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Abstract

Using the precision tracking information of the OPAL Vertex Drift Chamber and
surrounding Jet Chamber, a powerful technique for identifying the decays of B
hadrons has been developed based on the reconstruction of secondary vertices inside
the jets of multihadronic events.

By fitting the decay positions of B hadrons with a precision of ~400 pm along
the direction of flight it was possible to tag bb events, with an efficiency (purity)
of 20% (80%), by selecting jets with a significant decay length. B hadrons at LEP
travel on average a distance of 2mm before they decay.

By performing a one parameter fit to the decay length distribution from multi-
hadronic events collected in 1990 by the OPAL detector, we obtain a value for the
mean B-hadron lifetime of

() = 1.359 + 0.055(stat.) & 0.111(syst.) ps.

Our result is consistent with the current world average and also represents a sig-
nificant improvement in precision over previous determinations of (7p) based on
a measure of the B decay length. Combined with an earlier measurement of the
branching ratio Br(B — &vX) by OPAL, the CKM matrix element V| is deter-
mined to be :
|Vin| = 0.042 4 0.002(expt.) & 0.003(theory) .




Pretface

Using data collected in 1990 by the OPAL detector at the LEP ete™ storage ring,
this thesis presents a measurement of the average B-hadron lifetime, (73).

Chapter 1 introduces the Standard Model of particle physics which encompasses

the present theories of the electroweak and strong interactions between elementary
particles. Emiphasis is placed on the theoretical description of bottom-quark pro-
duction and the subsequent emergence of B hadrons containing these quarks from
. the original ete™ annihilation. The lifetime of these hadrons before their decay into
hghter flavours, is seen to be of fundamental 1mportance to the understanding of how
- dlfferent generations of quarks within the Standard Model mix with one another.
‘ After presenting in Chapter 2 a brief introduction to LEP and the components of
the OPAL detector, in Chapter 3 we describe in some detail the tracking of charged
.';partlcles in OPAL. Of most relevance to the subsequent physics analysis is the
| Vertex Chamber of OPAL, which provides precision spatial coordinates close to the
_ete” interaction region. All aspects of the construction, operation and performance
o of the Vertex Chamber are rev1ewed

The extraction from the data of a value for (7) relies heavily on Monte Carlo
technlques for generatmg events and s1mulat1ng detector response. These areas are
described in Chapter 4 with partlcular emphas1s placed on those aspects of the event
generatmn affecting the productlon of bottom flavoured quarks and hadrons, and
on those aspects of the detector sunulatlon concerning the Vertex Chamber.

' In the remaining two chapters we follow the development of a variable sensi-
tive to the B- hadron lifetime and the subsequent use of this variable to extract a
| mea,surement of ( B). Chapter 5 reviews the relatlve merits of variables designed
to recogmse Varlous physical properties of ete~ — Z0 — bb events with the aim of
bemg able to separate this class of event from the background We conclude that
a measure of the B-hadron decay length in the detector is the best suited to iden-
tifying events contalmng b quarks, and this variable is then further developed for
" use in a lifetime determination. The measurement of (B) and an evaluation of the

associated statistical and systematic uncertainties is then presented in Chapter 6.

vi




Acknowlegements

This thesis would not have been possible without the efforts of mary people. It is a
pleasure to thank my supervisor, Steve Lloyd, and Roger Jones for their consistently
expert advice, guidance and careful reading of previous drafts. Spe01a1 thanks go
also to Tony Carter for first giving me the chance to work at CERN cmd for’ always

taking a keen interest in my research.

The many people at QMW who deserve my thanks for their heip; and friendship
during my time there include: Paul Kyberd and Murrough Landon for sleing_my
computing problems, the Family Pritchard (Terry for teaching me electronics and
some interesting things too, plus Christine and Little Steve for worrying 'rrie"im;:o
writing-up), Derek Newman-Coburn for having no hair and a constant stream of
(bad) jokes, Graham Beck, the late Mirek Lasota, Daddy Assif, Ad11 Hasan Small
Fat Areeb, Simone Robins, Paul Singh, Andy Yeaman, Andy Cooper, Paul Harrison
and Terry Wyatt-who taught me more particle physics than he probably reahses

The success of the OPAL vertex drift chamber—pro;ect was the result of hard
work by many competent people. I am especially mdebted to the Carleton Umver—
sity/NRC group for the construction and expert running “of the chamber to the RAL
Electronics Division (especially Mick Jeffs) and to all in the Cambr;ldge Umversfny
group including The Great John Hill, Mirrors, Juhe Sllly Teapot Bllly, Roach Man
and David Ward-who had to endure more stupld questlons from me than ] is fair.
Thanks also must go to Bob Kowaleski for settmg up the Llfetlme Workmg Group
which gave me somewhere to talk, Nigel Watson Who Would never say ‘no’ to me (00-
err), Glenn Patrick who allowed me to use RALVM so 1neﬂi<;1ently, and to Mette and
Sue in the OPAL office and Mary and Sue (agaln) in the SERC ofﬁce for smoothmg
over those everyday problems. Outside of work blg thanks go to those that make
Geneva a place you can drink in, namely Dave Robbo and his blg German car,
Scottish Person, The Scottish Girls, Lucas and Sybﬂle Mike Mcdermot Pete (like),
Anna for being very Swedish, Matty Couch, Johnny Walker, Planet Thackeray and
especially Sabine for laughing at my jokes.

A quick mention too for all my new colleagues and friends at Oxford who have
helped make my transition there painless. Here’s to Martin Bates for his huge physics
insight, Rude Girl Beeston, Cliffy Hodgson, Guy ‘Big Girls Blouse’ Wilkinson, Paula

vii




viii

Collins (who is OK for a woman), Rashid Zuberi, Fluffy Stevie, John Holt, Nathalie
~ Lieske and a special thanks must go to Paul Dauncey who is not lardy but just
. ‘big-boned’ and who has been VERY patient with me while finishing.

I acknowledge the Science and Engineering Research Council for financial sup-

port.




Contents

Abstract

Preface

Acknowlegements

1 Theoretical Background

1.1
1.2
1.3
1.4

2 The
2.1
2.2

2.3

The Standard Model Of Particle Physics . . . . . . .. .. .. .. ..
The Process ete™ — bb at the Z° Resonance . . . . . . .. ... ...
Bottom Quark Hadronmisation . . .......... e e e e e
B-Hadron Decays . . . . . . . . . o i i
1.4.1 Weak Quark Mixing . . . . . . . . . . oo
1.4.2 The Spectator Quark Model . . . . .. .. ... .. ... ...
1.4.3 The B-hadron Lifetime . . . . . . . .. ... .. ... ... ..
OPAL Experiment at LEP

LEP .. . e [
The OPAL Detector . . . . . . v v o v i i it e e e e e e e e
221 Beampipe . . - v v oo o e e e e e e
2.22 Vertex Detector . . . . . . . .. .. . oo
223 Jet Chamber . . . .. . . . . e
2.24 z-Chambers . . .. ... .. ... ...
225 Magnet . . .. ...
2.2.6 Time-Of-Flight Counters . . . . . . .. .. ... ... .....
2.2.7 The Electromagnetic Calorimeter . . . .. ... ... ... ..
2.2.8 Hadron Calorimeter. . . . . . . . . .. .. .
92.29 Muon Detector . . . . . . . ... oo
2.2.10 The Forward Detector . . . . . .. .. ..« ... ... ...
The OPAL Data Acquisition Chain . . . . .. .. ... .. ... ...
2.31 Overviewof Dataflow . . . . .. .. .. ... ... ... .. ..
2.3.2 TrigEer . . . . . oo
2.3.3 Online Processing . . . . . . .. . . o

vi

vil

13
15
15
16
21




2.3.4 Event Builderand Filter . . . . .. .. ... ... ....... 40
235 ROPE . ... .. .. . . 41

3 The Tfacking of Charged Particles in OPAL 43
3.1 The Central Vertex Detector . . . . . . ... ... ... ........ 43
3.1.1 The Mechanical Design . . . . ... ............... 44
3.1.2  Chamber Electrostatics and the High Voltage System . . . . . 47
3.1.3 The Electronics Readout System . ... ... ... ..., . 49
3.1.4 Coordinate Reconstruction . . . . . ... ... ... ...... 52
3.1.5  Determining the z Coordinate . . . ... ... ... ...... 55
3.1.6 Pattern Recognition . . ..................... 55
3.1.7 The Calibration Procedure . . . . . . ... ... ........ 57
3.1.8 Systematic Effects . .. ... ... ... ... .. ....... 60
3.1.9 Performance . . . .. .. .. ... ... ... 62

3.2 Jet Chamber . ... ... ... .. ... ..., 64
3.2.1 The Mechanical Design . . . .. ... .............. 64
3.2.2 The Electronics Readout System . .. ............. 66
3.2.3 Coordinate Reconstruction . . . . . ... ... ... ...... 68
3.2.4 Calibration Constants . . . .. .. ... ............ 70
3.2.5 Systematic Effects . .. ... ... ... ... ..... ... . 70
3.2.6 Performance . . .. ... ... ... ... ... ... 71

3.3 Central Detector Tracks . . . ... .. ..... ... ......... 73
3.31 Track Fitting . .. ... ... ... ... . ... ... ..... 73
3.3.2 Performance . . . . ... .. ... 74

4 Multi-hadronic Event Simulation ‘ (4
4.1 Introduction . . . . . . .. ... ... 77
4.2 Event Generation . . . ... .. .. .. ... ... ..., 78
4.2.1 Primary Quark Production. . . .. ... ... ... ...... 78
4.2.2  Perturbative QCD-The Parton Shower . . . ... ... .. .. 79
4.2.3 Fragmentation. . . ... ... ... ... ... ... . ..., 81
4.2.4 Heavy Flavour Particle Content . . . . ... .. ... ..... 86
4.2.5 Heavy Flavour Decay - EURODEC . . ... .......... 87

4.3 Simulating The OPAL Detector . . . . .. .. ... .. ........ 92
43.1 GOPAL . ... .. . . . . . 92
4.3.2 Modelling the Vertex Chamber Response . . . . .. .. .. .. 93

4.4 Comparing Monte Carlo With Data . . . . . ... ... ........ 102




Contents xi
5 Tagging Bottom Events 107
51 Introduction . . . . . . o . o o i i e e e 107
5.2 A Review of Tagging Techniques. . . . . . . . ... .. ... ... .. 107
5.2.1 High p; Lepton Tagging . . . . .. . ..o v .. 108
522 Event Shapes . . . . .. .. ... .. 110
5.2.3 Scaled Invariant Jet Mass . . . .. .. .. ... ..o 113
5.2.4 Boosted Sphericity Product . . . . .. ... ... 114
5.2.5 Impact Parameter Tagging . . . . . .. ... ... ... .... 117
526 DecayLength . .. ... .. .. ... ... ... 118
5.2.7 Summary of Tagging Techniques. . . . . . . . ... ... ... 120
5.3 Developing the Decay Length Method . . . . . .. ... ........ 122
53.1 Physics Cuts . . . ... .. 123
5.3.2 Jet Clustering . . . . . ... .. ... ... e 125
5.3.3 The Primary Vertex . . . ... .. ... ... ... ..., 130
5.3.4 The Secondary Vertex Fit . . . . ... ... ... ... .... 132
5.3.5 Results and Cross-checks . . . . .. ... ... ... ...... 133
6 A Measurement of the Mean B-Hadron Lifetime 141
6.1 A History and Survey of Measuring the B-Hadron Lifetime . . . . . . 141
6.1.1 Impact Parameter Measurements . . . . . ... .. .. .. .. 142
6.1.2 Non Impact Parameter Measurements . . ... ........ 144
6.2 Measuring the Mean B-Hadron Lifetime . .. ... .. ........ 147
6.2.1 The Folded Distribution . . . . .. .. ... .. ... .. .. 147
6.2.2 The Method . . . . . . . . . . . i 149
6.2.3 The OPAL 1990 Data . . . .. . ... .. .. .. 150
6.2.4 The Measurement . . . . . . .« . . o v it i ot 152
6.3 Crosschecks of Technique . . . . . . . . .. .. v 154
6.3.1 Consistency Checks . . . . . .. .. ... . o 154
6.3.2 Selection Parameters . . . . . . . . .. ..o 155
6.3.3 Data Sub-Sets . . . . . . . . . 156
6.3.4 The Gradient Method . . . ... ... ... ... ... .. .. 158
6.3.5 The Proportion of Z° — bb Events . . .. ... ........ 159
6.4 SystematicEffects. . . .. .. ... ... oo oo 159
6.4.1 b and c-Quark Fragmentation . . ... .. ... ... ..... 159
6.4.2 Centre of Mass Energy . . . . . .. .. ...« o 161
6.4.3 Heavy Flavour Fractions . . . . . ... ... .. ........ 161
6.4.4 B Decay Multiplicity . . . . ... ... ... [ 161
6.4.5 D Hadron Lifetimes . . . . . . . . . .. .. .. ... 162
6.46 D°/DF Ratio . .. ... .. ... 162




xi1

6.4.7 Primary Vertex . . . .. .. ... . ... ... .. ...
6.4.8 Jetaxis .. ... . ... ..
6.4.9 Detector Effects . . . . . .. ... ... ... . ... .. ... .
6.5 Results. ... ... ... .. ... ...

- A Coordinate Systems
A.1 The OPAL Master Reference System . . . . ... .. ... ......
A.2 The Vertex Chamber Coordinate System . . . ... ..........

B OPAL Track Parameter Definitions
C Formalism For Vertex Fitting in 2-Dimensions
D Formalism For 2-Dimensional Decay Length Fitting

Bibliography

171
171
172

173

175

178

180




List of Figures

1.1 Some QED processes. . . . . . v v v v v vt bt e e e e e 2
1.2 Examples of weak (a) charged current and (b) neutral current processes. 4

1.3 Measurements of the Drell ratio over a range of centre-of-mass energies. 6

1.4 Gluon self-interaction processes. . . . . « v o« v v v v oo 7
1.5 The cross section for T production as measured by the CLEO Col-
laboration. . . . v v v i e e e e e e e e e e e e e e e e e 9

1.6 Fermion production in e*e~ annihilation via a (a) photon and (b)
Z0 Propagator. . . . v v v v e e e e e e e e e 10
1.7 Measurements of the cross section o(e*e™ — ff) over arange of centre-
Of-mMass ENeTgIes. . . « v . v v v i e e e e e e 11

1.8 FElectroweak vertex corrections that are specific to the Z° — bb vertex. 13

1.9 A candidate Z° — bb decay in the OPAL detector. . . .. .. .. .. 14
1.10 Spectator model diagrams for B-hadron decay. . . . . . ... ... .. 16
1.11 Soft gluon radiative corrections to the B-hadron decay rate. . .. .. 18
1.12 Hard gluon corrections to the B-hadron decay rate. [ 19
1.13 The non-spectator model diagrams for b-decay. . . ... ... .. .. 20
2.1 The LEP storage ring showing the main experimental locations . . . 23
2.2 The LEP injection system. . . . . . .. .. ... .. ... 24
2.3 The OPAL detector. . . . . . . . . . o i i v v 26
2.4 The OPAL data acquisition system. . . . . . . . .. e e e 37
3.1 A section through the Central Detector. . . . ... ... ... .... 44
3.2 A schematic of the Central Vertex Detector. . . . . .. .. ... ... 45
3.3 A z-axis projection of the complete CV assembly. . . . .. ... ... 46
3.4 The Vertex Detector drift cell layout. . . . . . ... .. ... ... .. 47
3.5 The drift field configuration in a CV axial cell. . . . . . .. ... ... 48
3.6 The electronics readout chain for a CV anode wire. . . . ... .. .. 49
3.7 Distribution of raw TDC values for a single CV axial sector. . . . .. 51

3.8 The variation of drift velocity with operating conditions in OPAL gas
compared to aslow gas. . . .. .. ... 53
3.9 The form of the drift distance - drift time relationship in OPAL gas. . 54

