data sample, 243 335 were selected as hadronic Z° decays (set* section
5.1.1) that were used for this measurement. Unfortunately it is not yet possible to
prove that these asymmetries have a non-zero value, but it should be possible to
improve on this in the near future.

The method used to estimate the backgrounds for these measurements was
also used to determine the distributions in x,, and £,, = iog \jxv. The result is
compatible with the method of fitting the mass; peak and the background to em-
pirical functions. Subsequently, the properties of the distribution in f,v can be
compared to leading log calculations of parton spectra under the assumption of
Local Parton Hadron Duality. The points (^ at which the distributions of \v attain
their maximum can be determined for this experiment and many others at <-+<'~
colliders, providing simple experimental numbers that can be used for this com-
parison. The next-to-leading-log calculations provide a satisfactory description of
the dependence of £* on the centre of mass energy. However, it is not yet possible
to give a simple explanation of the dependence of the spectra on the final hadron
type.

6.2 The A signal and backgrounds

The experimental mass distribution of the A (fig. 6.4.b) has a gaussian width of
about 2.3 ± 0.3 MeV for low momentum A's. However, this width is not very
well defined since the distribution is not really gaussian and, especially for high
momenta, it has big tails.

To determine the distribution of xp or £p it is important to have a high and well
known efficiency, while for the measurement of asymmetries one needs a high
and well known purity (see eq. 5.15, 5.41). For high momenta the width of the
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CHAJTER 6. EXPERIMENTAL RESULTS

(a) All reconstructed A (b) Loose cuts, tor efficiency U) Hard ruts, for piinty

Figure 6.1: The distribution of the pn-invariant mass of different simulated subsamples
and for different selections. The momentum is high: xv > 0.2.

l";

(a) Monte Carlo efficiency (b) Monte Carlo purity (c) 'real' purity

Figure 6.2: The A efficiency and purity in the simulated data for different selections.
The efficiencies already include the 64% branching ratio for the decay A —• pir~. The
solid curve in (a) corresponds to detection of 50% of all A -* p7r decays occurring within
a distance of 30 cm from the primary vertex (before the TPC). The upper limit of the
efficiency due to the detector response and pattern recognition programs corresponds to
the case of 'all reconstructed A', which includes even those with a value ofmpir or cos 9'
outside the defined A sample (table 5.2). The 'real' purity is estimated from the real data,
using ratio's that correspond to the mass resolution from the Monte Carlo. (Seealso tables
6.3 and 6.4)
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6.2. THE A SIGNAL AND BACKGROUNDS

lew* ci'ts
hard cuts
DELPHI 1991
DELPHI 199*
JETSKT 7 J
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Figure 6.3: The distributions of xv and (,p for the A ban/on. (See also tables 6.5 and 6.6.)
The results from this thesis for 'loose cuts' and 'hard cuts', using the method meant to
measure the asymmetries, are compared with the results as published by DELPHI"0' W81

and the prediction of JETSBT.

mass peak becomes wider. For xp > 0.2 figure 6.1 shows the mass distribution in
the simulated data for the signal and the backgrounds for 'no cuts', 'loose' and
'hard' cuts (see sections 5.1.5, 5.1.6). In the simulation it is possible to obtain a
very pure sample by using the 'hard' cuts.

The most important loss of A's is in the reconstruction stage, as can be seen in
figure 6.2(a) and table 6.3. Further studies of the simulated data can show if any
improvement of the efficiency and the quality of the reconstruction 's possible.
Apart from the VD-veto, no information about the starting point of tracks has not
been used at all. This can be improved. At the stage where tracks are searched
and fitted inside the ID and the TPC, one could already search for V° events and
impose the starting point for the two tracks. In such a combined fit, it would
not be a problem if some of the hits in the detector belong to both tracks. This
should improve the efficiency for finding the two tracks. The fit should allow
for correlations between the two tracks due to the vertex constraint. After the
information of the other detectors is added, there should be an improvement of
the measurement of both the secondary vertex and the momentum of the two
tracks, leading to a better mass resolution.

The purity (figure 6.2(b,c), table 6.4) as a function of xp can be estimated from
the real data using the same method used here to determine the distribution over
xp (see section 5.4.2). Since the method used relies on a correct description of the
mass resolutions, it would be encouraging if the purity as found in the simulation
is comparable to the value as estimated for the real data. Figure 6.2 (b) and (c)
show that this is not the case for the 'hard' cuts. However, this is not necessarily a
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DELPHI

• . - - . « • . • • • •

DELPHI

" • • V . - .

«J» IT>1

riant mass <b) pir invariant mass

0.4 0.425 0.45 0.475 0.5 0.525 0.55 0.575 0.6
n n mass

1.09 1.1 1.11 1.12 1.13 1.14 1.15 1.16 1.17 1.18
pit (T18SS

(c) TT7T invariant mass, xp > 0.2 (d) pir invariant mass, xp > 0.2

Figure 6.4: The invariant mass distributions at the Kg and the A mass peaks. The full
lines for xv > 0.2 show the distributions as simulated by DELSIM.