X111




xiv

3.10
3.11

3.12

3.13
3.14

3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22

4.1

4.2

4.3

4.4

4.5

4.6
4.7

4.8
4.9

4.10
4.11

4.12

4.13
4.14

An example of reconstructed hit positions in the CV. . . . .. .. .. 56
do distributions uncorrected for second-hit effects, shown separately

for each side of the CV anode plane. . . . ... ... ... ...... 61
do distributions corrected for second-hit effects, shown separately for

each side of the CV anode plane. . . . .. .. ... .. ........ 62
The distribution of tracks across a CV drift cell. . . . . ... ... .. 63
The spatial resolution of the Central Vertex Detector as a function of

drift velocity. . . . .. ... ... 04
The two-track separation of CV axial tracks. . . . . ... .. ... .. 65
A quadrant of the Jet Chamber. . . . . . . .. ... .. ... ... .. 66
A cross section through one half sector of the Jet Chamber. . . . . . 67
The variation of drift velocity with the water content of CJ gas. . . . 68
Schematic representation of the CJ electronic readout system. . . .. 69
CJ hit resolution in the r — ¢ plane as function of drift distance. . . . 72
An example of a CT-track fit. . . . ... ... ... ... ....... 75
Distributions of dy and 2o for CT tracks. . . . ... .. .. ... ... 76
The stages of multi-hadronic event generation. . . . . . .. ... ... 78
Schematic picture of parton branchings in a parton shower. . . . . . . 80

The iterative sharing of energy and momentum in the Lund-string
fragmentation model. . . . . . . ... L L L 82
The variation of (zg) as a function of the Peterson function param-
eter (€c). « v v v e 84
The variation (zg), and z as a function of the Peterson-function
parameter (€b). . . . . .. ... 85
The form of the Peterson fragmentation function. . . . .. .. .. .. 86
The development of a fragmenting quark-antiquark-gluon system in
the Lund model. . . .. ... ... ... ... .. ... .. ..., .. 87
EURODEC D-decay multiplicity predictions compared to experiment. 90
Some EURODEC B-decay predictions compared to CLEOQ and AR-
GUS measurements. . . . ... ... ... ... 91
The mean noise level in CV per wire. . . . . . ... ... ... .... 94
The variation of CV hit efficiency as a function of wire number based
on (a) a swimming method and (b) a counting method. . . . . . . . . 95

The resolution function for first hits on CV wires implemented in

Residuals to CV axial fits for tracks made of first hits on wires. . . . 97

The second-hit efficiency function applied to multiple hits on CV
wiresin GOPAL. . . . ... .. .. ... ... 98




List of figures XV

4.15 The number of CV hits from axial and stereo sectors associated with

CT tracks from GPMH events.. . . . . . ... ... ... ... .... 99
4.16 The result of Monte Carlo CT-track stripping. . . . . . . e e e 101
4.17 The number of CV hits associated with CT tracks. . ... ... ... 102
4.18 Comparing data with Monte Carlo: (a) The CT track multiplicity

per event. (b) A distribution of track momentum transverse to the

Z-aX0S (Pog)e « ¢ o v e e e e e e e e e 103
4.19 A comparison of the CJ hit distribution on CT tracks between data

and Monte Carlo. . . . . . . . . . . e 104
4.20 Comparing data with Monte Carlo at the track level. . . . ... ... 106
5.1 The measured p; spectrum of muon candidates from various sources

5.2

5.3

5.4
5.5
3.6

5.7
5.8
5.9
5.10

5.11

5.12

5.13

5.14

5.15

5.16
5.17

5.18
5.19

measured in OPAL data. . . . . v v v v o e e e e e e 109

(a) Thrust, (b) sphericity and (c) jet transverse mass distributions

comparing b-quark events to ¢ and light-quark events. . . . . . .. .. 112
(a) Scaled invariant jet mass, Ms. (b) B-tagging efficiency and purity

based on Mg, . . . o v i e e e e e 115
Boosted sphericity product. . . .. .. ..o 116
The definition of impact parameter. . . . . . . . .. . . .. ... ... 117
Comparison of b-quark events to light-quark events for the mean

scaled impact parameter variable. . . . .. ... ... 119
The definition of projected decay length. . . . . . . e e e e 121
Projected decay length. . . . . . .. ... ... . oo 122

(a) 04, as a function of pgy. (b) poy for tracks from direct B decay. . . 124

The two, three, four and five-jet event rates measured in the OPAL
data as a function of Yeus. - - - . . o oo e oo 126
The effect of Youz: « « « v v v o v e 128
A comparison of jet quantities between data and Monte Carlo. . . . . 130
Distributions of the mean primary vertex coordinates as a function

of OPAL run number in 1990. . . . . . . . . . . o o v oo 131

(a) The x2-probability of the secondary vertex fit. (b) The secondary
vertex position as a function of the x? for the fit. . ... ....... 134
Comparing secondary vertex fit quantities between data and Monte
Carlo. . . o e e e e e e e e 135
The B-tagging performance of the projected decay length. . . . . .. 136
Level of agreement between data and Monte Carlo for the projected
decay length variable. . . . . . . ... ... Lo 137
The sensitivity of the projected decay length to the B lifetime. . . . . 138
A cross-check of the projected decay length found from secondary

vertices composed entirely from daughter tracks of the B-hadron. . . 139




xvi

5.20 B decay vertex reconstruction. . . . . . ... ... .. ... .. ..., 140

6.1 World measurements of the mean B-hadron lifetime using the impact
parameter distribution of inclusive muon candidates. . .. .. .. .. 143
6.2 World measurements of the mean B-hadron lifetime using the impact
parameter distribution of hadronic tracks. . . .. ... .. ... ... 144
6.3 World measurements of specific B-hadron lifetimes. . . .. .. .. .. 146
6.4 (a) Projected decay length distribution for the third jet in an event.
(b) The impact parameter distribution for tracks matched to the

wrong CV information. . . . . . .. .. ... ... ... ... ..., 148
6.5 The event flavour composition of the folded L distribution. . . . . . . 150
6.6 The x*-probability for the projected decay length fit. . .. .. ... . 153

6.7 (a) The best fit of the Monte Carlo L distribution to the data. (b)
The binned x? formed between the data and Monte Carlo distributions.154

6.8 The variation in the lifetime fit result as a function of (a) distribution

binning and (b) fitrange.. . . . .. .. ... L. 155
6.9 The variation of the lifetime fit result as a function of (a) the cut on

opand (b)thecuton L. . . . ... ... ... ... ... .. .. ... 156
6.10 Measuring (7p) from the lifetime-tail gradient of the decay length

distribution. . . . ... ... 158
6.11 (7B) as a function of the data set purity in Z® — bb events. . . . . . . 160

6.12 Comparing the folded decay length distribution for two choices of
directional constraint.. . . . . . .. ... ... ... ..., 165

6.13 World measurements of the mean B-hadron lifetime using decay length-

related variables. . . . .. ... ... .. . 169
Al The OPALMRS . .. .. ... ... ... . . .. 171
B.1 The definition of OPAL tracks parameters. . . . . . .. ... .. ... 174

C.1 Vertex fit definitions. . . . . . . . . . . . . . . .. 176




1.1

1.2

1.3

2.1
2.2

3.1

3.2
3.3

4.1
4.2
4.3
4.4
4.5

4.6
4.7

5.1

6.1
6.2

6.3

List of Tables

The fermion content and associated quantum numbers of the elec-

troweak theory. . . . . . . . .. ..o e e e 3
Measurements of some selected Standard Model parameters at the

Z°pole. . ....... T 12
Measurements of the B meson semi-leptonic branching ratio. . . . . . 19
LEP (Phase 1) design machine parameters. . . . . . . .. ... .. .. 25

The most important trigger conditions for multi-hadronic events. The

rates quoted are averages over a typical LEP fill. . . . . .. ... ... 39

CV calibration quantities - their typical values and associated uncer-
BAINEIES. .« .« v e e e e e e e e e e e e e e e e e e e e e e e 59

CJ calibration quantities - their typical values and errors. . . . . . .. 71

Systematic corrections to the covariance matrix made by the CT pro-

CESSOT. « v v i e e e e e e e e e e e e e e e e e e e e e e e 74
The Standard Model input parameter values to JETSET 7.2 . . . .. 79
JETSET parameter values tuned to OPAL data. . . . . . ... .. .. 81

Values of JETSET parameters specifically relating to fragmentation. . 88
The lifetimes of heavy flavour hadrons assigned in the Monte Carlo. . 89
A comparison of B exclusive decay modes as given by the EURODEC

package compared to experimental data. . . . .. ... ... ... 89
CV first-hit parameter values for GOPAL. .. ... ... ....... 96
CV second-hit parameter values for GOPAL. . . . ... .... .. .. 98
A measure of the b-quark discriminating power of various tagging

methods. . . . . o v e e e e e e e e e e e e s 123
The OPAL 1990 multi-hadronicdataset . . ... ... .. ... ... 152

The dependence of the () measurement on secondary vertex-fit
quality, projected decay length-fit quality, the azimuthal and polar
angleof thejetaxis. . . . ... ... ... e 157

Current uncertainties on measurements of some D-hadron lifetimes. . 162

xvii




List of Tables

6.4 Systematic errors on (7g).

........................




Chapter 1

Theoretical

Background

1.1 The Standard Model Of Particle Physics

Modern particle physics recognises the existence of two intrinsically different types
of elementary point-like particle; fermions and bosons. The fermions are particles
of half-integer spin that obey Fermi-Dirac statistics and comprise quantum states
asymmetric under (identical) particle interchange. Bosons are integer spin particles
forming symmetric states obeying Bose-Einstein statistics. All matter is then made
up of two types of fermion known as quarks ( up (u), down (d), charm (c), strange
(s), bottom (b) and top (t)) and leptons (electron (e), muon (u), tau (7) and their
associated neutrinos (vg)).

Success in the development of theories to describe the fermions and their interac-
tions, has been made possible by exploiting a class of relativistic quantum field the-
ory known as local non-Abelian gauge theories. These are theories based strongly on
symmetry principles. In field theory, the Lagrangian density (£) is always unaltered
by an arbitrary éhange of global ! phase in the fermion fields. The transformations
of interest however, occur when we also demand invariance under a phase shift that
can be different at each point of space time i.e. local gauge transformations of the

_general form

N .

S(z) = exp(ig Y a.To(z)) == (ct,x), (1.1)

a=1
for o, a set of real parameters and T,(z) a set of Hermitian operators 2, It is also
convenient within this definition to introduce a common factor g, that subsequently
is interpreted as a coupling strength for the interaction. The consequence of requir-
ing the invariance of £ to local transformations of the kind S (z), is the necessary

introduction of bosonic vector fields (gauge bosons), one for each generator of the

! Meaning the same at all points in space-time.

2In the language of group theory, the operators T, are the generators.of a Lie group of dimension
N, whose general element is defined by the unitary transformation S(z). Groups whose generators
commute (do not commute) amongst themselves are termed Abelian (non-Abelian).

1




2 1. Theoretical Background

group and the appearance of fermion-boson interaction terms in the free-field La-
. grangian. Thus it is in this way that the Yukawa picture of fermion interactions
generated by the exchange of boson fields, is accounted for in gauge theories.

The gauge theory of the electromagnetic interactions, termed Quantum Electro
- Dynamics (QED), is based on the Abelian gauge group U(1). Fermions interact via
- the exchange of a single gauge boson (the photon, (7)), illustrated in Figure 1.1 (a)
- for the process ete™ — p*p~. In QED the coupling strength of the fermions to the

e ot

(c)

Figure 1.1: (a) The lowest order (or Born level) QED-Feynman diagram for the process
ete”—putu~. Two examples of divergent diagrams in QED: (b) the creation and re-annihilation
of an ete™ pair, and (c) the emission and reabsorption of a photon by a charged fermion.

photon is proportional to the fermion electric charge which, as a consequence of the
U(1) symmetry, is a conserved quantity in all QED processes.

QED calculations to higher orders in perturbation theory than that represented
by the Born level diagram involves the inclusion of closed-loop processes such as
those shown in Figures 1.1(b) and (c). These diagrams however correspond to di-
vergent integrals which make infinite contributions to any amplitude calculations
attempted beyond leading order. In QED it is found that these infinite terms may
be absorbed by a redefinition of the charges and masses to be equal to their physi-
cally measured values. The application of this technique, known as renormalisation,
then renders all amplitude and hence cross-section calculations to be finite. The

- requirement that a candidate theory of particle interactions be renormalisable is
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clearly a prerequisite if physical predictions beyond leading order in the perturba-
tion expansion are to be possible. It was shown by ‘t Hooft in 1971 [1] that, in fact,
all gauge theories are renormalisable. |

The formulation of a gauge theory of the weak interaction consistent with ex-
perimental measurements requires invariance with respect to the non-Abelian group
SU(2) x U(1). To accommodate the parity-violating nature of the weak interac-
tion, fermion states of right-handed helicity enter the theory as SU(2)w singlets 2
with the left-handed states transforming as doublets of SU(2)w (see Table 1.1).

To maintain the invariance of the theory requires the introduction of three gauge

Generation Quantum Numbers |
I 11 11T Q™ Y w v
<ye) (vu) (u,) 0 1 |41 2
e ), L), T/, -1 —-1/2

t +2/3 +1/2
( )L 13 +1/3 | +1/2 10

Table 1.1: The fermion content and associated quantum numbers of the electroweak theory. Here,
Q°™ is the electromagnetic charge, Y is the weak hypercharge and I and I¥” are the weak isospin
and third component of weak isospin respectively. The lower members of the quark doublets carry
a prime to -denote weak eigenstates and are discussed further in Section 1.4.1. (The top quark
remains unobserved by experiment and there is only indirect evidence for the existence of v,. A
recent review [2] quotes the value, m; = 144¥33GeV/c?, based on current values for Standard
Model parameters and the best experimental limit presently stands at m; > 89 GeV/c? (@95 %

CL) [3)).

bosons (Wi,i=1,2,3) coupling to weak isospin (I") and associated with the three
generators of the SU(2) group. The physical mediators of the weak charged cur-
rent interaction (the W* bosons) are then identified as being the following linear

The W* bosons mediate weak charged current interactions of the type shown in
Figure 1.2(a). In addition, there is a boson singlet field, B, associated with the

3Use of the ‘W’ subscript stands for ‘weak’ and distinguishes this use of the group SU(2) from
any other.
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(a) (b) ©

Figure 1.2: Examples of weak (a) charged current and (b) neutral current processes.

U(1)w group and which couples to the weak hypercharge (Y)). Through a mixing of
the SU(2)w boson field W3 with the B it is possible to recover exactly the photon
. field (A*) of QED, with the orthogonal combination predicting the existence of a
new neutral boson field (Z°):

A* = B*cosfw + W, sin Oy (1.3)
Z* = —B"sinfbw + W§ cos by - (1.4)

The mixing is specified by a single angle, 6y, known as the weak mixing or Wein-
berg angle. This SU(2)w x U(1)w gauge invariant interaction, first introduced by
Glashow in 1961 [4], is commonly termed the electroweak interaction reflecting the
fact that in a certain sense it unifies the weak and electromagnetic interactions. The
presence of Z° bosons in the theory predicted that there should be weak neutral cur-
rent interactions of the type shown in Figure 1.2(b). These were duly observed in the
early 1970’s, so providing one of the earliest direct confirmations of the electroweak
formulation.

The electroweak theory as outlined above describes massless fermions and bosons.
Simply introducing mass terms into the Lagrangian density is not possible without
forfeiting the SU(2)w x U(1)w local symmetry with the consequence that the theory
1s no longer renormalisable. One solution to this problem, introduced independently

by Weinberg and Salam [5], is the application of the Higgs mechanism to generate
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masses for fermions and gauge bosons in a way that retains the gauge invariance of
the Lagrangian density. In the minimal solution, a weak isospin doublet of complex
scalar fields is introduced. Three field components provide the longitudinal polari-
sation states, and hence allow masses for the W# and Z°, leaving one physical scalar
field associated with the neutral Higgs boson H°. The H® mass is not predicted by
the theory . '

The masses attained by the W* and Z° bosons can be expressed in terms of three
experimentally well known parameters; the fine structure constant o = €2 /4meq, the

Fermi coupling constant Gr and Oy,

W=

an 1
my = (\/éGF) sin 9W (15)
arn 2
mz = (\/2_GF) sin 20w
Crucial confirmation of the electroweak theory came in 1982 with the discovery of
the W* bosons by the UA1 and UA2 Collaborations [7], to be followed in 1983 by
the detection of the Z° [8].
Quantum Chromo Dynamics (QCD) is the name given to the gauge theory of

N frt

(1.6)

the strong interaction and is based on the non-Abelian gauge group SU(3). The idea
that quarks contain an additional ‘colour’ degree of freedom was initially introduced
to resolve the spin statistics problem of baryon states such as the 2=, to which
the quark model assigned three identical fermions in a symmetric spin state. It
was postulated that the quarks each exist in one of three possible colour states
and further that they only combine to form overall colour singlets i.e. the baryons
and mesons. An important verification of the colour charge hypothesis comes from

measurements of the Drell ratio

o(ete” — qd)
R = -
o(ete — ptp~)

(L.7)

where; o(ete” — ptp~) and o(ete” — q@) are the QED e*e™ annihilation cross
sections to p and quark pairs respectively. Ignoring any strong interaction effects
between final state quarks and considering energy regions away from the immediate
vicinity of resonances, R is expected to equal 33; (Qfm)z, where Q¢™ is the electric
charge (in units of the electronic charge e) of quark flavour : and the sum goes over
all flavours for which the collision energy is above threshold. The dependence on
Q@ derives from the QED coupling strength being proportional to the charge and
the factor of 3 accounts for the extra colour degree of freedom that the quarks

carry but the muons do not. Figure 1.3 presents measurements of R from various

4The experimental limit for the mass of a Standard Higgs boson currently stands at, mgo >
57 GeV/c?[6].
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ete™ annihilation experiments over a range of centre-of-mass energies and provides

good evidence for the existence of quark colour charge.
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Figure 1.3: Measurements of the Drell ratio, R = over a range of centre-of-mass

In the framework of QCD quarks transform as colour triplet representations
of SU(3)cvia the exchange of eight, massless, gauge bosons termed gluons 5. The
gluons carry a colour and an anti-colour quantum number which allows coupling not
only to the colour charge of the quarks, but also between other gluons in processes
of the kind shown in Figure 1.4. Gauge boson self interactions are a general feature
of gauge theories based on non-Abelian groups and should be contrasted with the
photon of the U(1)qep theory that carries no electric charge and for which there is
no equivalent diagram to figure 1.4.