94



6.3. THH A I'Ol.ARISATION AND A f H

problem since the method does not rely on an exact modelling of the cross sections
for signal and background. What is more important is to have a high purity and
also here the 'hard' cuts do not seem to work well for the real data. Indeed,
when calculating the asymmetries, it turns out that the hard cuts lead to larger
experimental errors than the looser cuts. This is because the number of selected
events is smaller, while the purity is not much better, and not well known. For
this reason, the looser cuts will also be used to measure the forward-backward
asymmetry and the polarisation.

When comparing the different results for the differential cross section (fig. 6.3
and tables 6.5, 6.6), it turns out that th^ method used to estimate the backgrounds
in this thesis is compatible with the method of fitting the mass peak and the
background to 'empirical' functions""'"**'.

Comparing the measured differential cross sections to the predictions of JET -
SET, there is a clear discrepancy at higher momenta. It is possible that this is
(partly) due to a discrepancy between the simulated detector and the real DELPHI
detector. This kind of systematical error is very difficult to estimate. However,
the 1991 data of both DELPHI and OPAL suggest that the spectrum is softer than
JETSET predicts. This tendency can also be found in many of the published
spectra at lower centre of mass energies. In the context of JETSET, this could
possibly be tuned by modifying the parameter PARJ ( 45 ) (see table 3.7 and eq.
3.17). It will be interesting to check with the RICH if protons show the same
deviation.

The average A multiplicity can be obtained by integrating the distribution in
xp and assuming that the unmeasured regions in xv contain the same fraction
as predicted by JETSET. The data from 1991 and 1992 together11081 give: (,VA) +
{A/̂ ) = 0.357 ± 0.003(staf) ± ().017(sysf). This value is in agreement with the
determination by OPAL1861 (0.351 ± 0.03 ± 0.019).

6.3 The A polarisation and A^u

The measured value of the A forward-backward asymmetry is presented in figure
6.5 and table 6.7. The longitudinal polarisation is shown in figure 6.6 and table
6.8. Since the hard cuts that were optimised for purity in the simulated data
lead to inconsistencies, we restrict ourselves to using the looser cuts (p. 71).
The measured asymmetries give a marginal result for the DELPHI data of 1991.
They are consistent with the predictions of JETSET and the parton model as were
shown in the figures 3.10 and 3.11.

Figure 6.7 shows that the simulated distribution of cusff' for rv > 0.2 is
compatible with the real data, apart from the normalisation. The 'p ' •Nation'
measured for the unpolarised simulated data was used as an artifact of i,. tor
response, for which the real data was corrected (see section 5.4.2). Figure 6.6 ws
that these corrections are large at low momentum, but become relatively small
and momentum independent for x;, > 0.1. It is encouraging that the resulting
measured polarisation is consistent with zero at low momenta. According to
figure 3.11 the expected polarisation in the last two bins is expected to be -15%
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Figure 6.5: The measured A forward-
backward asymmetry versus xv. Unlike
for the polarisation, the real data is not cor-
rected for an asymmetry purely due to de-
tector effects and the data from DELSIM
should compare well with the real data. The
prediction from JETSET (fig. 3.10) is also
shown. (See also table 6.7)

Figure 6.6: The reconstructed polarisation
of A baryons zxrsus TP. The 'polarisation'
signal in the unpolarised simulated sample
is interpreted as a detector artifact for which
the real data is corrected. (See also table
6.8.) The prediction from fig. 3.11 (a) is also
shown.

* "r-

.

•i

Figure 6.7: The distribution of cos#* for the selected
sample around ihe A mass with xp > 0.2. The con-
tinuous line is for all selected simulated data, while the
dashed line is for simulated A's only. The points with
the statistical errors are for the real data.
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and -30%. This is certainly not excluded by the data. On the other hand, the
accuracy is not enough to demonstrate a non-zero polarisation either.

From equations 5.30 and 5.41 it is easy to deduce that a completely clean
sample of 1000 A baryons with xp > 0.3 would already give a very interesting
measurement of both the forward backward asymmetry (OAFB « 0.04) and the
longitudinal polarisation (op a; 0.10). Depending on the actual purity that can
be reached, moiv f?n ts will be needed to obtain this accuracy. Such a statistical
accuracy would E.: ~ necessitate a more careful study of the various systematic
effects and a better understanding of the real data, in relation to the Monte Carlo.
Using the data from 1990,1991 and 1992, the OPAL experiment is already showing
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preliminary results with this accuracy" m-
It is to be hoped (hat improvements in the reconstruction programs lead to a

higher efficiency to find the high momentum A baryons. As explained in section
5.4.1 it is important to have a high purity. The RICH could be of help to reduce the
background, but subsequently an accurate kinematic reconstruction of the decays
is of the ulmost importance for the measurement of the polarisation. An improved
reconstruction that makes use of the starting point of the charged tracks inside
the volume of the inner detector or the TI'C can improve the kinematic accuracy
and increase the number of useful A decays. Simply waiting for more integrated
luminosity is not really good enough.