The non-Abelian nature of the SU(3)c interactions leads to fundamental dif-
ferences in the nature of QCD compared to QED. In analogy to QED where the
strength of the electromagnetic coupling can be expressed in terms of o = e?/47e¢o,
strong interactions are governed by a coupling parameter o, which in lowest order

takes the form,
127

(33 — 2ny) In(Q2/A2)

where; ) is the momentum transfer scale of the interaction, n; is the number of

a,(Q*) = (1.8)

quark flavours and A is the QCD mass scale (~ 200MeV) representing the scale
at which the coupling becomes ‘strong’. The dependence (or ‘running’ nature)
of o, with Q2 is seen also in the behaviour of the QED coupling but at a much
weaker level and in the opposite direction. This basic difference has its origin in
the presence of gluon self interactions. The effect of bare charge ‘screening’ in QED

acts to increase effective electric charges as the momentum transfer increases. The

SThe subscript ‘C’ stands for ‘colour’ and distinguishes this application of the SU(3) group from
any other.
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Figure 1.4: Gluon self-interaction processes.

effect of gluon (and quark) loop vacuum fluctuations however in QCD act to spread
out the effective quark colour charge as Q? increases resulting in an anti-screening
of colour charge.

We could equivalently view the running properties of «; with regard to a dis-
tance rather than a momentum-transfer scale. At large quark separations (low Q?)
therefore, a; is large with the consequence that quarks are effectively confined within
colour singlet hadrons. No experiment has ever unambiguously observed an isolated
quark (or even a composite quark state of net non-zero colour). At small separations
(or equivalently large @?), o can fall to levels where the quarks can be considered as
essentially non-interacting states - this is the regime of so-called asymptotic freedom.
The fact that o tends to be relatively large (~ 0.12 at 91 GeV) means that in general
perturbative calculations in QCD are significantly less precise than those possible in
the electroweak sector. Further, at energy scales typical of hadronic processes the
strong coupling becomes large enough (o, ~ 1) that perturbation theory can no
longer be applied and the theory becomes incalculable. This constraint necessitates
the implementation of phenomenological models to describe low Q2 processes such
as quark fragmentation (described in Section 1.3).

The SU(3)c x SU(2)w x U(1)w gauge invariant theory outlined above forms
what has become known as the Standard Model of particle physics. The predic-
tive success of the theory when compared to experiment will be discussed further in

the next section. It is however prudent to mention at this point that the Standard
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Model is in many respects unsatisfactory. Indeed it is generally accepted that the
SU@3)c x SU(2)w x U(1)w theory is likely to be just the low energy remnant of
some ‘unified’ theory whose inherent symmetry has been broken. At the heart of
the problem is the dependence of the current theory on experimental input. There
are a number of parameters including coupling constants, mixing angles and particle
masses, that have to be supplied whose values the theory treats as being arbitrary. In
addition, there are facets of the Standard Model which are included by design but are
understood at no deeper level than empirical fact. Under this heading are such ques-
tions as; why are there apparently three particle generations ? (see Table 1.1), why is |
there the distinction between left and right-handed fermion states ?, and why are the
relevant gauge symmetries based on the gauge groups U(1), SU(2) and SU(3) specif-
ically 7 Answers to these questions may come from a Grand Unified Theory [9]
that truly unifies the electromagnetic, weak and strong interactions based on a
single gauge group which contains the SU(3)c x SU(2)w X U(1)w symmetry as a
sub-group.

1.2 The Process ete™ — bb at the Z° Resonance

The first evidence for the existence of a fifth quark, came with the discovery in 1977
by the CFS Collaboration [10] of a narrow resonance () and first excited state (Y’)
in the invariant mass spectrum of p-pairs from the process: p + Nucleus — p*pu~ 4+ X.
Interpreting the T as the (1s) bound state |b1_)>, accounted for the relatively long
lifetime of the state since the major decay mode available is the OZI-suppressed
[11] strong decay to three gluons. Confirmation of this result and the discovery of
additional excited states of the T followed from studies of ete~ annihilations which
are well suited to the clean production of b-quark resonances. Figure 1.5 shows the
presence of the T resonance and the first three excited states as measured by the
CLEO Collaboration at the e*e™ storage ring CESR, at Cornell, USA. In 1980 the
fourth resonance, T(4S), was found [13] at 10.58 MeV centre-of-mass energy. It is a
much broader resonance than the previous three states, indicating that the threshold
has been crossed for production of pairs of the lightest B mesons; B, and By4. Since
the discovery, threshold ete™ machines (notably CESR at Cornell and DORIS-II at
DESY) running at the YT(4S) (and higher excited states of the T), have provided a

great wealth of data concerning B meson decay properties.

Bottom quarks are produced from e*e™ annihilation via one of the two processes®

illustrated in Figure 1.6. The production of fermion pairs, ff, via photon or Z%xchange

8Production via Higgs exchange is negligible for the known fermions.
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Figure 1.5: The cross section for T production as measured by the CLEO Collaboration. From
[12].

is described within the framework of the electroweak theory by the neutral current
e.am"._ Ly, g E b (y: — 5y , 1
ezi: Qi Ly LA, + 9 cos O Zi:fﬁ' (vi — ai7”)iZ,y, (1.9)

where; g = e/sin(fw) and the sum goes over all types of fermion field. The first
term in Equation 1.9 relates to the process of Figure 1.6(a) and describes electro- -
magnetic interactions (QED) The photoﬁ coupling is seen to be eQf™ (as noted in
Section 1.1). The second term is the weak neutral current interaction corresponding
to Figure 1.6(b). In contrast to the W couplings of the charged weak current, the
7° couples to both left and right-handed fermions (albeit not equally due to their
different weak isospin and hypercharge assignments-see Table 1.1). The fermion cou-
plings to the Z° can be conveniently expressed in terms of a vector and axial-vector

part as,

v = Igv(z) — ZQfm Sil’l2 0W

a; = IJ(©). (1.10)

Defining an angle 6 to be that between the outgoing fermion and the incoming
e~ direction from the production diagrams of Figure 1.6, the differential cross-section

takes the form
" dog

dcosf

a(l +c0320+§AFB cosf). . (1.11)
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Figure 1.6: Fermion production (to lowest order) in e*e~ annihilation via a (a) photon and (b)

Z° propagator.

The term linear in cos @ introduces a forward-backward asymmetry to the angular
dependence which derives from interference between the vector and axial couplings
of the Z°, both with the initial ete™ pair and with the final state fermions. This
asymmetry is quantified by the parameter Apg, which for the case of b quark pro-
duction takes the form,

b =§ 2v.a, 2upap
PB4 (02 4 a2) (v + a2)’

The phenomenon of bb mixing, where a neutral B°(B®) meson can transform into

(1.12)

its charge conjugate before decay, introduces a correction to A%p. The BB mixing
parameter, X, is the probability of a B® meson turning into a B® meson before decay

and has been measured by the LEP experiments to have a mean value [2],
x = 0.144 £ 0.020.

The measured forward-backward asymmetry can then be related back to the intrinsic
quantity via -
A% 5 (measured)
App = —IB . 1.13
3y = E2 (1.13)
Correcting the average LEP measured value for the asymmetry by the value for
X given above gives [2],

Abp =0.126 +0.022.
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For centre-of-mass energies in the the vicinity of the Z° mass, the cross section for
ete~ — ff is completely dominated by the presence of the Z° resonance. The situa-
tion is well illustrated by Figure 1.7. Here, cross-section measurements from various
ete™ annihilation experiments operating well below the Z® pole show the expected
1/s dependence characteristic of the photon exchange process of Figure 1.6(a). The
measurements from the LEP collider operating at the Z° pole show clearly the large
enhancement that results from crossing the threshold for producing real Z° bosons

from the process pictured in Figure 1.6(b).
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Figure 1.7: Measurements of the cross section o(ete™ — ff) as a function of centre-of-mass energy

/5.

The Standard Model lowest order expression for the cross section at the Z° pole
is,
127 (s/m3)Tet e~ L'

+ .- f" —
e R T T

(1.14)

where I',+ .~ and [y are the partial widths for the processes Z° — ete™ and Z° — ff re-
spectively. The total decay width of the Z°, (T'z), is then defined as the sum

I'z = ZI‘Q—{-Equ—I—Fim,. (1.15)
£ q

Here, T';,, represents the ‘invisible’ partial width of the Z° decaying via the channel
7Z° — v;;, i = 1,...,N,, where N, is the number of neutrino species above the
production threshold.
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The cross section of Equation 1.14 is inadequate for the comparison of LEP
data with the Standard Model. Significant contributions from diagrams of higher
order than those pictured in Figure 1.6 are required. These corrections are generi-
cally termed radiative corrections and take account of such processes as photon and
gluon radiation from fermions, modifications to the propagator of the type illus-
trated in Figure 1.1 and vertex corrections. The most significant source of radiative
correction is due to initial state photon Bremsstrahlung which accounts for a ~ 30%
[2] reduction in the peak cross section. Table 1.2 presents the current experimen-
tal knowledge of various Z° lineshape parameters and compares the results to their
Standard Model predictions. The agreement is found to be remarkably good to

measurements which in many cases are now known to an accuracy of better than

1%.

Quantity Measured Value | Standard Model
my, (GeV/c?) | 91.187 £ 0.007* Input

I'z (GeV) 2.492 4+ 0.007* 2.488 £+ 0.006
I'ys (MeV) 83.0 £ 0.6° 83.7 £ 0.02
I'y7(MeV) 1736.0 £ 11.0° 83.7 £ 0.02
Line(MeV) 502.0 +9.0° 501.0 +1.0
mw (GeV/c?) | 80.22+£0.26° | 80.21+0.16

Table 1.2: Measurements of some selected Standard Model parameters at the Z° pole. Values

. flagged %’ are taken from [14] whereas those marked ‘e’ are from [15]. The theory predictions

from [15], are based on mg = 91.17 + 0.02GeV/c?, 50GeV/c? < myo < 1TeV/c? and m; =
150132 GeV/c?(for my = 250 GeV/c?).

The partial decay width for the channel Z° — bb in lowest order and ignoring
the b-quark mass is given by,

3

B = 827

- Measurements of I'yg are of particular interest because of the near independence

r

(vt + ai). (1.16)

of the width on the top quark mass (see, for example, [16]). This independence
derives from a fortuitous partial cancellation of the top-quark vacuum polarisation
amplitude by final state vertex corrections involving the top quark that are specific
to the process Z° — bb (see Figure 1.8). This effect translates into a difference
between I'yy and I'y3 at the level of 2% [17] for a top quark mass of 150 GeV/c*- a
test of which is beyond the present level of experimental accuracy. Review [18] cites
an average value for LEP of I'yy = 361 & 19 MeV to be compared with a Standard
Model prediction of I'yg = 37811 MeV.
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Figure 1.8: Electroweak vertex corrections that are specific to the Z° — bb vertex.

1.3 Bottom Quark Hadronisation

That the electroweak theory is eminently satisfactory in accurately describing the
production of b quarks from Z° decay is clear from the previous section. The exper-
imental observation of Z° — bb events however reveals extra layers of complexity.
Quarks manifest themselves only as bound states of colourless hadrons that emerge
from the original e*e™ annihilation surrounded by other hadrons that together form
what is known as a jet. The transition process of quark—hadron we term hadro-
nisation and is illustrated in Figure 1.9, which shows the detection of a candidate
7° — bb event.

Multi-hadronic events, such as Figure 1.9, often contain more than the two jets
associated with the qg pair, which are attributed to hard gluon Bremsstrahlung
from either (or both) of the quarks. Perturbative QCD calculations at present exist
only up to O(a?), which can describe at most four partons and are insufficient to
describe the data at the Z°. In Chapter 4 we describe, in the context of Monte Carlo
simulation, how the implementation of a parton shower model can be used to retain
good agreement with the data.

Describing the development of a hadronic jet within QCD involves tracing many
quark and gluon branchings into more and more partons with smaller and smaller
virtual masses. Eventually, the limit introduced in Section 1.1 is reached where

the characteristic momentum transfer is small enough (i.e. @* ~ A) to ensure that
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Figure 1.9: A candidate Z° — bb decay in the OPAL detector (see Chapter 2). The specific quark
flavour of the Z° decay is inferred from the presence of a high momentum muon track (see Chapter 5
for more details). For obvious reasons, Z° decays to quark pairs are often known as multi-hadronic

events.

a, becomes too large to permit perturbative calculations. At this point phenomeno-
logical models must be invoked to describe the final binding of quarks into hadrons
in a process known as fragmentation. We return to the subject of fragmentation in
Chapter 4 with regard to the Monte Carlo modelling of multi-hadronic events.

Hence, the process of hadronisation can be viewed as the combination of an
initial perturbative QCD phase where the general underlying jet structure of the
event is determined, followed by low Q? non-perturbative processes from which
partons emerge bound up inside jets of associated hadrons. The hadronisation of
the b quark is expected to be hard simply because the inertia carried by the heavy
quark is retained in the hadron. Evidence for this comes from measurements of the
quantity <w§> defined as the mean fraction of the electron beam energy taken by
a B hadron. A mean value based on the measurements of the LEP experiments is

[17],
(z§) = 0.705 £ 0.011. (1.17)
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1.4 B-Hadron Decays

1.4.1 Weak Quark Mixing

Within the electroweak theory, quark states can transform into their SU(2)w dou-

blet partner through the emission of a W# boson which, in the absence of any -
mixing between the quark generations, renders the b-quark stable. Decay into the

more massive top quark doublet partner is energetically impossible and all lighter

quark flavours belong to SU(2)w doublets from different generations (see Table 1.1).

The wealth of experimental evidence for charged current transitions between gener-

ations, is thus theoretically accounted for by considering the weak quark eigenstates

(d', §', b') as mixtures of the mass eigenstates (d, s, b)?. This can be ekpressed in

terms of a unitary mixing matrix due to Cabibbo, Kobayashi and Maskawa (CKM)

[19], |

d’ Vada Vas Vb d
s {1 =| Va Vs Va s (1.18)
b’ Via Vis Vib b

The accurate measurement of the CKM matrix elements has great importance in
constraining the uncertainty of predictions from the electroweak theory.

The current value of the CKM matrix from experiment (at 90% confidence level)
[15] is shown below, where the unitarity property of the matrix has been used to

determine those elements involving the top quark:

0.9747 — 0.9759  0.218 —0.224  0.002 — 0.007
0.218 —0.224 0.9735—0.9751  0.032 — 0.054 (1.19)
0.003 — 0.018  0.030 — 0.054  0.9985 — 0.9995

It can be seen that in general, the diagonal terms of the CKM matrix are close to
unity whereas the off-diagonal terms are small but nonzero. The implication for
decays of the b-quark is therefore that transitions b — cand b —u can occur With
amplitudes proportional to |Vip| and V| respectively, albeit at a rate slower than
that predicted for the process t — b. Equation 1.19 illustrates the important fact
that the degree of mixing between the second and third generation is somewhat less
‘than that existing between the first and second (compare for example |Va| with
|Vas|). This has the consequence that the lifetime of the b-quark (and of any hadron
containing a b-quark) is longer than would perhaps be expected, and hence came as
somewhat of a surprise when the first B-hadron lifetime measurements were made
(see Section 6.1). In addition, Equation 1.19 illustrates that |Ve| is approximately

an order of magnitude larger than |Vyp| reflecting that b — c decays dominate.

"Note that the (d,s,b) states are chosen to mix rather than (u,c,t) by convention only.
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1.4.2 The Spectator Qﬁark Model

In the Spectator Model of B-hadron decay the b-quark decays essentially as a free
particle under the assumption that the light antiquark in B®, B~, B? and the diquark
in Ay, have a negligible effect on the decay process i.e. they are merely ‘spectators’.
This mechanism is illustrated in Figure 1.10 where the final state ¢ or u quark forms
a colour singlet with the spectator quark, while the virtual W decays either into a

second colour singlet q;q; or a lepton pair £7,. For the decay of a free b quark to
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Figure 1.10: Spectator model diagrams for B-hadron decay.

a lighter quark flavour q and an additional fermion pair f;f;, the predicted decay
width has the form of a modified muon width I'(x — ev¥) as:

5
I'(b — of f;) = [Nc |Vaw|? (%) } T(p — evi)
7
GZm?
_ 2 |GFMYy

where all fermions are assumed massless and the colour factor Ng = 1 when fifj
is a lepton pair and N¢ = 3 for a quark pair (in which case Equation 1.20 should
also be scaled by a factor |V;;|*). The width depends on the CKM matrix element
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|V which is unity for muon decay since there is no lepton mixing analogous to that
described in Section 1.4.1 for quarks. Naively, if we consider only the extra colour

factor associated with-the hadronic decay channels, Equation 1.20 predicts:
[(W* - Gd:Cs:vee: Pup:7p7)=3:3:1:1:1

where I is in units of IVcb|2 G%imi /1927, The predicted semi—lepténic branching
fraction is thus, Brg =35 = = 11%, for each lepton flavour.

This rather naive plcture of B-hadron decay can be extended by applymg three
corrections to the spectator width of Equation 1.20 i.e.

F(b—'_) qfifj) —* ]—-‘(b - qfifj)@ps@sgéhg- (121)

We briefly consider each of these corrections in turn;

(1) Phase Space Suppression (®,5): A factor ®,, = N %, — Zhy s
introduced to each partial decay width to account for non- -negligible fermion masses
compared to the b-quark mass. Taking account of m, only, this factor evaluates to
[22]:

(€0, 0,0) = 1 — 86> + 8¢° — € — 24c* Ine (1.22)

where ¢, = my/my;. Effective quark masses have been measured by CLEO and
ARGUS, in the context of the ACM model [20], by fitting the spectrum of prompt
leptons from B meson decays at the T(4S). The results are [21]:

my = 4.95+0.04GeV/c* (CLEO)
my = 4.95+0.07GeV/c*? (ARGUS) (1.23)
my —me. = 3.30+£0.02GeV/c* (ARGUS).

For the case of b — u transitions, and taking m, = 0.20 GeV/c?, the phase
space correction is small and ®ps(¢u,0,0) = 0.99. For the case of b — ¢ transitions
however and using the above ARGUS and CLEO mass results (mp, = 4.95GeV/c?,

— 1.65GeV/c?) we find that ®,,(,0,0) = 0.45. The suppression of ¢s and
U,T states is even higher. After applying the phase space correction, the total decay
width for the case of b — c transitions is a factor three smaller than that from the
naive model, and Brg (for electrons and muons) increases to 16%.
(2) Soft Gluon Radiation (®,,): This correction accounts for the two O(c,) pro-

cesses shown in Figure 1.11. The correction factor can be expressed as [22]:

2ozs

By(e) = 1- (52) () N CEY)

which has a similar form to the correction applied in muon decay to account for

QED radiation (substituting a; for «). For the case of b — c transitions this results
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Figure 1.11: Soft gluon radiative corrections to the B-hadron decay rate for the b — u transition:
(a) One-loop gluon correction to the W vertex, and (b) the Bremsstrahlung of soft gluons.

in a soft gluon correction to the decay width of -10% for semi-leptonic decays (see
Section 1.4.3) and -4% for non-leptonic decays. The correction causes the predicted
value of Bry to fall slightly to 15%. _

(8) Hard Gluon Exchange (®,): As stated earlier, the spectator quark
usually forms a colour singlet with either the resulting c or u from the b decay. This
situation is illustrated in Figure 1.12(a) for the case of b — c. This third correction
to the spectator model takes account of the colour-suppressed process shown in
Figure 1.12(b), where a hard gluon exchange between the quark lines can rearrange
the colour indices such that the @d pair from the decay of the W no longer forms
a colour singlet. The new colour singlets are the cii and gd. A correction can be
calculated in QCD [23] that acts to modify the usual colour factor of 3 and results in
the hadronic decay modes being enhanced by approximately 13%. Since the semi-
leptonic modes are unaffected by gluon exchange of this type, the semi-leptonic
branching fraction is further reduced. Including all corrections up to this point we
obtain a prediction from the corrected spectator model of Bry = 14%.

Table 1.3 presents measurements of Br,; made at the T(4S) and at the Z° reso-
nance. The measurements from the LEP experiments are seen to be consistent with
Brg(Y(4s)) (except maybe for the L3 number) despite there being a different mix of
B-hadron species in the two cases (hadronisation at LEP produces B? and B-baryons
in addition to the B, and B4 mesons produced in T(4S) decay). These results are
however difficult to reconcile with the prediction of the corrected spectator model,

which is in discrepancy with the data by (at worst) ~ 20%.

The reasons for the failure of the spectator model at this level, are largely asso-
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Figure 1.12: Hard gluon corrections to the B-hadron decay rate: (a) Hadronic decay producing the
usual colour singlets. (b) In the colour suppressed diagram, a hard gluon is exchanged between
quark lines and rearranges the colour indices to produce an alternate set of colour singlets.

Experiment Brg

T(4S) 10.3 +0.2%
ALEPH |10.3+0.4+04%
DELPHI | 10.4 + 0.6 +0.5%

L3 11.9 + 0.3+ 0.6%

OPAL | 10.4£0.3+0.6%

Table 1.3: Measurements of the B meson semi-leptonic branching ratio. The value from the
Y(4S) represents an average [24] over data from the ARGUS, CLEO, CUSB and Crystal Ball
Collaborations. The results from the LEP experiments are collected together (for example) in [12].

ciated with calculating the hadronic decay width. QCD interactions at the bottom
mass scale are only marginally perturbative which leads to uncertainties associated
with the calculation of hard and soft gluon effects as described above. Most impor-
tantly however, the fundamental assumption of the spectator model, namely that
the spectator quark plays no role in the decay process, can be a rather poor ap-
proximation when considering non-leptonic decay channels. Figure 1.13 shows the
non-spectator diagrams that also contribute to B-hadron decay.

The departure from the spectator model is seen at a much Jarger level in the
D hadron system. This is illustrated by the measurement of rather different D® and
D+ semi-leptonic decay branching ratios [15]:

Br(D® — et + X) = 7.7£12%
Br(D¥ — et + X) = 17.24+1.9% (1.25)
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Figure 1.13: The non-spectator model diagrams for b-decay.

Br(D* — et + X)

BrDd 5ot 1 x) = 2BEO4B%

Further evidence comes from considering the respective decay lifetimes of the D° and
D*. The spectator model would suggest that all hadrons containing the heavy quark

will have the same lifetimes which is in marked contrast to the measured values [15]:

o = 0.420 & 0.008 ps

T+ = 1.066 £ 0.023 ps (1.26)
DY~ 95440.07
Do

The fact that the ratio of the branching fractions (Equation 1.25) and of the lifetimes
(Equation 1.26) are consistent with one another, tends to indicate that the semi-
leptonic widths are in agreement and that it is the hadronic widths for D+ and
D that are different. We conclude that the spectator model of heavy flavour decay
has difficulty in describing hadronic channels but is in fact a rather good model of
semi-leptonic decay channels.
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1.4.3 The B-hadron Lifetime

The B-hadron lifetime is simply related to the total decay width via

, (A=c=1), (1.27)

1
B =
I'ror
where I'7or can be considered as the sum of two parts; one for semi-leptonic decays

and one for hadronic decays,

Tror = st + Thaa- (1.28)

Further, by introducing the branching ratio for semi-leptonic decays (Brs) we can

exXpress Tp as,
Brsl

Fsl .

Formulating 75 in terms of semi-leptonic decay quantities has some obvious advan-

B (129)

tages; The conclusion of Section 1.4.2 was that the semi-leptonic decay of B-hadrons
is well described by the spectator model and, further, Bry is experimentally a well
measured quantity.

From Equations 1.20 and 1.21 we can write down the form of the B inclusive

semi-leptonic width in the corrected spectator model:

G%mg
19273

(b = 9) = T [0, (600 0,008 () Visl? + B 0, 08 e0) [Vil?] . (1.30)

The factors ®,, (defined in Equation 1.24) are evaluated by using the following

numerical approximation for the terms g(eq) [25]:

o) = (=) -+ (1.31)

Based on the quark mass determinations of Equation 1.23 (with m, = 0.2 GeV/c? and
using o, = 0.23 8) ®,, evaluates to 0.83 (0.88) for the case of b — u (b — c). Com-
bining this result together with the earlier determination of the phase space factors
®,(¢q,0,0) from Section 1.4.2, allows us to express the B lifetime of Equation 1.29

in the following form:

Brsl ps
TB = )
® 7 4067 (2.08 Vo " + |V ”)

(1.32)

Equation 1.32 illustrates clearly how a measurement of 75 provides a handle on
the CKM matrix elements, Vg, and V. In fact since chblz >> IV;bIZ (see 1.19), it

follows that a measurement of 7 is essentially a measurement of |V

8The value o, = v, () = 0.23+3:03 [26] is obtained by extrapolating the OPAL measurement
valid at the scale of mz [27], back to the scale of the b-quark mass.
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Finally, we note that the lifetime hierarchy among the hadrons of the D-system,
illustrated in Section 1.4.2 for the case of the D° and D+ mesons, is expected to
also be present within the different species of the B-system. For D hadrons, the
lifetime differences derive from non-spectator processes such as those illustrated in
Figure 1.13. These channels are less significant in the B-system where the spectator
model is a much closer description of the hadron decay process. The expectation is
for the following hierarchy of lifetimes,

7(Ap) < 7(B°) < 7(B) < T(Bi),

but where the spread in the lifetimes is at the level of 10% of the lifetimes themselves.




Chapter 2

The OPAL Experiment
at LEP

Bd

2.1 LEP

The Large Electron-Positron collider (LEP) at CERN, is a conventional synchrotron
in which electrons and positrons are accelerated and stored in counter rotating
bunches. Situated between the Jura mountains and Geneva airport, the main ring
(see Figure 2.1) consists of four straight sections and four arcs giving a total ‘circum-
ference’ of 26.7km and making LEP currently the world’s largest synchrotron. The
machine parameters are listed in Table 2.1. The ring is buried at an average depth
of approximately 100 m underground with the plane of the ring tilted at 1.5° to the

horizontal for geological reasons emanating from the construction phase.

o Blectrons

Positrons

Figure 2.1: The LEP storage ring showing the main experimental locations

The bending field required to maintain the electrons and positrons in orbit is
supplied by 3368 dipole magnets and in addition there are 808 quadrupole and 510
sextapole magnets used to focus and correct the beam. The two straight sections
containing the P2 and P6 experimental areas, are instrumented with a total of 128

copper RF cavities providing a total of 16MW of RF power. Hence beams are
23
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accelerated to energies at and around 45GeV and are maintained at this energy

- compensating for synchrotron radiation losses. The electrons and positrons counter

rotate in four pairs of bunches and intersect at eight points. They are brought to

a focus and made to collide at four of these positions where the LEP experiments
(ALEPH, DELPHI, L3 and OPAL) are situated to record the collisions.

The injection system for LEP, pictured in Figure 2.2, utilizes where possible

. existing CERN accelerator facilities. The starting point is the production and initial

et

LEP SPS 206ev
CIRC. 27000m CIRC. 6972m

.PS 356eV
CIRC.628m

EPA soomev

e—-e? CIRC.126m .
CONVERTER LIL ecoomMev
e 6uN LENGTH 101 m

Figure 2.2: The LEP injection system.

acceleration of electrons and positrons by the combination of two linear accelerators
together called LIL. The first linac is a high current 200 MeV machine that produces
the electron beam for subsequent injection into the second linac in addition to a
further electron beam that becomes the source of the positron beam (via electron-
positron conversion in a tungsten target). This second linac accelerates the electron
and positron beams to an energy of 600 MeV before injecting them into the Electron-
Positron Accumulator (EPA) where they are collected, stored and the bunches are
made. From here further acceleration up to 3.5 GeV in the Proton Synchrotron (PS)
~‘and in the SPS completes the initial acceleration phase of the beams up to their
LEP-injection energy of 20 GeV. This process of e*e™ production and accumulation
in the LEP ring is repeated in successive 155 periods, termed supercycles, until the
required beam currents are achieved. Acceleration to full energy can then take place

and collisions induced at the experimental regions.
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Circumference 26.66 km
Active length of RF structure 272m
Injection energy 20 GeV
Maximum beam energy 55 GeV
Dipole field 0.0645T
RF frequency 352 MHz
r.m.s. bunch length 15.7mm
r.m.s. beam radii:

Oz 255 pm
Oy 15.3 pm
Revolution time 90 ps
Bunch spacing 22 us
Current per beam 3mA
Number of particles per bunch 4.2 x 101
Nominal luminosity 1.6 x 103! (cm™2s71)
Beam lifetime (h) 6h

Synchrotron radiation loss per turn | 0.262 GeV

Table 2.1: LEP(Phase 1) Design Machine Parameters. From [28].

2.2 The OPAL Detector

OPAL, the Omni-Purpose Apparatus for LEP, is a multipurpose detector designed
to efficiently reconstruct and identify all types of ete™ event. A general purpose
design was specifically chosen based mainly on technology that had proven itself
with existing detectors, particularly the JADE detector at PETRA.

The main features of the detector are:

e The reconstruction of charged particle tracks inside a magnetic field enabling
a measurement of momentum, particle identification (by dE/dz) and the re-

construction of primary and secondary vertex positions.

o The identification of electrons and photons together with a measure of their

energy via electromagnetic shower detection.
e The measurement of hadronic energy by total absorption.

e The detection of Bhabha scattering events at low angles with respect tothe

beam line, providing a measurement of the absolute luminosity.
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Figure 2.3: The OPAL detector.
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The layout of the detector is shown in Figure 2.3. Particle tracking is performed
in the Central Detector. This is a system of three drift chamber devices: the Vertex
Detector, Jet Chamber and surrounding z-Chambers all situated inside a pressure
vessel holding the system at a common pressure of 4 bar. The pressure vessel also

"provides mechanical support for a solenoid mounted around it that supplies a uni-
form axial magnetic field for the Central Detector of 0.435 T. Outside of the solenoid
in successive layers is a Time-Of-Flight counter array, an Electromagnetic Calorime-
ter with presampler , a Hadron Calorimeter (instrumenting the solenoid iron return
yolk) and Muon Chambers. The Forward Detector measures the luminosity. What

follows is a brief account of each of the detector components [29].

2.2.1 Beampipe

The beampipe in the region of the OPAL detector forms the inner wall of the pressure
vessel for the Central Detector. The final design was necessarily a compromise
between:

e Physical strength.

o Keeping the number of radiation lengths to a minimum to reduce gamma

conversions and multiple scattering.

o Starting the charged particle tracking as close to the interaction point as pos-

sible for the detection of the decay vertices from short lived particles.

o Avoiding the worst effects from the expected flux of synchrotron radiation

close to the interaction point.

The beampipe consists of an inner aluminium tube covered in layers of carbon fibre
epoxy. The pipe was constructed in three sections, the central section having a 1.3
mm carbon fibre covering representing 0.66% of a radiation length (Xo). The inner

radius of the pipe was chosen to be 78 mm.

2.2.2 Vertex Detector

The Central Vertex Detector is a high precision cylindrical drift chamber of ‘jet
chamber’ design. It is 1m in length with a diameter of 470 mm and consists of two
layers of 36 sectors each. The inner layer contains the axial sectors, each containing
a plane of 12 sense wires strung parallel to the beam direction. The wires range
radially from 103 to 162mm at a spacing of 5.3 mm. The outer layer contains the
stereo sectors each containing a plane of 6 sense wires inclined at a stereo angle of

~4°. The stereo wires lie between the radii 188 and 213 mm at a spacing of 5 mm.
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A precise measurement of the drift time onto axial sector sense wires allows the
r — ¢! position to be calculated. Measuring the time difference between signals at
either end of the sense wires allows a fast but relatively coarse z coordinate that
is used by the OPAL track trigger and in pattern recognition. A more precise
z measurement is then made by combining axial and stereo drift time information
offline.