6.4 Momentum distributions and MLLA predictions

The distribution of sv and (.,, for the A baryon are shown in figure 63. The
evolution of the shape oi the sv distribution of al! charged particles as a function
of the centre of mass energy shows some clear scaling violations, that have been
used to measure the strong coupling constant «„. This determination uses the
behaviour for high momentum: (1.2 < iv < 0.7. Due to the larger statistical errors
this is not possible for the spectra of identified hadrons.

However, it is possible to look at the low momentum data, and then see
whether it is possible to understand some of the properties of the formation of
hadrons in a jet in the context of the LI'HD hypothesis and the MLLA calculations
of parton spectra'*1-971 (see section 3.6). The relevant physical phenomenon is
coherent emission of soft gluons inside the jet, that leads to an angular ordering
and an effective energy cutoff for the partons. The LPHD hypothesis states that
the momentum distribution of partons determines that of the hadrons through
simple normalisation constants. Although these calculations only pretend to be
applicable to gluon jets, one can try to study low momenta in the hope that the
dependence on the primary quark flavours is small.

The charged particle spectra can be fitted to the MLLA distribution, with a
free normalisation factor that depends on the centre of mass energy'96'97-151'113'. It
is quite surprising that the MLLA functions can also fit the high momentum pa; t
of the data. One way to see whether the observed effect is really due to coherence
is to compare the data to the predictions of JHTSET, with the coherence (angular
ordering) either turned on or turned off. The large dependence on the primary
quark flavours and the fact that coherence in JETSET is not really necessary to fit
the experimental data has led some to the conclusion'152' that coherence can not
be demonstrated on the basis of hadron momentum spectra. A glance at the the
JETSET momentum spectra as shown in the figures 3.6,3.7,3.8, and 3.9 of section
3.9.2 confirms these doubts.

Analyses of explicitly identified hadrons have been performed for the nolu31,
the Kg1107'861, the ,pw* and the A"07-861. A lower statistics is available for the
E- and 52" baryons, as well as the E* and H'1107-86'26'. TheOPAL[I51) and L3 |U3)

collaborations compared the spectra of stable charged particles to the MLLA
predictions.
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1 j ' q c o ; . o * ' •-••
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(a) (* versus (he hadron mass (b) Qn versus the hadron mass

Figure 6.8: The maxima £j) in the distributions of * = - i»g rv for different hadrons as
measured at LEP" 0 7 - " 0 * 6 """ ' . According to MLLA calculations'971, the value of (' is
a nearly linear function of log Qu. The exact dependence for \^ - 150 Mi-V leads to
figure (b), where the naive expectation would be that Qu is a linear function of the hadron
mass.

The results of theLPHD+MLLAcalculationsofthedistributionof£p = - l
depend on an effective QCD scale Ae« ~ \QCD and on a cutoff energy Qo in the
evolution of the parton cascade which is expected to depend in a rather simple
fashion on the i <-s of particles produced. The most simple scenario would be
Qo * ACff + rriha, To first approximation, the distribution in £,, is gaussian, but
a distorted gaussian can fit the calculated spectrum more accurately"16'971. The
position £* of the maximum in the f,p distribution lies at low momentum, where
one could hope that the dependence on the primary quark flavours is small. This
makes it interesting to study the dependence of ££ on the centre of mass energy
and the mass of the hadron.

6.4.1 Dependence of £* on the hadron mass

For the available numbers of events, the position of the maximum in the £p-
distribution of various hadrons can be determined. This can either be done by
fitting the immediate vicinity of the maximum to a gaussian distribution, or by
fitting to a distorted gaussian1'97'116"7', where the width and the two distortion
parameters are fixed at the predicted value'97'. Fits that are sensitive to the width

The distorted gaussian distribution197"6"71 is defined by: Gd(b) y. pxp(ifc - j s * - i (2 +
k)S2 + i s* 3 + j;k64), where 6 = (i - J)l<r, ( determines the peak position, a is the width
(dispersion), s the skewness and k the kurtosis.
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and the two distortion parameters will have to wait at LEP until larger data
samples are available. Since these other parameters depend stronger on the high
momentum data, they can be expected to depend stronger on the event flavour.
This makes it more difficult to interpret the results in terms of the available next-
to-leading-log calculations.

The value of ('„ at LEI' has been determined for the -< ( l | n ' , K"lul71lnl, </ lm:is!,
A1107"6' and even E 1Hfc'. Mostly due to the finer binning at low momenta, the
most accurate determination of £* for the A at DELPHI is the one determined in
this thesis (table 6.2). The experimental results from LEI' can be found in table
6.2 and the dependence of (,'p on the hadron mass is shown in figure 6.8(a). The
calculations assuming LPHD1971 predict that £;" depends nearly linearly on 1«R Qit.
Using the result of their calculations (for At.t, = 150 MrV), one can transform the
values of £' into values of Qu for the different hadrons. The result is shown in
figure 6.8(b).