A more detailed account of the vertex detector and its performance is given in
Chapter 3.

2.2.3 Jet Chamber

The Central Jet Chamber is a cylindrical drift chamber of length 4 m with an outer
(inner) diameter of 3.7 (0.50) m respectively. The chamber consists of 24 identical
sectors each containing a sense wire plane of 159 wires strung parallel to the beam
direction.
The coordinates of wire hits in the r—¢ plane are determined from a measurement
of drift time. The z coordinate is measured using a charge division technique and
- summing the charges received at each end of a wire allows the energy loss, dE/dz to
be calculated. At least 8 hits on a track are obtained over a solid angle of 98% of
s4m.
: A more detailed account of the Jet Chamber and it’s performance is given in
Chapter 3.

2.2.4 z-Chambers

The Central z-Chambers provide a precise measurement of the z coordinate of tracks
as.they leave the Jet Chamber. They consist of a layer of 24 drift chambers 4m
long, 50cm wide and 59 mm thick covering 94% of the azimuthal angle and the
polar angle range 44° to 136°. Each chamber is divided in z into 8 cells of 50 cm
X 50 cm, with every cell containing 6 sense wires spaced at 4 mm and with a stagger
of £250 pm in order to resolve the left-right ambiguity. The chambers use the same
gas as the Jet Chamber with a uniform field of 800 V/cm over the full drift distance
of 25cm in z. A FADC system is employed to determine the drift distance and a
charge division technique is used to give a coarse ¢ measurement.

The intrinsic z resolution performance of the chambers ranges from ~100 ym for
the smallest drift distances to ~200 um for the largest. The mean absolute reso-
lution achieved, which is ultimately limited by the accuracy of the OPAL survey

information, is of the order 300 pmand the mean r — ¢ resolution is ~1.5 cm.

'See Appendix A for a definition of the OPAL coordinate system.
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2.2.5 Magnet

The OPAL magnet consists of a warm solenoid and an iron return yolk. The field

distribution has to satisfy two main requirements:
e High uniformity throughout the Central Detector volume.

o A field not exceeding a few tens of Gauss in the annular region between the
solenoid and the iron yvolk to facilitate the operation of photomultiplier tubes

in surrounding sub-detectors.

In order to satisfy the latter requirement it was found necessary to wind the solenoid
as one complete unit. The field in the central detector region is measured to be
0.435T and to be uniform to within £0.5%. The solenoid and pressure vessel to-

gether represent ~1.7 Xy of material.

2.2.6 Time-Of-Flight Counters

The Time-Of-Flight (TOF) system provides fast triggering information, an effective
rejection of cosmic rays and, in principle, charged particle identification in the range
0.6-2.5 GeV.

The TOF system consists of 160 scintillation counters forming a barrel layer
6.84m long and mean radius 2.36 m surrounding the OPAL coil and covering the re-
gion | cos(#)| < 0.82. Light is collected from both ends of each counter via plexiglass
light guides glued directly onto phototubes that are shielded from stray magnetic
fields. The output signal from each phototube is then split into two parts. The first,
for the timing measurement, goes to a constant fraction discriminator, TDC and
mean timer. The second goes to an ADC for a pulse height measurement that can
be used to correct the pulse heights of the electromagnetic and hadronic calorime-
ters. The TOF trigger signals derive from the mean timers with the requirement
that the time of flight was within 50ns and that discriminators at both ends fire
within 50 ns of each other.

The TOF system achieves a timing resolution for multi-hadronic events in the

central region of the counters of 350 ps with a 2 resolution ~10cm.

2.2.7 The Electromagnetic Calorimeter

The function of the Electromagnetic Calorimeter is to detect and identify electrons
and photons. It consists of a lead glass total absorption calorimeter split into a barrel
and two end cap arrays. This arrangement, together with two forward lead scintil-
lator calorimeters of the Forward Detector (see later), makes the OPAL acceptance

for electron and photon detection almost 99% of the solid angle.
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The presence of ~2X, of material in front of the calorimeter (due largely to
the solenoid and pressure vessel) results in most electromagnetic showers initiating-
before reaching the lead glass. Presampling devices are therefore installed in front of
the lead glass in the barrel and endcap regions to measure the position and energy of
showers to improve overall spatial and energy resolution and give additional /7° and
electron/hadron discrimination.

J

~ [y P
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The Barrel Electromagnetic Presampler consists of 16 chambers forming a cylinder
of radius 239 cm and length 662cm. Each chamber consists of two layers of drift
tubes operated in the limited streamer mode with the anode wires running parallel
to the beam direction. Each layer of tubes contains 1cm wide cathode strips on
both sides at :45° to the wire direction. Spatial positions can then be determined
by reading out the strips in conjunction with a measurement of the charge collected
at each end of the wires to give a z coordinate by charge division. The hit mul-
tiplicity is approximately proportional to the energy deposited in the material in
front of the presampler allowing the calorimeter shower energy to be corrected with
a corresponding improvement in resolution.
- From test beam results the presampler can achieve a spatial resolution for elec-
:tromagnetic showers in the plane perpendicular to the shower direction of 6 to 4 mm
for incident energies in the range 6 to 50 GeV. The resolution in z for an isolated
# charged particle is ~10 cm.

Barrel Lead Glass Calorimeter

The Electromagnetic Barrel lead glass calorimeter (EB) consists of a cylindrical
array of 9440 lead glass blocks at a radius of 246 cm and covering | cos()] < 0.82.
Lead glass provides an excellent intrinsic energy resolution (ox/E ~ 5%/vE, for
E in GeV), spatial resolution (~1cm) and linearity response over a wide dynamic
range. To achieve good energy resolution at high energies, shower leakage from the
back of the calorimeter must be minimised. This is achieved by using a very dense
glass (24.6 Xo) with each block being 37 cm in depth and ~ 10 x 10 cm?. In order to
maximise detection efficiency the longitudinal axis of each block is angled to point
at the interaction region. The focus of this pointing geometry is slightly offset from
the eTe™ collision point in order to reduce particle losses in the gaps between blocks.

Cerenkov light from the passage of relativistic charged particles through the
lead glass is detected by 3inch diameter phototubes at the base of each block. Each
phototube is shielded from the stray field of the magnet so that operation up to
100G is possible with a gain deviation of less than 1%. Light signals are digitised
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by charge integrating 15-bit ADCs with a fine scale covering the range up to 120 pC
and a coarse scaling operating up to 900 pC. The non-linearity of the ADC was
measured to be better than £ 1 count over the full range of the coarse channel.
Before installation, the gains of each lead glass counter were calibrated to 0.1%
and the non-linearity of the counters was found to be less than 1% in the energy
range 6 to 70 GeV for electrons in the CERN-SPS beamline. In order to ensure
the quality of the gain calibration for each phototube over long time periods a gain

monitoring system based on a Xenon light source is employed.

Endcap Electromagnetic Presampler

The Endcap Presampler is a multiwire proportional counter located in the region
between the pressure bell and the endcap lead glass detector. The device consists
of 32 chambers arranged in 16 sectors covering all ¢ and the polar angle range
0.83 <|cos(f)|< 0.95.

Performance results from test beam electrons and pions show that the spatial
resolution attained is in agreement with the expected 1/4/12 of the strip or wire
effective pitch, which is 2mm for the anode strips and 3.2mm for the cathode

planes.

Endcap Electromagnetic Calorimeter

The Endcap Electromagnetic calorimeter (EE) consists of two dome-shaped arrays
of 1132 lead glass blocks located in the region between the pressure bell and the
Pole Tip hadron calorimeter. It has an acceptance coverage of the full azimuthal
angle and 0.81 <|cos(#)|< 0.98.

A major difference from the barrel calorimeter is that the glass blocks follow
a non-pointing geometry. Due to tight spatial constraints, the blocks are mounted
coaxial with the beam line. The lead glass blocks provide typically 22 X, of material
and come in three lengths (380, 420 and 520mm) to form the domed structure
following the external contours of the pressure bell. The blocks are housed in brass
cans that provide both electrical isolation and mechanical strength.

Another major difference to EB is that the endcaps feel the full OPAL magnetic
field. Conventional photomultipliers cannot work under these conditions and so
special Vacuum Photo Triodes (VPT) were developed in conjunction with industry.
These are special field tolerant one stage devices (intrinsic gain of 12.3 at B = 0.4 T),
with a window radius of 3.75cm that is attached to the back of a block by epoxy
resin. Large additional amplification is needed before the VPT signals are input
to similar charge integrating ADCs as used by the EB. The amplifier is the main

source of signal noise which has an overall typical equivalent energy of 14 MeV per
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.channel.

Each endcap assembly was calibrated a number of times in a CERN-SPS electron
beam. The response was found to be stable to within 0.2% in the mean over a 7
month period. The performance of all blocks can be monitored long term by use
of laser and LED reference light sources associated with each block that mimic the
response to 10 and 20 GeV electrons respectively.

From test beam results the energy response has been found to be linear to within

1% over the range 3-50 GeV and from OPAL data the optimum energy uti

AT AT TAdn
er tner ICIToIN U AL 1€ OPuiiiiuinl SIiergy reso

known to be o ~ 5%/\/}3— (for E in GeV).

2.2.8 Hadron Calorimeter

The hadron calorimeter is built in three sections: the barrel, the endcaps and the
pole-tips. By positioning detectors between the layers of the magnet return yoke
a sampling calorimeter is formed covering a solid angle of 97% of 47 and offering
at least 4 interaction lengths of iron absorber to particles emerging from the elec-
tromagnetic calorimeter. Essentially all hadrons are absorbed at this stage leaving
only muons to pass on into the surrounding muon chambers.
To correctly measure the hadronic energy, the hadron calorimeter information
. must be used in combination with that from the preceeding electromagnetic calorime-
“ter. This is necessary due to the likelihood of hadronic interactions occurring in the
2.2 Xo of material that exists in front of the iron yolk.

Hadron Endcap and Barrel Calorimeter

The barrel region contains 9 layers of chambers sandwiched between 8 layers of
100 mm thick iron. The barrel ends are then closed off by toroidal endcaps consisting
of 8 layers of chambers sandwiched between 7 slabs of iron.

The chambers themselves are limited streamer tube devices strung with anode
wires 10mm apart in a gas mixture of isobutane (75%) and argon (25%) that is
continually flushed through the system. The signals from the wires themselves are
used only for monitoring purposes. The chamber signals result from induced charge
collected on pads and strips located on the outer and inner surfaces of the chambers
respectively.

The layers of pads are grouped together to form towers that divide up the detector
“volume into 48 bins in ¢ and 21 bins in §. The analogue signals from the 8 or so
pads in each chamber are then summed to produce an estimate of the energy in
hadronic showers which is subsequently digitised by a 12-bit ADC. From pion test
beam results, the tower response was found to be linear with energy and gave a
resolution of o5 = 120%/v/E at an energy of 10 GeV.
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The strips are made from aluminium of width 4 mm, that run the full length of
the chamber centred above the anode wire positions. They hence run parallel to the
beam line in the barrel region and in a plane perpendicular to this in the endcaps.
Strip hits thus provide muon tracking information with positional accuracy limited
by the 10 mm wire spacing. Typically, the hadronic shower initialized by a normally
incident 10 GeV pion produces 25 strip hits and generates a charge of 600 pC.

Hadron Pole-Tip Calorimeter

Complementing the barrel and endcap regions, the Pole-Tip extends the coverage
of hadron calorimetry from |cos()|= 0.91 down to 0.99. The sampling frequency
in this region is increased to 10 in an effort to improve the OPAL energy resolution
in the forward direction.

The detectors themselves are 7mm thick multiwire proportional chambers con-
taining a gas mixture of CO, (55%) and n-pentane (45%), strung with anode wires
at a spacing of 2mm. Again, the chambers have pads on one side (of typical area
500 cm?) and strips on the other. Corresponding pads from the 10 layers then form
towers analogous to the treatment in the rest of the calorimeter.

With no material in front of the detector, hadron test beam results have shown

the energy response to be linear and for energies below about 15 GeV the resolution

was og = 100%/VE (E in GeV).

2.2.9 Muon Detector

The Muon Detector aims to identify muons in an unambiguous way from a potential
hadron background. To make the background manageable, before reaching the Muon
Detector, particles have traversed the equivalent of 1.3m of iron so reducing the

probability for a pion not to have already interacted in the detector material to be
less than 0.001.

Barrel Muon Detector

The barrel region consists of 110 drift chambers that cover the acceptance | cos(8)] <
0.68 for four layers and | cos(8)| < 0.72 for one or more layers. The chambers range
in length between 10.4 m and 6 m in order to fit between the magnet support legs and
all have the same cross sectional area of 120cm X 9cm. From survey information,
the final chamber positions are known to 1 mm.

Each chamber is split into two adjoining cells each containing an anode signal
wire running the full length of the cell, parallel to the beamline. Each contains
a gas mixture of ethane (10%) and argon (90%) giving a maximum electron drift

time of 8 us for the largest drift distance of some 30 cm. The inner surfaces of the
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cells have 7.5 mm cathode strips etched in them to define the drift field, and in the
regions directly opposite the anode wires are diamond shaped cathode pads. In all,
six signals are read out from each cell (one from each end of the anode wire and four
from the cathode pads) and are digitised via an 8-bit FADC.

Spatial position in the ¢ plane is derived using the drift time onto the anode and
can be reconstructed to an accuracy of better than 1.5mm. A rough estimate of
the z coordinate is also achieved by using the difference in time and pulse height of
the signals arriving at both ends of the anode wire. A much better measure of the
z coordinate is given by using induced signals on two sets of cathode pads whose
diamond shape repeats every 17.1 cm and 171 cm respectively. This results in a

z coordinate accurate to2mm, modulo 17.1 cm or accurate to 3 cm modulo 171 cm.

Endcap Muon Detector

Each Endcap Muon Detector consists of two layers of four quadrant chambers (6 m
X 6m) and two layers of two patch chambers (3m x 2.5m), for an angular coverage
of 0.67 <|cos()|]< 0.99. Each chamber is an arrangement of two layers of limited
streamer tubes in the plane perpendicular to the beam line, where one layer has its
wires horizontal and the other vertical.
The basic streamer tube used has a cross section of 9mm X 9mm with the inner
= walls coated with a carbon-suspension cathode. Each plane of tubes is open on one
side and closed on the other to rows of aluminium strips 8 mm wide. The strips on
- the open side, run perpendicular to the tube anode wires and typically have charge
induced over five or so strips. By finding a weighted average using the recorded pulse
heights, the streamer is located to better than 1 mm. The strips on the closed side
run parallel to the tube wires and so can only give that coordinate to the nearest
wire or 9/+/12 mm.
Within each chamber therefore, with two layers of tubes each with two layers
of strips, the z and y coordinates of a track can be measured once accurately and
once relatively coarsely. As with the barrel region, the actual position of the strips

is known to about 1 mm via survey information.

2.2.10 The Forward Detector

The Forward Detector (FD) consists of an array of devices, listed below, whose
primary objective is to detect low angle Bhabha scattering events. This almost
purely QED process is very well understood and hence provides a way of determining
the LEP luminosity [30], for the normalisation of measured reaction rates from
Z° decays. ‘

To achieve this, the FD enjoys a relatively clean acceptance for particles 47-
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120 mrad from the interaction point, with the only obstructions being the beam

pipe and 2mm of aluminium from the Central Detector pressure vessel.

e Calorimeter: The forward calorimeter consists of 35 sampling layers of lead-
scintillator sandwich divided into a presampler of 4 X, and the main calorime-

ter of 20 X,. Well contained Bhabha events suggest an energy resolution of
og = 17%/VE (E in GeV).

o Tube Chambers: There are three layers of proportional tube chambers po-
sitioned between the presampler and main sections of the calorimeter. The
positioning is known to +0.5mm and they can give the position of a shower
centroid to 3 mm. '

o Gamma Catcher: The gamma catcher is a ring of lead scintillator sandwich
sections of 7 Xy thickness. They plug the hole in acceptance between the
inner edge of EE and the start of the forward calorimeter.

e Far Forward Monitor: The far forward monitor counters are small lead-scintillator
calorimeter modules, 20 X, thick, mounted either side of the beampipe 7.85 m
from the intersection region. They catch electrons scattered in the range 5-
10 mrad that are deflected outwards by the action of the LEP quadrupoles.

2.3 The OPAL Data Acquisition Chain

2.3.1 Overview of Dataflow

The OPAL data aquisition chain, as defined here, starts with the selection of a bunch
crossing based on a trigger decision and ends with the storage on magnetic tape of
an event summary, consisting of all the essential measured quantities on which a
physics analysis of the data could be based.

The on-resonance Z° production rate at the LEP design luminosity of 1.6 x
103'ecm™2s7! is 0.7 Hz. It is thus undesirable and indeed impossible to fully read
out the detector data for every beam crossing i. e. every 22us. Instead a decision on
whether to accept the event must be made by the trigger logic based on information
from various sub-detectors. With a maximum response time of about 8 yus from the
drift chambers and electronics reset times of up to 7 us, there is a window for a
decision to be made of only a few microseconds before the next beam crossing. If
the decision is positive all triggers are inhibited until all sub-detectors indicate that
their data has been read-out and they are ready to accept a new trigger. Typically
this deadtime is 20-25 ms.
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. After triggering, sub-detector event records are buffered in Local System Crates
(LSC) before being routed to the so-called Event Builder. Here, the event records
of each sub-detector taking part in the run are collected and merged into a common
data structure. This system also acts as an event buffer for the Filter which con-
sists of a parallel microprocessor matrix which performs a first, fast analysis of the
complete event. From here events are transferred via an optical link to the main
online computer, a VAX 8700, used to write the raw data to IBM 3480 cartridges.
The final link in the dataflow chain is then the processing of these cartridges by the
OPAL reconstruction program, (see Subsection 2.3.5), running on one of an array
of Apollo DN10000 machines.

The full data collection scheme outlined above is shown schematically in Fig-
ure 2.4.

2.3.2 Trigger

It is the purpose of the trigger to select those bunch crossings that gave rise to a
genuine ete™ interaction, from the background. In particular the detector must be
capable of triggering efficiently on the major physics processes of interest namely,
multi-hadronic and leptonic decays of the Z° together with low angle Bhabha events

for determining the luminosity.

| Sources of background to these processes come mainly from the interactions of
beam particles with residual gas inside, or with the walls of, the beam-pipe and
from synchrotron radiation. To a lesser extent, cosmic rays and detector noise also
-contribute background to the trigger rate. Background events are thus characterised
by not originating from the expected interaction point and by having low track
multiplicities and measured energy.

High triggering efficiency is achieved by ensuring.that most physics processes
are triggered by several sources of trigger signal. This redundancy then allows the
calculation of trigger efficiencies by the comparison of one independent trigger with
another.

The components of the OPAL trigger most relevant to triggering on multi-
hadronic events are described below.

o Track Trigger: Tracking information from both the vertex chamber and the
jet chamber is used to look for tracks that originate from the event vertex in
both the r — ¢ and z planes [31]. The track trigger uses the fact that charged
tracks in the z plane are essentially straight lines and if they truly originate
from the event vertex the track hits will have, to good approximation, the
same value of z/r, where z is the coordinate along the beam axis and r is the

radial coordinate. In contrast, the measured points on a track not originating
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from the event vertex (z = 0) will have z/r values that vary with radius.

e Time-of-Flight Trigger: The TOF scintillation counters supply coincidence
trigger signals from the phototubes at each end of a counter. The coincidence

is required to fall within a +:50 ns window of the nominal beam crossing time.

e Electromagnetic Calorimeter Trigger: The electromagnetic calorimeter trig-
gers are simply total energy triggers based on the analogue sums of groups of

about 48 lead glass blocks throughout the barrel and endcap calorimeters.

The trigger signals provided from the various sub-detectors described above, fall
into two categories: the first are the ‘direct’ signals such as total energies or track
multiplicities whereas the second type form inputs to the ‘6 — ¢ matrix’. The 47 solid
angle covered by OPAL is sub-divided into 144 overlapping bins - 6 bins in § and 24
bins in ¢. By providing sub-detector trigger signals matched to this binning, trigger
conditions based on coincidences related in space can be formed [32].

For 1990 data, those conditions most relevant for triggering on multi-hadronic
events are listed in Table 2.2. By using the triggering redundancy the triggering
efficiency is found to be essentially 100% for multi-hadronic events defined by the
analysis cuts in [30].

2.3.3 Online Processing

. The initial link in the data aquisition chain for each sub-detector is the data collec-
tion and local buffering of an event record from the “front-end’ digitising electronics.
Any procéssing of the data at this stage is highly dependent on the sub-detector in
question. '

Raw data from the Jet Chamber, for example, is subject to data reduction by
zero suppression and an online pulse shape analysis to extract the drift time and
a z coordinate through charge division (see Chapter 3 for more details). This
information is then used to perform a quick and hence simple track reconstruction
[33] the results of which are subsequently used by the Filter process. For the case
of the electromagnetic calorimetry, data reduction in the form of signal pedestal
subtraction and zero-suppression are performed at this stage.

The data collection and the sub-detector mode of running is all controlled from
the LSC of the sub-detector in question. Based on an OPAL common VME? skeleton
[34], the LSC assembles the sub-event and formats the data based on the ZEBRA

2The digitising electronics of the various OPAL sub-detectors were housed in a variety of bus
systems (FASTBUS, CAMAC etc) that were optimal to their individual needs. VMEbus was then
chosen by OPAL to be its standard, interfaced to the many other buses, from the LSC stage
onwards in the DAQ chain.
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Trigger Condition Rate (Hz)
More than 3 tracks 0.2
More than 2 tracks in the barrel region 0.2
Track trigger collinear § — ¢ bins , ©10.15
Track trigger/EM calorimeter § — ¢ coincidence 0.03
Track trigger/TOF 6 — ¢ coincidence 0.3
Total enefgy in barrel region > 7 GeV 0.1
One or more EM 8 — ¢ bins in EM barrel

with > 2.6 GeV 0.2
Total energy in left or right EM endcaps > 6 GeV 0.1
> 4GeV in both EM endcaps 0.04
> 1 §— ¢ bins in either EM endcap with

> 3.0 GeV 0.15
Collinear § — ¢ bins in the EM calorimeter 0.15
> 4GeV in EM endcap AND in the EM barrel 0.03
> 4GeV in EM barrel AND a barrel track or TOF hit | 0.2
> 4GeV in EM barrel AND > 1 barrel track 0.05
> 4 GeV in either EM endcap AND a

track on the opposite side 0.08
EM endcap 6 — ¢ bin AND > 1 barrel track 0.10
EM endcap 6 — ¢ bin AND > 1 track

a track on the opposite side - 10.15
TOF/EM calorimeter § — ¢ coincidence 0.25
>7 overlapping TOF 6 — ¢ bins 0.2

Table 2.2: The most important trigger conditions for multi-hadronic events. The rates quoted are
averages over a typical LEP fill.
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[35] standard, in preparation for the software Filter. From the LSC through to the
offline analysis of the event, the underlying structure of the event is the FZ ZEBRA

memory format.

2.3.4 Event Builder and Filter

The Event Builder synchronizes the readout of LSC’s containing the assembled sub-
events and formats them into a complete event which is then buffered and made
accessible to the Filter processes.

The Filter takes input from the TOF, Muon Detector, the calibrated calorimeter
signals and the tracks found in the Jet Chamber LSC processes as described above,
and performs an analysis of the event. '

The objective is to identify the gross physics properties of the event and hence
to classify it via software flags set in a special event header word that is written into
the data structure. An example of a filter-set event classification of relevance to this
thesis is that of a Gold Plated Multi-hadron Event (GPMH). Below are the cuts
imposed by the filter processor on an event for it to be classified as a GPMH:

* Xp in electromagnetic clusters (EE + EB) > 8 GeV
# o Number of electromagnetic clusters (EE + EB) > 6

® Lp of electromagnetic clusters in the hemisphere opposite the highest energy
cluster > 2 GeV

Event passes halo muon rejection cut

Number of TOF(tight) hits > 3 with the condition that Y g for EB clusters
be > 2 GeV and the number of EB clusters be > 2

A complete list of filter event classifications can be found in [36]. The definitions of
electromagnetic clusters and TOF hits require description here since the processing
of data in the filter is of a rather simplistic nature compared to the full offline
treatment in ROPE.

Electromagnetic Clustering: The filter lead glass clustering works by firstly
searching for all all blocks above an ‘initiator’ threshold. This level is set to 100 MeV
for EB and 200 MeV in EE. These blocks are then used as possible clustering centres
and eight nearest-neighbour blocks are checked to see if they have energy above a
lower noise threshold. This level is set to 50 MeV for EB and 100 MeV in EE. If
these nearest blocks fall above the noise level they are simply added to the initiator
cluster which means clusters can be up to nine blocks big. If all neighbouring blocks

fall below threshold the initiator is assumed to be noise and ignored.
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TOF Reconstruction: All TOF bars with TDC values for both ends are con-
sidered. Assuming that only one relativistic particle has struck the bar, the z coor-
dinate is estimated and from this a time-of-flight deduced. If this calculated time
then agrees with the measured time-of-flight to better than 27ns, the TOF bar is
termed ‘in time’. To be classed as a ‘tight’ TOF hit requires the timing to agree at

. the 10 or so nanosecond level.

2.3.5 ROPE

The final link in the data chain is the reconstruction program for OPAL, ROPE.
ROPE stands for Reconstruction of OPAL Events and it accepts as input raw data
digits produced by the detector itself or by the OPAL simulation package GOPAL
(described in Chapter 4). As output the ROPE code produces an extensive event
summary of calculated quantities such as reconstructed track momenta or energy
clusters in the calorimetry, which form the Data Summary Tapes or DST [37]. An
important additional output of ROPE is a copy of the essential raw data structure
in a much compressed form. This so-called Dense Data (DD) output then allows
the complete event to be re-processed by ROPE if some variation on the original
processing is deemed necessary.

The standard ROPE output consists of both the DD and DST information in
a common data stream (known as the DDST output). In practice this means that
the DDST output from ROPE can be used for detector monitoring, calibration,
debugging and physics analysis in a very convenient way.

The large scale structure of ROPE is that of a central steering routine that calls
various ‘processes’; one for each sub-detector and others which combine the infor-
mation from different sub-detectors. These come under the five broad classifications
listed below: |

1. Central Detector Tracking: Track reconstruction in the Vertex, Jet and
z-chambers and the subsequent merging of track segments. Details of
this procedure are found in Chapter 3. Use of the subsequent tracking
information for finding primary and secondary vertices and extrapolation

of the tracks into the outer detectors.

2. Electromagnetic Calorimetry: Processing of the time of flight, presampler
and lead glass raw data and the merging of this information to build

electromagnetic clusters.

3. Hadronic Calorimetry: Processing of the barrel, end-cap and poletip

hadron calorimeter and subsequent merging to build hadronic clusters.

4. Muon Detector: Muon tracking in the barrel and endcap of the muon
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chambers and merging of the track segments with information from the

inner detectors.

5. Forward Detector: Track reconstruction and calorimetry in the forward

region.

In order to successfully reconstruct an event ROPE requires the additional input
of quantities, some of which are essentially fixed over long time scales and others
which need to vary over time scales as short as one data-taking run. To achieve
this ROPE is interfaced to the OPCAL database [38]. OPCAL holds the calibration
constants of each sub-detector, together with some more general detector quantities
(such as the magnetic field strength) essential for data processing. The database
allows regular updating of calibration records as either running conditions change
or understanding of the detector improves. By labelling constants with periods of
validity it is ensured that the correct constants structure is invoked for the recon-
struction of all data. Since it is important to retain all knowledge concerning how
events have been reconstructed, ROPE outputs along with the events the constants
structure used together with information concerning which specific processing op-

“tions and analysis cuts were used.
Finally, a feature of ROPE worth mention here, is the graphic processor GROPE
[39] This package runs within the ROPE framework and provides an event viewing
'. and scanning facility of raw data, partially processed data or the fully reconstructed
DST output. Use of GROPE thus provides a valuable tool for both assessing the
performance of the detector in a convenient way and in gaining insight as to the

physical properties of events for analysis purposes (e. g. see Figure 5.20).




Chapter 3

The Tracking of
Charged Particles in
OPAL

Particle tracking in OPAL is performed by a combination of three drift chamber
sub-detectors, introduced in Chapter 2, collectively known as the Central Detector
(CD) 1. The relationship of the components to each other is displayed schematically
in Figure 3.1.

The Central Jet Chamber (CJ) provides tracking throughout most of the CD
volume and is surrounded by the Central z-Chambers (CZ) for an improved deter-
mination of the z-coordinate. Sitting inside the CJ and directly surrounding the
beam pipe, is the Central Vertex drift chamber (CV) that provides precision spa-
tial tracking points close to the interaction region. All components of the CD are
enclosed by a pressure vessel formed from the solenoid, the beam pipe and two alu-
minum end bells operating at a pressure of 4 bar absolute and inside the full OPAL
solenoidal field of 0.4 T.

The physics analysis presented in Chapters 5 and 6 makes exclusive use of OPAL
tracking in the 7 — ¢ plane. Thus a thorough understanding of all contributions to
the tracking process is essential. To this end the present chapter describes in some |
detail the content, operation and performance of the CV and CJ, and finishes with
an account of how their information is combined to form a Central Detector Track
(CT). (see Section 3.3).

3.1 The Central Vertex Detector

The design of the CV evolved over a period of about five years as the result of a
research program undertaken by the Carleton University/N.R.C group in Ottawa,
Canada together with Cambridge University, Queen Mary and Westfield College
and the Rutherford and Appleton Laboratory in the U.K. The essential criteria that

the chamber had to meet were the following:

1We shall refer only to the configuration of the OPAL tracking devices in 1990. A two-layered
silicon microvertex detector has since been installed.

43
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%mbers

Figure 3.1: A section through the Central Detector.

e A high spatial resolution and good two-track separation capability to allow

track reconstruction inside the dense track environment of a hadronic jet.

e A electrostatic field configuration that is both well defined and stable, ensuring

a constant drift velocity throughout long periods of operation.

The ability to operate the chamber using different choices of gas.

A design whose implementation is relatively simple and likely to be ready for
the start of LEP physics in August 1989.

3.1.1 The Mechanical Design

The physical dimensions of the chamber were governed by the space available in-
side OPAL. Radially the chamber had to fit between the beam pipe and the inner
wall of the CJ. The "iength of 100 cm was fixed by the presence of CJ laser calibra-

tion equipment, axial wire electrostatic stability and the position of the Forward
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Detector?.

Following the successful implementation by JADE [40] at PETRA, a classic jet
design was chosen (see figure 3.2) to benefit from the proven high r — ¢ precison and
two-track resolution attainable. By segmenting the drift region in the r — ¢ plane
into 36 drift cells, the maximum drift distance was kept below 2 cm so minimising
the effects of diffusion in the drift chamber gas. A precision z coordinate is obtained

from stereo cells occupying an offset annulus about the inner layer of axial cells.

Stereo Cells:

36 x 10’sectors

Inner Radius 180 mm
Outer Radius 235 mm
Stereo Angle 4° 7

1436
{
[ ] { o
. S1G END
R (RIGHT)
I
Ax_ial Cell.'e:
- VA 36x10 se?tors
Length 1000 mm | Inner Radius 85 mm
Outer Radius 180 mm
5 i1 HV END
NI $6 (LEFT)
il
X i
Y —
411

Figure 3.2: A schematic of the detector showing the location of the inner layer of axial sectors with
respect to the surrounding layer of stereo sectors.

With reference to Figure 3.3 the chamber wires are strung between two 32mm

thick G10 ® endplates, which are held 100 cm apart against the final wire load of

2For the Forward Detector to have a clean acceptance there must be no material within

120 milliradian of the beam pipe.
3G10 is a fibre-glass composite (60/40) of SiO; and epoxy.
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2300kg, by a 1.5 mm thick carbon fibre tube. This tube defines the outer wall of the
chamber at 23.5 cm while at the inner radius of 8.8 cm, there is an aluminized mylar
tube which allows the vertex chamber to utilise an independent gas supply and
recirculation system within the common CD pressure vessel. A sensitive pressure
feedback system ensures that the pressure gradient between the CV and CJ, stays
within a safe range. The CV gas volume is extended at both ends by gas-tight inner
and outer aluminium cylinders terminated by an aluminium end bulkhead. Inside
this extended volume and mounted onto the G10 endplates are the preamplifiers for
the anode wires and high voltage distribution components. The bulkhead houses

the feedthroughs for high voltage and signal cables.

Al Support Tube Preamplifier and Central Folls
-BV Distribution

Stereo Wire G10 End-plate
Planes

+500 +845 +1625 mm

Inner Al Can Outer Al Can  Inner Foil and -Axial Wire Planes
Gas Membrane

Figure 3.3: A z-axis projection of the complete CV assembly.