The expectation is that the cutoff scale Qu is larger for more massive hadrons.
Naively, one could expect that Qo depends linearly on the hadron mass. Figure
6.8(b) shows that this is not correct and that at least a separate treatment of mesons
and baryons is necessary. A linear dependence of Qu on e.g. the hadron mass per
constituent quark already describes the data slightly better. It will be interesting
to see what things look like when more particles will be identified with the use of
the DELPHI RICH.

6.4.2 Dependence of Q on y/s
In the framework of LPHD, the MLLA calculations predict the following depen-
dence of £p on the centre of mass energy'97':

V-i/2C/Y -C/Y +O(Y~i/2)\ +0(1) (6.1)

where}' = losf^beam/Qo). the scale Qo depends on the hadron mass. Theconstant
C is calculated to be equal to 0.2915 when three quark flavours are active in the
fragmentation process. The term O( 1) is zero in the approximation that Q'o = Aeff.
In the available momentum range this leads to a nearly linear dependence of £*
onV.

The values of £* at lower energies can be determined by fitting the published
spectra. The resulting values are given in table 6.2 and the dependence on y/s is
presented in the figures 6.9(a-c). Most experiments do not give the distribution of
£p or xp, but use the energy to define xE = 2E/Ebeam, or they divide by fi = v/r
to get the 'scaling cross section'. Many different normalisations are used, but
fortunately that is not important for a determination of the point £p at which
the £p distribution attains its maximum. Many experiments could not determine
the momentum spectrum due to a low statistics, or only covered a range that
does not include the maximum of the £p distribution. It is not very helpful that
many publications only give an, often logarithmic, plot of the results, but no
table with the numbers. This makes it impossible to reinterpret the result and
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0

l (

(a) pions (b) kaons (c) baryons

Figure 6.9: TTie dependence of £* on y^s. Shoum are the experimental values of £*
determined from the momentum distributions as measured for lower energies at CLEO"ml,
ARGUS!m, TPCm, HRSm, TASSO1700' and TOPAZ1'53', as well as the results from
DELPHI"071081, OPALIUOMJ5U and u'm-utl at LEP (For the values, see table 6.2).

particle
charged
7 T *

,r±,,r0

K*
K°

PP
A
pp. A

Oh

0.86 ± 0.09
0.74 ± 0.07
0.27 ± 0.54
0.68 ± 0.06
0.31 ±0.16
0.44 ±0.08
0.42 ± 0.07
0.33 ±0.13

-0.03 ± 0.08
0.14 ±0.07

bh

0.68 ± 0.03
0.69 ± 0.03
0.85 ±0.14
0.72 ± 0.02
0.58 ± 0.06
0.53 ± 0.02
0.54 ± 0.02
0.56 ± 0.04
0.62 ± 0.03
0.59 ± 0.02

2/n.d.f.
1.2
0.6
0.6
1.7
2.8
3.2
3.2
0.3
0.5
1.6

0.207 ± 0.006
0.18C ±0.005
O.Kd± 0.009
0.174 ±0.004
0.578 ± 0.026
0.618 ± 0.023
0.602 ±0.017
0.608 ± 0.030
0.753 ± 0.027
0.697 ± 0.021

X
2/n.d.t.

2.0
1.7
1.0
2.9
2.8
6.2
5.6
1.2
1.2
2.2

n.d.f.
6
8
5

12
7
9

12
7
7

13

Table 6.1: Result of a fit of the experimental values of £* in figures 6.9 to the function
£* — ah + bh • log Ecms for various identified hadrons. The scale Qeff is the result of
a second fit to the function £* = ±Y + VCY - C, where Y = l o g f ^ m / Q e / / ) and
C — 0.2915. The fits improve slightly when data at the T are excluded.
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determine £p. The experiments (ARGUS and CLEO) near the T resonances give
results for the 'continuum', and for the resonances itself, where the contributions
from the continuum are subtracted. In this context, only the results from the
continuum above the T resonance can be compared with the experiments done
at higher energies. In the data from ARGUS for charged pions and protons, the
contributions from decays of Kg and A have been subtracted.

The experimental values can be fitted to the dependence given by equation 6.1
or to a linear dependence on Y. The result for the different identified hadrons is
given in table 6.1. Both functions seem to be acceptable and it seems that relation
6.1 gives approximately the correct slope. The fitted values of Q'o are not equal
to the corresponding values of Qo as shown in figure 6.8. If LPHD is applicable,
this should be due to the fact that A<.ff ^ Q'o for the heavier hadrons, leading to
the O( 1) term in equation 6.1. The values of Q'o are quite near to the particle mass
for mesons, but for the baryons Q'o is significantly smaller. Due to the strong
correlation with the value of Ac«, it is not possible to determine the 0(1) term by
a fit to the data. A theoretical calculation of the dependence of this term on Aeff
and Qo (and Y?) would provide an interesting test.