Attached directly to the bulkheads at either end is an aluminium extender tube
(2mm thick and 47 cm diameter) giving the support necessary to hold the chamber
in position while at the same time providing cable routing for gas, signal and high
voltage. These tubes connect onto the inner edge of the CJ end cones (see Figure 2.3)
and as a result make the CV mechanically independent of the OPAL beam pipe.
The total length of the complete CV assembly as outlined above is 325 cm.

Figure 3.4 shows in detail the layout of the CV drift cells. Cell boundaries coin-
cide with cathode planes that consist of 125 um diameter copper-beryllium wires at
a spacing of lmm. The centre of each cell has an anode plane consisting of alter-

nating 200 gm diameter gold-plated copper beryllium potential wires and 20 pm di-
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Figure 3.4: Wire locations throughout an axial and stereo sector.

ameter gold-plated tungsten-rhenium anode wires. In addition, the anode wires
are alternately staggered by £ 40 pm with respect to the guard plane in order to
unambiguously resolve which side of the cell the ionising particle traversed.

In order to optimise the potential resolution of any drift chamber it is essential
to ensure accurate construction. The wire positions of the CV anode and cathode
planes are defined by plexiglass combs found on the G10 endplates. The cumulative

uncertainty in the position of anode wires is estimated to be less than 10 ym i.e. less

than a wire radius.

3.1.2 Chamber Electrostatics and the High Voltage Sys-
tem

Within a drift -cell, the electrostatic operating conditions are defined by the anode
wire surface field (which determines the gas gain) and the drift field. These fields
are determined by the negative voltages applied to the potential and cathode wires
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with the anode wires being held at ground potential. Typically the chamber is oper-
ated with the surface and drift fields set to 360 kV/cm and 2.5kV/cm respectively
Figure 3.5 shows the shape of the drift field in the absence of an external magnetic
field. The field lines are perpendicular to the anode plane and the field is uniform
over the majority of the drift cell i. e. to within a few millimetres of the anode wires

The tapered cell geometry and the desire for a uniform drift field makes it neces-

Flgure 3.5: The drift ﬁeld configuration shown for one half of an axial cell. The lines are per-
pendlcular to the anode plane up to a radlus of a few mm and terminate radially at each anode

wire.

sary for the potential on the cathode wires to increase linearly with radius. The
potential wires within a cell are held at the same voltage to ensure a uniform gain
for all anode wires. Figure 3.4 shows that the inner and outer radial cell boundaries
are terminated with two concentric rings of field shaping wires whose potentials are
set by resistor networks tied to the cathode plane voltage supplies. In addition, the
axial and stereo sectors are electrostatically isolated from each other by a mylar
sheet faced on each side with a foil. The chamber also includes four cylindrical foil

surfaces located at the inner and outer radii of the axial and stereo cell layers. These

foils act to terminate the field patterns and are operated at a fixed potential

The high voltage distribution system for the chamber is modular, with each HV

cell corresponding to two anode wire planes in axial and stereo. Hence, eighteen
such cells are needed to control the entire chamber.
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3.1.3 The Electronics Readout System

For each anode-wire signal (or hit) in the chamber, three raw data values are

recorded:
e a measurement of the ionisation drift time (T'DC),

e the time difference between signals arriving at each end of the anode wire
(zDC),

e the hit pulse height (ADC).

The spatial coordinates of hits are then reconstructed from the raw data using
calibration constants and is the subject of Section 3.1.4.

Figure 3.6 shows the full electronics readout chain for a single anode wire. The
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Figure 3.6: The electronics readout chain for a single anode wire. The readout electronics were
both designed and constructed by the electronics group of the Rutherford Appleton Laboratory.

pre-amplification of chamber signals is performed by endplate mounted preampli-

fiers of gain 2.5 and a matched impedance of 360 Q. Experience gained in operating
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prototype vertex chambers led to crosstalk effects between anode wires being com-
pensated for via resistive feedback in the preamplifiers; 8 % of the signal is fed to
adjacent wires and 3 % to the next adjacent channels.*

If chamber pulses are close together in time, the superposition of the two pulses
may keep the amplitude above the discrimination level so reducing the hit efficiency
attainable. To minimise these effects, the fall time of pulses is reduced by differenti-
ating in the preamplifier with pole-zero cancellation to ensure there is no undershoot
of the differentiated pulse.

The signal from each preamplifier is then passed through ~38 m of coaxial cable,
linking the CV bulkhead to the front-end digitizing electronics. This consists essen-
tially of Converter Modules inside which all timing measurements and digitization
are performed. Converter Modules are housed in triple height Eurocard crates, each
crate fully servicing two vertex cells of axial and stereo sectors, making a total of

- eighteen crates to cover the whole chamber.

Signals from both ends of an anode wire are further amplified by a factor 40 in
the Converter Modules before being fed into a constant fraction discriminator. A
discriminator threshold of approximately half the full amplitude is used to exploit the
region of the rising edge where the chamber signals are seen to change most rapidly.
The outputs are then combined in a mean-timer so eliminating any dependence
on the hit position along the wire. For pairs of inputs less than 10ns apart, the
mean-timer produces an output with not more than 100 ps jitter.

T'DC is a measurement of the interval between an ete™ beam crossing signal
(BX) and a signal derived from the output of the mean-timer. This is achieved by
recording the pulses of a quartz referenced clock (operated at 93 MHz), by an 8-bit
counter. The mean timer output then initiates the linear discharge of a capacitor
that is halted by the arrival of the next clock pulse. The remaining voltage across the
capacitor 1s then measured by a 4-bit Flash Analog to Digital Converter (FADC)
for an intrinsic timing precision (C}) of 0.67 ns.

In addition to being passed to a mean-timer, the signals emerging from the two
discriminators are passed to a unit that performs the ZDC measurement. The signal
from one end of the chamber (termed the STOP end) is delayed by 5ns ° ensuring
that it always arrives later than the pulse from the other end (the START end).
The START signal then initiates the charging of a capacitor which is halted by the
arrival of the STOP signal, whereupon the remaining voltage across the capacitor

is measured using a 6-bit FADC.

“Crosstalk effects can also occur if chamber wires are not correctly terminated. Again, expe-
rience gained running the detector prototype means that anode, guard and cathode wires in the
chamber are all correctly terminated. A report on the vertex detector full scale prototype can be
found in [41].

SThis is slightly longer than the pulse transit time down the wire length of 1m.
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This procedure maintains the desired precision and stability by employing an
auto-calibration technique that fires calibration signals every 22 us (between LEP
bunch crossings) alternately to the two ends of the chamber. These signals thus
simulate the maximum and minimum time differences that can occur. The FADC
reference levels are then automatically adjusted until the output reads full scale and
zero for the two cases respectively. Each front-end crate has a dedicated Autocal
Module to perform this task.

The design of the readout chain allows the complete digitization process outlined
above, to be repeated every 40-45ns. In the dense track environment of hadronic
jets, the ability to record hits arriving closely spaced in time is important and the

CV data aquisition allows up to seven hits per wire to be stored per event.

Figure 3.7 shows a distribution of T'DC for hits assigned to CV axial tracks
within a single sector. Ideally the front edge of this distribution would be a step
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Figure 3.7: Distribution of raw TDC values for a single CV axial sector.

function with the turn on point corresponding to the minimum possible drift time.
In practice the turn-on shape has a slight downward gradient due to the intrinsic
resolution of the timing measurement and wire-to-wire variations within the sector.
The ‘plateau’ region of the distribution contains a small gradient to larger times
as a result of the ~40ns reset time of the readout electronics, inside which no hits
can be recorded, so biasing the hit detection to low drift times. The long falling
back edge of the distribution is due to the tapered CV cell geometry, with the outer

sector wires responsible for the longest drift times.




52 3. The Tracking of Charged Particles in OPAL

3.1.4 Coordinate Reconstruction
Determining the r — ¢ Coordinate

The raw drift time measured as described above is clearly an overestimate of the
drift time (¢p) defined as; the time taken for charge liberated by the passage of an

ionising particle to drift onto an anode wire. This can be expressed as,
tp =TDC.Cy — (to + tBXMON)- (3.1)

The drift-time offset £, can in principle take a different value for each of the 648

readout channels. This is conveniently handled by considering ¢, as the sum
to = 5% 4 £, (3.2)

Here, t5°° accounts for the time it takes signals to travel down the anode wire,

- through the preamplifier electronics and then via the 38 m of cable to the digitizing
electronics, and is common to all wires in a sector. Any variations due to differences
in electronic delays and cabling of individual channels are then collected in £, The
1o offset to the raw drift time is a calibration constant that must be determined from
the data.

The additional correction, tgxapon, is applied to account for any measured vari-
ations in the BX signal. In OPAL the BX signal derives from synchronizing a pickup
pulse (from the passage of an et bunch), with an RF timing signal from the LEP
machine. Occasionally the BX signal can become synchronized to the wrong RF
‘bucket’, in which case an error of approximately +3ns is introduced to the drift
time. Variations of this size and larger, are also occasionally seen between the CV
BX-signal and that used by (for example) CJ. These relative shifts were attributable
to local differences in the BX transmission bus to the various sub-detectors. Since
timing offsets at the few-nanosecond level could significantly degrade the chamber
resolution a local monitor (accurate to 50 ps), of the CV-BX timing relationship to
the beam pickup signal, was installed. The output ({pxmon) is written into the CV
raw data structure to be used in drift time correction ® whenever the BX signal is
deemed to have shifted significantly.

Given a drift-time measurement with some fixed precision, the ultimate resolu-
tion attainable for the reconstruction of spatial coordinates is set by both the choice
of drift gas and the degree to which the drift properties of electrons through the gas
are understood.

Gas studies [42], were initiated at QMW to investigate the properties of various
gases in the CV environment. The tests concluded that potentially the best resolu-
tion results from use of a so-called ‘slow’ gas based on CO;. These gases, although

SDue to practical considerations tgxaron contains a constant offset that must first be sub-
tracted before it is used as in Equation 3.1.
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generally unsaturated (see figure 3.8) and hence difficult to calibrate, are particularly
attractive due to their relatively slow drift velocity and small longitudinal diffusion.
During initial tests of the chamber however, HV breakdown problems meant that
the required operating point using a slow gas mixture could only be attained safely
for a pressure of 2bar. This essentially ruled out the use of slow gas given the CD
operating pressure is 4 bar.

The next preferred gas resulting from these studies was a mixture of argon (88.2
%), methane (9.8 %) and isobutane (2.0 %) termed ‘OPAL gas’ (since it is also
the choice of gas used in the CJ and CZ). The addition of alkanes to argon acts to
lower the mean energy of electrons so increasing the drift velocity but significantly
decreasing diffusion effects. As can be seen from figure 3.8 the unsaturated behaviour
of the velocity is much less of a problem in OPAL gas than for the CO;-based

mixtures.
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Figure 3.8: The variation of drift velocity with operating conditions in OPAL gas compared to a
slow gas.

In order to determine the function that converts the drift time measurement to
a drift distance in OPAL gas, a set of predicted drift distances and corresponding
drift times were calculated using the method which accurately reproduced laser data
in the QMW studies. This ‘predicted’ data set was found to be well reproduced by

a parameterisation of the form,

D(tp) = a(l-— e~ 00)*) 4 uptp (3.3)
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where parameters a, b are vp are calibration constants to be determined. The form

of function D(¢p) is shown in Figure 3.9 for typical parameter values. For large
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Figure 3.9: The form of D(i¢p) using parameter values relevant for the use of OPAL gas: a =
370 pm, b = 0.0135ns~3 and vp = 40 pm/ns.

values of ¢tp equation 3.3 reduces to the linear form, D(tp) = a+ vptp (with
constant drift velocity vp), reflecting the constant drift field that exists far from the
sense wires. The non-linear term in expression 3.3 becomes important for distances
<3mm, with the b-parameter controlling how fast the drift velocity tends to the
constant value. This represents a decrease in the drift velocity from the constant
value reflecting the rapid rise of the electric field close to the surface of anode wires.
The staggering of the anode wires leads to the classification of wire hits as being
‘near’ or ‘far’. This depends on whether the effect of the stagger makes the drift
distance smaller or larger than if there were no stagger. This distinction is necessary
since the drift field conditions will be slightly different for the two cases and requires
the introduction of two sets of a and b-values (apeqr,a far, Onears Oar)-

The final conversion of the drift distance as specified above into a spatial coor-
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dinate in the r — ¢ plane requires knowledge of the direction of drift onto the wire
in addition to the actual wire position itself.

It is the Lorentz angle (o) which specifies the angle at which ionisation drifts
onto the wire due to the crossed electric and magnetic field configuration existing
in the drift cell. A value of oy = 5.6° (ar = 7.2°) in axial (stereo) layers was
assumed based essentially on the results of the original gas studies 7. Wire positions
must also be corrected for electrostatic bowing effects which are parameterised in

the form
Bu(1 - (z/L)*), (3.4)
for B, a constant and L the half length of the wire. The bows were set to their

nominal values of B, = 25 um in axial sectors and B,, = 15 ym in stereo sectors.

3.1.5 Determining the z Coordinate

It is assumed that the z coordinate (z,) for a hit on a wire uncorrected for the
bowing effect, can be related to the raw time difference (ZDC) measurement by

just a polynomial parameterization of the form
2w =20+ 21.ZDC + 25.ZDC* + ... + 2,.ZDC™, (3.5)

where 29, 21, . .. , 2, are calibration constants to be determined.

Once calibrated a z coordinate from this method, termed the ‘fast 2’ is available
for use in the OPAL Track Trigger [31] and for pattern recognition. A superior
measurement is however available by utilising the geometry of the stereo wires,
which introduces a correlation between the r — ¢ coordinates of hits on these wires
and the corresponding z coordinate. The resulting ‘stereo’ z coordinates are seen in
Section 3.3.2 to be essential in achieving optimal z-resolution at the CT-track level

and are the basis for the calibration of the fast-z measurement (briefly described in
Section 3.1.7).

3.1.6 Pattern Recognition

The result of hit reconstruction in CV, for the case of three well separated tracks in
a multi-hadronic event, is shown in Figure 3.10. All tracks leave hits in axial and
stereo sectors and both ambiguities of each hit are displayed.

It is the job of the pattern recognition algorithm to determine which set of re-
constructed space points are likely to be associated with a common track. The
algorithm employed starts by forming hit ‘triplets’ on a sector-by-sector basis be-

ginning at the outer wires where confusion is expected to be least. A triplet is a-

"These values were also consistent with the CJ determination of oy (see Table 3.2.4) once
allowance is made for the change in field conditions.
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Centre of screen [ia ( —15.6070,: 7.5365, 0,0000)

“Figure 3.10: An example of reconstructed r — ¢ hit positions in the CV. The pattern of hits
srshown relates probably to the passage of three tracks through different sectors in the CV. The
anode plane positions in axial sectors are indicated. Stereo hit positions are calculated assuming

z = 0 for display purposes.

series of three contiguous hits that are consistent with forming a straight line. This
line is then extrapolated inwards and new hits added to the proto-track definition
if they fall within a ‘road’ ® width either side of the line. For each point added the
straight line is recalculated using the new hit and the two preceding hits. In this

way a straight or curved track trajectory can be followed.

In order to decide which side of the anode plane the measured hits are valid for,
the above procedure takes place on both sides of the sector. Since the road width is
large compared to the anode wire stagger of 100 um, often a track is found on both
sides of the anode plane originating from the same chamber hits. This left-right
ambiguity can be resolved internally to CV by fitting a circle through both sets of
hits and retaining that track with the smallest x2. In fact, in order to optimise the

merging of CV and CJ information, it is preferred to retain both ambiguities of CV

8A road width of 400 um is used which optimises the efficiency for assigning ‘correct’ hits to
tracks.
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track segments and decide which to keep at the CT processor level (see Section 3.3).

Once the hits on a track have been defined, track fits are carried out separately
in the r — ¢ and s — z planes for each track candidate. Axial track segments are the
result of fitting hits from axial sectors to a circle in the r — ¢ plane and to a straight
line in the s — z projection®, of the OPAL MRS coordinate system (see Appendix
A). In the stereo sectors both fits are to straight lines. The result of track fitting
is to define the track trajectory in terms of the five parameters &, ¢o, do, tan A and
2o (see Appendix B for a definition) and their associated covariance matrix. After
the initial track fit, all points in r — ¢ (s — z) more than 5 (3) standard deviations
from the fit position, are rejected and the fit repeated. To be accepted, a track must
contain in the r — ¢ projection, a minimum of six axial or four stereo hits and in.
addition possess a x%/d.o.f. that is better than 10.0. If the track fails similar criteria
in the s — z plane, the track is accepted albeit with the s— z track parameters flagged
as being unusable.