6.5 Concluding remarks
The data of LEP are giving a wealth of information about the fragmentation of
quarks and gluons, as well as the mechanisms at play in the hadronisation. This
leads to various nice determinations of the strong coupling constant at LEP. As
yet it is not clear whether it will lead to more understanding of the physics behind
the formation of hadrons in a jet, or only to a better parametrisation of the data.
Even though the 'LPHD + MLLA model' of coherent gluon emission does not
take into account the dependence on the flavour of the primary quarks, it seems
to be able to describe at least some of the properties of low momentum hadrons
in jets.

It has not yet been possible to demonstrate a non-zero value for either the
forward-backward asymmetry or the longitudinal polarisation of A baryons, but
it seems to be an interesting and feasible project for the near future. The accuracy
of the measurement from DELPHI as presented in this thesis is already better
than results published"541 by TASSO or as described114" for TPC/27. To really be
able to prove that there is a non-zero polarisation, the reconstruction efficiency
must be improved. It is surely worthwhile to keep working for a more significant
measurement, even though theorists have not yet found a way to calculate the
relevant polarised fragmentation functions11211. With improving statistics and
detector resolution, it could become interesting to look at the polarisation of Ac

and Aj, as well1155-1561.
The fraction of events with a AA pair or a AA pair has already proved to be

an interesting probe into baryon formation and a test for the need of the popcorn
model1157-85-1081. However, a subject that has until now been neglected a bit is the
possible polarisation correlation between A(A) baryons in one event.
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ARGUS
CLEO
TASSO
JADE
TASSO
JADE
HRS
TPC/27
TASSO
JADE
TASSO
JADE
TOPAZ

EXPERIMENTAL RESULTS

9.98 2.32 ±0.01
10.49 2.30 ±0.08
14
14
22
22.5
29
29
34
35
44
44
58

OPAL 91.2
DELPHI91.2
L3 91.2

2.66 ± 0.06

2.99 ± 0.09

3.00 ± 0.50
3.17 ±0.05

3.37 ± 0.07

3.51 ± 0.07

n"

2.42 ± 0.08

2.80 ± 0.32

2.84 ± 0.30

3.24 ± 0.05

3.52 ± 0.08

4.11 ±0.18

K± K°

1.64 ± 0 05 1.72 ±0.04
1.67 ±0.17

1.91 ± 0.10 1.65 ±0.13

2.41 ±0.16 2.47 ±0.8

1
1
1

2

2.28 ± 0.42 2.25 ± 0.30
2.14 ±0.05 1.98 ±0.09 2
2.35 ± 0.20 2.32 ± 0.10 2

<3.5

2.83 ±0.10
2.91 ± 0.04
2.62 ±0.11

63 ± 0 07
68 ±0.10
80 ± 0 15

14 ± 0.24

13 ±0.11

A H"

1.44 ±0.(14 1.32 ±0.11
1.47 ±0.08

1.75 ±0.50

1.96 ±0.12

24 ±0.09 2.15 ±0.16

<3.5

2.64 ± 0 06
2.77 ±0.05 2.57 ±0.11
2.88 ± 0.08

Table 6.2: The values o/£* for various hadrons as determined from the momentum spectra
as measured by e+e~ experiments at different values for t/s. For the 77 meson, the L3
experiment™ finds a value ?p = 2.60 ± 0.15.

xp range
0 -0.01
0.01-0.03
0.03-0.04
0.04-0.06
0.06-0.09
0.09-0.12
0.12-0.15
0.15-0.2
0.2 -0.3
0.3 -0.5

reconstructed
1.03±0.22
8.88±0.23

16.09±0.44
2M5±0.40
21.75±0.39
19.72±0.44
16.27±0.46
13.22±0.38
8.68±0.29
5.17±0.26

A sample
0.83±0.20
8.45±0.23

15.54±0.43
20.43±0.39
20.76±0.38
18.23±0.43
14.52±0.43
11.05±0.34
6.81±0.25
3.47±0.22

loose cuts
0.34±0.13
4.81±0.17
8.17±0.31
9.39±0.26
8.32±0.24
6.95±0.26
6.47±0.29
5.30±0.24
2.97±0.17
1.84±0.16

hard cuts
0.15±0.09
1.78±0.10
4.29±0.22
5.79±0.21
5.37±0.19
4.84±0.22
4.33±0.23
3.88±0.20
2.40±0.15
1.30±0.13

Table 6.3: The efficiency (in %)for reconstruction and selection of A baryons as estimated
from simulated data. This incorporates the branching ratio of (64.1 ± 0.5)% for the decay
A —> prr~. No cuts are applied to the 'reconstructed' A baryons, they can even have
values ofmpn or cos 6* outside the defined A sample.
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xp

range
0
0.01
0.03
0.04
0.06
0.09
0.12
0.15
0.2
0.3

-0.01
-0.03
-0.04
- 0.06
- 0.09
-0.12
-0.15
-0.2
-0.3
-0.5

A sample
4.12

26.80
30.68
31.00
30.46
30.30
29.34
29.80
25.07
19.68

DELSIM
loose cuts
5.3 ±

38.7 ±
48.5 ±
54.8 ±
62.2 ±
56.6 ±
51.6 ±
49.2 ±
43.5 ±
40.0 ±

2.0

1.1
1.3
1.0
1.1
1.4

1.6
1.6
1.8
2.6

hard cuts
4

17

63
71

.8

.(>
it

1

76.2
74

71
73
70
66

6

4
4
4
9

i

±
±
±
±
±

2
2
2
1
1
1

±2
±
±
±

1
2

7
0
0
3
3
7
1
9
4

3.9

estimate real data
loose cuts
0

43
52
55
56
49

39

43
29
31

±
9 ±
9 ±
4 ±
5 ±

±
±
±
±
±

0

2.8
3.1
2.3
2.5
4

5

5
8

10

hard cuts
24 ±
47 ±
66 ±
69 ±
66 ±
65 ±
64 ±
U ±
45 ±
22 ±

27

6

4
3
4
G
8

25
13
28

Table 6.4: The purity (in %) as estimated from Monte Carlo and from a combination of
the Monte Carlo and the real datu of 1991. The 'A sample' contains all reconstructed A
baryons in the sample at the mass peak.

xp

range
0 -0.01
0.01-0.03
0.03-0.04
0.04 - 0.06
0.06-0.09
0.09-0.12
0.12-0.15
0.15-0.2
0.2 -0.3
0.3 -0.5

JETSET
0.80
3.37
3.41
2.76
1.96
1.39
1.06
0.77
0.43
0.15

(l/fffcjder/dxp
loose cuts

0 ±4
3.70 ±0.4
3.59 ± 0.4
2.85 ± 0.23
1.81 ±0.15
1.12±0.15
0.67 ±0.13
0.56 ±0.10
0.20 ± 0.08
0.10 ±0.05

hard cuts
3 ±5
3.2 ±0.6
3.5 ±0.4
2.87 ± 0.25
1.63 ±0.19
1.01 ±0.17
0.74 ±0.16
0.08 ± 0.20
0.19 ±0.08
0.04 ± 0.06

number of detected A's
loose cuts

0± 33
866 ± 124
713 ± 106

1302 ± 141
1099 ± 122
568 ± 97
316 ± 75
361 ± 80
144 ± 66
89 ± 52

hard cuts
10 ± 24

277± 67
365 ± 60
808 ± 99
638 ± 97
356 ± 76
233± 63
37 ± 96

110 ± 53
25 ± 40

Table 6.5: The estimated number of A baryons in the signal and the differential cross
section (l/(7/l)d<T/dip for A production, as estimated in this thesis from on- and off-peak
samples. The signal is found in a sample of243 335 events from 1991 that were selected
as hadronic Z° decays.

Xp

range

0.01 - 0.04
0.04 - 0.06
0.06 - 0.09
0.09-0.12
0.12-0.15
0.15-0.20

0.20-0.30

0.30-0.50

DELPHI 1990
Efficiency(%)

3.8 ± 0.4
8.5 ±0.6

10.6 ±0.8
10.9 ±0.9
8.6 ± 1.0
7.7 ± 1.3

(l/<Th)d<r/dxp

3.30 ± 0.44
2.75 ± 0.27
1.60 ±0.15
1.09±0.12
0.84 ±0.11
0.46 ±0.13

DELPHI 1991
Efficiency(%)

5.58 ±0.19
12.56 ± 0.38
13.27 ± 0.38
10.96 ±0.45
9.61 ± 0.58
7.24 ±0.51
4.48 ±0.38
2.76 ± 0.45

(l/<rh)d<T/d:tp

3.43 ±0.14
2.60 ±0.10
1.617 ±0.065
1.056 ±0.059
0.721 ± 0.055
0.517 ±0.043
0.264 ±0.027
0.087 ± 0.015

Table 6.6: The differential cross section for A production from fitting the shape of the
mass peak and the background to empirical functions11071081.
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x p range

0.01-0.03
0.03-0.04
0.04 - 0.06
0.06-0.09
0.09-0.12
0.12-0.15
0.15-0.2
0.2 -0.3
0.3 -0.5

loose cuts data

0.11
0.15
0.059
0.076
0.017

-0.05
-0.00
-0.42
-0.42

±0.04
±0.04
± 0.027
± 0.030
± 0.046
±0.07
±0.06
±0.20
±0.25

loose cuts delsim

-0.01
-0.02
-0.009

±0.04
±0.04
± 0.030

0.036 ± 0.029
0.01
0.03
0.02

-0.07
0.25

±0.04
±0.04
±0.04
±0.05
±0.08

Table 6.7: The forward-backward asymmetry of A baryons.

grange
0.01-0.03
0.03-0.04
0.04 - 0.06
0.06 - 0.09
0.09-0.12

0.12-0.15

0.15-0.2

0.2 -0.3
0.3 -0.5

loose cuts data

0.04 ±0.05
0.016 ± 0.037
0.010 ±0.025
0.024 ± 0.028
0.062 ± 0.043
0.13 ±0.07

-0.06 ±0.06
-0.26 ±0.15
-0.09 ±0.15

loose cuts delsim

-0.390 ± 0.018
-0.289 ± 0.019
-0.154 ±0.015
-0.051 ±0.016

0.042 ± 0.021
0.037 ± 0.025
0.102 ±0.025
0.047 ± 0.032
0.09 ±0.05

Table 6.8: The longitudinal A polarisation.
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Samenvatting in de
nederlandse taal:

"Een studie van QCD bij LEP d.m.v. het Lambda

baryon"

Hoofdstuk 1 beschrijft kort de verschillende aspecten van het onderzoek bij de
LEP versneller van CERN in Genève. Vervolgens wordt de motivatie gegeven
voor het hier beschreven onderzoek met een korte beschrijving van de problemen
die moesten worden opgelost. Dit wordt afgerond met een korte samenvatting
van dit proefschrift in de engelse taal (sectie 1.2.1).

Hoofdstuk 2 geeft een beschrijving van het standaard model en zijn achter-
gronden. In de jaren zestig van deze eeuw werd het huidige standaard model voor
de zwakke wisselwerking ontwikkeld. In de vroege zeventiger jaren kwam het tot
volle theoretische wasdom toen de renormaliseerbaarheid werd aangetoond. Dit
maakte ook de ontwikkeling van een model van de sterke wisselwerking (QCD)
mogelijk. Sindsdien hebben veel experimenten de voorspellingen gecontroleerd
en de vrije parameters gemeten van dit uitgebreide standaard model voor funda-
mentele interacties. In de jaren zeventig werd het bestaan van de neutrale zwakke
stroom experimenteel aangetoond. In de jaren tachtig werden de bosonen die de
zwakke kracht overdragen voor het eerst direct geproduceerd.

Met het LEP project bij CERN in Genève zijn de experimenten aangeland
in de fase van metingen met een zeer hoge precisie. Dit wordt gedaan door
in een ringvormige versneller met een omtrek van 27 km electronen en anti-
electronen (positronen) een energie te geven van 45.6 GeV. Bij botsingen tussen
deze electronen en positronen wordt dan een Z° boson gevormd, met een massa
van 91.2 GeV. Dit deeltje is verantwoordelijk voor de neutrale zwakke stroom.
Door het bestuderen van zeer vele Z" vervallen is het mogelijk om zeer precieze
metingen te verrichten.

Hoofdstuk 3 is geweid aan de beschrijving van hadronische Z° vervallen en de
eigenschappen van geïdentificeerde deeltjes. Wanneer het Zü boson uiteenvalt in
een quark en een anti-quark, dan vervallen deze weer direct onder invloed van de
sterke kracht in vele hadronen, die geconcentreerd zijn in smalle 'jets'. Hadronen
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met een zeer hoge energie kunnen hierbij nog zekere eigenschappen van deze
primaire quarks met zich mee dragen, terwijl de eigenschappen van hadronen
met een lage energie voornamelijk worden bepaald door de manier waarop onder
invloed van de sterke wisselwerking deze 'jets' ontstaan. Gluonen zijn de deeltjes
die de sterke wisselwerking overbrengen. Het kan ook gebeuren dat één of meer
hoog energetische gluonen wordt uitgezonden door een (anti)quark, die ieder
weer vervallen in een 'jet'. Jn dit geval kunnen er niet twee, maar drie of meer
jets in het verval worden waargenomen.

Hoofdstuk 4 beschrijft het DELPHI experiment, waarvan de meetgegevens
gebruikt zijn in dit proefschrift. Het DELPHI experiment onderscheidt zich van de
andere drie LEP experimenten door een superieure identificatie van de gemeten
hadronen door middel van een Ring Imaging Cherenkov (RICH) detector.

Ook zonder een RICH-detector is het echter mogelijk om bepaalde hadronen
te identificeren aan hun karakteristieke verval binnen het gedeelte van de detec-
tor dat geladen sporen waarneemt. Het Lambda baryon is zo'n deeltje en dit
proefschrift beschrijft eigenschappen van Lambda's in hadronische vervallen van
het Z° boson.

Een speciale eigenschap van de zwakke kracht is dat het pariteit schendt
door 'handig' te zijn: de kracht werkt verschillend op fermionen met een Jinks-
of rechtsdraaiende spin (zie sectie 3.2). Dit verschijnsel zorgt ervoor dat de Z°
bosonen (spin lfi) van LEP gemiddeld een bepaalde polarisatie richting hebben.
In hun verval naar een fermion en een anti-fermion komt dit om dezelfde reden
tot uiting in een asymmetrische hoekverdeling van de vervalsprodukten. Ook
verkrijgen die vervalsprodukten een sterke polarisatie.

Het Lambda hadron is een baryon en heeft derhalve een spin ter grote van
^h. Het zwakke 'handige' verval van het Lambda in een proton en een negatief
pion maakt het bovendien mogelijk om te bepalen of het Lambda met een zekere
polarisatie geproduceerd wordt. Deze eigenschap maakt het mogelijk om niet al-
leen te kijken of de asymmetrie in de productierichting wordt overgedragen naar
het Lambda, maar om meteen ook de polarisatie te bepalen. Deze eigenschappen
moeten worden overgedragen van het quark dat afkomstig is van het Z° verval
naar het uiteindelijk in de detector gemeten deeltje. Op het eerste gezicht lijkt
het of de 'handige' eigenschappen van de zwakke wisselwerking kunnen worden
bestudeerd, maar de onzekerheden die optreden bij de ontwikkeling van hadro-
nische jets znn dermate groot dat het beter is om deze meting de interpreteren
als een poging om de eigenschappen van de sterke wisselwerking (QCD) beter
in kaart te brengen. Deze sterke wisselwerking is immers de oorzaak voor de
vorming van jets.

Zowel theoretisch als experimenteel zijn deze metingen een uitdaging. In sec-
ties 3.8 en 3.9 wordt beschreven hoe de polarisatie van Lambda's bij verschillende
momenta kan worden voorspeld met behulp van het computermodel JETSET en
het parton model voor de structuur van baryonen. Ook worden analyse metho-
den ontwikkeld waarmee de asymmetrie in de productiehoek (sectie 5.3) en de
polarisatie (sectie 5.4) bepaald kunnen worden uit de meetgegevens. Een goede
kinematische beschrijving van het achtergrondsignaal afkomstig van het verval
van de K% in twee geladen pionen is hierbij van belang (sectie 5.2). In hoofdstuk 6
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worden deze methoden toegepast op geselecteerde Lambda deeltjes om de eerste
meting te doen van de polarisatie en de asymmetry in de hoekverdeling.

Een ander interessant aspect van de sterke wisselwerking is de coherente emis-
sie van laag energetische gluonen bij de vorming van jets. Dit effect kan op vrij
gedetailleerde wijze worden ingebouwd in gecompliceerde computermodellen
van hadronische Z° vervallen. Anderzijds zijn er theoretische berekeningen ge-
daan die pogen een versimpelde beschrijving te geven van de momentum spectra
van de geproduceerde hadronen (zie sectie 3.6). Deze berekeningen veronder-
stellen dat de kinematische eigenschappen van hadronen in een jet voornamelijk
beschreven kunnen worden door de ontwikkeling van een jet van quarks en gluo-
nen (partonen). Deze veronderstelling gaat door het leven onder de naam 'Locale
Parton Hadron Dualiteit' (LPHD). De aanname komt erop neer dat het effect van
de vorming van deze hadronen op hun energie spectrum kan worden beschreven
met simpele normalisatiefactoren. De hoop is natuurlijk op een beter begrip ven
de belangrijkste mechanismen in de formatie van jets en in de daaropvolgende
creatie van hadronen.

De berekeningen waar hel hier otn gaat voorspellen hoe de vorm van het
hadron spectrum afhangt van de zwaartepuntsenergie bij electron-positron bot-
singen. De meetgegevens van vele experimenten kunnen vergeleken worden met
deze voorspelling en de twee stemmen goed overeen (zie sectie 6.4). Vervolgens
worden er ook voorspellingen gedaan over hoe de vorm van het spectrum af-
hangt van de massa van het bestudeerde hadron. Dit is interessant omdat het een
poging is om het samenspel te beschrijven tussen enerzijds de vorming van jets
en anderzijds de vorming van hadronen in die jets. Om te controleren of deze
beschrijving juist is, moeten de gegevens over het spectrum van het Lambda ba-
ryon worden gecombineerd met die voor andere geïdentificeerde deeltjes bij LEP
en de spectra die gemeten zijn bij lagere zwaartepuntsenergiën moeten worden
geherinterpreteerd zodat zij op de juiste manier kunnen worden vergeleken. Het
blijkt dan in sectie 6.4 dat het model van LPHD de afhankelijkheid van het soort
deeltje niet afdoende kan beschrijven en dus helaas te simpel is.

Concluderend kunnen we zeggen dat methoden zijn ontwikkeld zodat een
meting van de (longitudinale) polarisatie van het Lambda binnen redelijk korte
termijn significante resultaten kan afwerpen. Bovendien is aangetoond dat de
spectra van hadronen met verschillende massa's niet afdoende beschreven wor-
den met theoretische berekeningen die uitgaan van 'Locale Parton Hadion Dua-
liteit' (LPHD).
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RICH-detector. Dit gebeurde vnl. in samenwerking met Paul Bâillon van CERN
en Eric Dahl-Jensen van het Niels Bohr Instituut in Kopenhagen. Na een bijdrage
tot de alineëring van deze detector voor de data van 1990 concentreerde mijn
werk zich op de eigenschappen van het K| meson en het A baryon in hadronische
Z° vervallen. Van januari 1989 tot juni 1992 werkte ik bij het CERN in Genève.
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