For the case of axial tracks only, an attempt is made to add extra track hits from
both within the same sector and neighbburing sectors. Within the same sector,
tracks are interpolated to wires that contain no associated hits. The closest such
hit to the track will then be added to the list of associated hits if it falls within
400 ym. In addition, tracks with no hits present on the end wires are extrapolated
into neighbouring sectors where the nearest unassociated hit on each wire is added
if falling within 600 pm of the track. If one or more extra hits are added in this way

the original track is scrapped and a refit performed including all the new hits.

3.1.7 The Calibration Procedure

The approach to determining CV calibration parameters for the 1990 data set was
motivated by the desire to ensure tracking at the full CT level was optimised. A
calibration procedure developed that was based largely on tuning the parameters
to optimize the spatial resolution as gauged by the dy properties of the CT track.
It is important to note that throughout this discussion on CV calibration the track
do considered is geometrically corrected for an estimate of the interaction point
and retains the signing convention of Appendix B. Tracks from Z° leptonic decays
(e and p-pair events) were used almost exclusively. These high momentum tracks
are particularly suitable for calibration purposes since they are affected very little by
multiple scattering and their simple event topology is well defined. In addition, with
only two back-to-back tracks in the event any systematic effects related to multiple
hits on wires (see Section 3.1.8) are avoided.

9s is the arc length of the track in the » — ¢ plane from the point of closest approach to the
origin of the coordinate system.
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What follows is a brief description of how those parameters that one may rea-
sonably expect to be time-varying are adjusted to account for changing operating
conditions of the detector. The parameters are updated typically once per run-
ning period, coinciding roughly with the frequency of which the CV gas supply
1s changed. In addition a normal running period would collect the few thousand
lepton-pair events needed to determine parameters to a reasonable precision. Rep-

resentative values and uncertainties for these quantities are then presented in Table
3.1

Drift Velocity v,

The drift velocity for the chamber is determined by studying the distribution of
do with respect to ¢ov 1°, which effectively folds all sectors into a single sector. Use
of the wrong drift velocity is then evident by the presence of a slope in this plot,
the gradient of which is proportional to the magnitude of the required correction to
vq and the sign of the slope corresponds to the sign of the correction.

Unear and Qfar

. The ‘a’ parameters.of Equation 3.3 are determined by the optimisation of a }" dy or
‘miss distance’ ' distribution made for each side of the CV anode plane. Both in
practice and qualitatively [43], it is seen that 3" dj on one side (¢-) of the anode plane

.is almost entirely dependent on ay,.., Whereas, the opposite side (¢+) is dependent

“on @far- Hence the ‘a’ parameters can be adjusted so as to force (> do) to zero

simultaneously for both ¢_ and ¢,.

Sector t;’s

Potentially the most accurate way of determining the o offsets (and indeed also the
drift velocity) is through the use of good quality anode and cathode-plane crossing
tracks. In practice, running in the LEP environment, the occurrence of such tracks
in the CV is found to be too low to be of practical use in the calibration proce-
dure. Further, tracks that are found crossing boundaries in CV are typically of low
momentum and sometimes not well reconstructed. These considerations are less
valid to tracking in the CJ where boundary crossing tracks are used for calibration

purposes (see Section 3.2.4).

104y is defined as being the azimuthal angle between the CV anode plane and the tangent to

the track vector at the radius of the seventh axial wire.
UDefined as the distance between the crossing points of the extrapolated lepton tracks with

the beam axis and should ideally be zero. It corresponds to the arithmetic sum of the dp track
parameters of the track pair with dy defined as in Appendix B.
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The method therefore used to determine sector time offsets (t3°), follows closely
the technique used to secure @peqr and ayq, but on a sector-by-sector basis. In this
case it is demanded that (do) (which ideally would be zero) for ¢_, be equal to that

for ¢,. Explicitly this implies making the following correction to the sector g,

(do)_ — {do)y,

2’0d

Aty = (3.6)
The method is complicated somewhat by the assumption that v, is uniform across
the full CV drift cell although any effects can be minimised by ignoring tracks passing

close to the anode plane.

Wire #;’s

The individual wire #y’s are determined by a similar operation to that used for ¢o but
based on the corrected residuals 12 of hits to CV track fits in the r — ¢ plane. A
residual is defined to come with a positive (negative) sign if the hit falls outside
(inside) of the track circle.

By imposing that the mean residual (R) both sides of a single wire be the same,

a correction to the wire {¢ is given by,

(R)g, = (B)s

Atwi're —
0 2'0,1

(3.7)

Calibration Quantity | Typical Value | Typical Error '
Drift velocity 40 pm/ns 0.1 %
Gneary Qfar 370 pm S pm
Sector tg 410ns 0.1-0.2ns
Wire g < 1lns -

Table 3.1: Typical values and associated uncertainties for selected CV calibration constants. As-
signing uncertainties to these quantities is complicated by the ¢g and a parameters being correlated
in the sense that they have a similar effect on tracking. In addition, the calibration procedure
accommodates any CJ systematic effects that may push the constants away from their values sug-
gested by an internal CV calibration technique. The values given are based on holding all but one
of the parameters constant and observing at what level changes are detectable by the calibration
process. No error on t¥%" is quoted since for any individual wire only very large changes would
affect the overall tracking.

12Corrections are applied to account for the fact that the endpoints of a least squares fit naturally
carry more weight and hence will in general have smaller residuals.
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Fast-z Calibration

By making use of stereo z coordinates on CV merged axial and stereo track seg-
ments, a plot of z against raw ZDC can be made and parameterised as suggested
in Equation 3.5. In this way, the calibration can be made internal to CV but in
practice the calibration is based on z measurements from CT track fits. For tracks
matched to CV stereo segments, the z measurement may still be dominated by the
stereo hits although accurate z information from CZ hits are also included.

In this way the calibration has the advantage of ensuring that CV z-measurements
are consistent with those from the rest of the CD which is an important criterion
in the Track Trigger, for example, where CV and CJ hits are required to lie at the

same polar angle.

3.1.8 Systematic Effects

Chamber Rotations (ayrs)

In the 1990 data set for CJ tracks only, the distribution of dy over all azimuthal
angles reveals a mean of ~ 30 um. This is evidence for a systematic error in the
-angle of tracks from the CJ and, in the spirit of calibrating CV within the CT
environment, this effect was accounted for at the CV level.
Since a non-zero mean in dy can be introduced by rotating CV about the z axis
with respect to CJ (i. e. with respect to the MRS), the effect can be taken out by an
zadjustment to the aprrs parameter (see Appendix A). Based on the mean of 3" dj for
back-to-back lepton pair events, the magnitude of the adjustment was empirically
determined to be

Aar= (3" do) /25.5, (3.8)

where both distances are in centimetres and the angle is in radians.

Anode Plane ¢ Corrections

From the #3* adjustments of Section 3.1.7 the data has the property, ((do) ¢_)2_ =
((dg)(ﬁ_{_)i, for i = 1 — 36 sectors. In general however it is found that ({do)), # 0.
In the same way as adjusting aprrs accounted for this problem at the level of the
whole chamber, at the sector level a non-zero mean can in principle be accounted
for by a form of local rotation. This was achieved by making slight alterations to

the assumed ¢ locations of CV anode planes.

CV Second Hit Correction

Figure 3.11 shows dy distributions formed separately for each side of the CV anode

plane from multi-hadronic events. All tracks reconstructed contribute to these plots




3.1 The Central Vertex Detector 61

800 il Entries €340 800 [ Entries €613
— Mean =0.1113€-01 = Mean  0.1007E-01
- RMS,q_ 0.4141E-01 - RWSy  0.4299E-01
700 E . 2516 700 & 2520
- P1 579.6 & 16.17 C 3] 5338+ 15.75
- p2 [ -0.7232€-03% 0.2054E-03 - P2 || ~0.4s982-03 2 0.2139£-03
600 E P3 0.9224E-02 % 0.2642E-03 600 Py I ©.93226-02% 0.2851E-03
= P4 9745+ 3.764 o P4 94.18 £ 3.566
- ps f | ~0.23726-01 % 0.1050E-02 o PS 0.2211€-01 & 0.1051E-02
500 E ] 1-0‘5015:-01 + 0.1011E-02 500 & P6 § ] ~0.5187E-01 &+ 0.1002E-02
400 E ¢o >0 400 - ¥ <0
300 F 300
200 E | : 200 £
100 F 100 £ J,/j
0 E_.! 3.t st ‘ [ ] I PO N O E LI T, | 1 1. 1 ' [ S 2 S )
-0.2 —0.1 0 0.1 0.2 -0.2 =01 0 0.1 0.2
d, (cm) d, (cm)

Figure 3.11: do distributions uncorrected for second-hit effects, shown separately for each side of
the anode plane. Tracks contain at least 6 CV axial hits and have momenta greater than 1 GeV/c.

i.e. those composed from first hits and from second (and higher) hits on wires. The
plots clearly show a systematic offset in do of opposite sign depending from which

side of the anode plane tracks are chosen.

The cause of this effect was traced to the ~20% of CV tracks that contain hits
that are second or higher hits on wires, and can be explained by the interference of
wire signals with those subsequently collected on the same wire. The slow decay of
the first pulse, adding to the amplitude of the second pulse, can cause it to cross
threshold sooner than would normally be the case. The result is that tracks formed
from these hits are artificially shifted towards the anode plane which in turn pushes
the mean dy away from zero in a sense that flips sign according to which side of the

anode we consider.

A correction for this effect to the drift distance of hits was developed [44] based on
the pulse height of first and second hits and their separation in drift time. Although
‘based on axial tracks formed from second hits on wires, the same form of correction
is also applied to tracks composed of 3rd, 4th etc. hits on wires and to hits in stereo

sectors. The effect of the correction can be seen from Figure 3.12.
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Figure 3.12: dy distributions corrected for second-hit effects, shown separately for each side of the
anode plane. Tracks contain at least 6 CV axial hits and have momenta greater than 1GeV/ec.

Anode Region Drift Velocity

Figure 3.13 shows the population across a CV drift cell of CT tracks, in GPMH
events, that contain at least ten CV axial hits. The presence of the ‘hole’ seen
around the origin in ¢ov was found to originate at the CV track level. Using
CV ftracks only, a study of the anode region, revealed that the depletion of tracks
corresponded to an overestimate of the drift velocity in the non-linear region of the
drift distance-time relationship. This had the effect of biasing the reconstructed
position of tracks away from the anode to larger drift distances.

Adjusting the velocity in this region was seen to fill in the hole but practical con-
siderations meant that the 1990 data set used for the present analyses has not been
corrected for this effect. To avoid the introduction of extra systematic uncertainty
in the tracking, all CT tracks falling within |¢cv| < 0.01radians of the CV anode
region (indicated on Figure 3.13) are rejected from the subsequent analysis. This

results in a loss of, on average, 3.7 CT-tracks per event.

3.1.9 Performance

Inefficiency due to dead readout channels in the axial sectors is typically kept to the
1% level. During initial testing of the chamber in 1989, four axial and two stereo
wires were broken and were removed from their parent sectors without replacement.

Subsequent electrostatic problems have also forced two complete stereo sectors to
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Figure 3.13: The distribution of tracks across a CV drift cell illustrating the hole that appears
close to the anode plane. Tracks are from multi-hadronic events and contain at least ten CV-axial

hits. The arrows indicate the position of the cut imposed to remove this region from the data.

be disconnected from the high voltage supply. Ignoring missing channels, the single
hit efficiency averaged over all wires in axial sectors is found to be 97.4% from a
study of hits on tracks in Z° — p*p~ events. The equivalenf hit efficiency for the
dense track environment of multi-hadronic events was found to degrade by 7% due
to the inefficiency associated with collecting multiple hits on wires. Tests show that
hits on the same wire are essentially always resolved by the readout system for a hit
separation in time of 45ns.

The best estimate of the spatial resolution, including calibration uncertainties,
is given by the standard deviations of the corrected track residuals (described in
Section 3.1.7). Figure 3.14 shows distributions of 0,4 and o, as functions of drift
distance in multi-hadronic events based on axial tracks contained in a single sector
and that do not cross anode or cathode planes. The resolutions exhibit the expected
rapid rise at small drift distances due to sampling fluctuations and the slow rise at
large drift distances due to the effects of diffusion. Averaged over all drift distances
these resolutions correspond to 56 ym in the r — ¢ and 4.85cm in the s — z plane
(based on the fast z measurement).

Figure 3.15 shows a distribution of the drift-distance difference between axial
tracks in multi-hadronic events. The distribution shows that the two-track resolution
achieved is approximately 2 mm, consistent with the known second hit resolution of
1.8mm (based on vg = 40 pm and a timing resolution of 45 ns). An investigation

of the spatial resolution based on tracks composed of second hits on wires shows an
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Figure 3.14: The variation of spatial resolution in the (a) r — ¢ and (b) s — z planes as a function
of drift distance. The lines indicate the binning boundaries in drift distance used.

_ associated degradaiion over the single hit values of approximately 8% in both the

r — ¢ and s — z planes.

3.2 Jet Chamber

3.2.1 The Mechanical Design

. The OPAL Central Jet Chamber was introduced in Chapter 2. The principles of
design draw heavily on the experience gained in constructing the jet chamber for
the JADE experiment at PETRA [40].

Figure 3.16 shows the layout of chamber sectors within one quadrant of the
detector. Each sector consists of a central plane of anode wires spaced by 1cm
(between radii of 25.5 cm and 183.5 cm), with two cathode wire planes which mark
the boundary between adjacent sectors. The maximum drift distance ranges from
dcm at the inner wires to 25 cm for the outermost wires.

The wires are stretched between two end plates held apart by a shell of 24
hollow aluminium panels. In order to minimise the material traversed by tracks,
the chamber has no inner support tube. To withstand the tensional force of around
14 tons exerted by the wires, the endplates are conical in shape (with an angle of 15°)

resulting in sector wires varying in length from 3.2m at the inner radius to 4.0m at
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Figure 3.15: The mean drift-distance separation (Ay) of CV axial tracks contained in the same
drift cell.

the outer radius. The design allows 73% of the full solid angle to be covered with
the maximum of 159 space points on a track.

Figure 3.17 details a cross section through a single CJ sector. The anode wires
made from gold-plated tungsten-rhenium are 25 ym in diameter and staggered by
4100 um as illustrated in Figure 3.17, in order to resolve the left-right ambigu-
ity. Potential wires made from 125 ym diameter copper-beryllium alloy, are alter-
nately spaced between the anode wires and tensioned such that the gravitational
sag (~200 um at z = 0) is equal within &5 ym for anode and potential wires.

The electrostatic properties within a sector are set by holding the anode wires at
ground potential and applying graded voltages to the cathode wires made from
125 um diameter copper-beryllium, and spaced at 1.3mm intervals. To ensure
equipotential lines parallel to the anode plane, the cathode wires are set at po-
tentials ranging from -5kV at the inner radius to -27kV at the outer radius. The
gas gain is determined by the voltage applied to the potential wires, set nominally to
-2.5kV. The correct electrostatic boundary conditions are provided by field shaping
electrodes around the outer radius of each sector and on the endplates as shown in
Figure 3.17.

In common with the CV, CJ is operated using OPAL gas which was shown in
in Section 3.1.4 to be capable of providing high spatial resolution. The operating
pressure of 4 bar optimizes particle separation from dE /dz, and also represents a
compromise between the high pressure needed to minimise diffusion effects and the
low pressure needed to minimise multiple scattering and so ensure a good momen-

tum resolution. The electrostatic configuration described provides a drift field of
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Figure 3.16: A quadrant of the Jet Chamber in cross sectional projection and in the plane perpen-
dicular to the beam axis. The cathode and anode planes are shown together with, (1) the conical
endplate, (2) the shell of aluminium panels, (3) the barrel, (4) and endcap field-shaping electrodes,
(5) the inner field shaping foil, (6) the anode wire suspension and (7) the z-chambers. From [45].

890 V/cm resulting in a gas gain of 10

Due to the beneficial effects concerning chamber ageing, the gas contains water at
the level of 500 ppm. The strong dependence of the drift velocity however on water
content means that this concentration has to be tightly controlled. Figure 3.18
illustrates this point. The stability of water content is kept to +10% so ensuring a
stability of the drift velocity to £0.1%.

3.2.2 The Electronics Readout System

The readout chain for a single CJ anode wire is presented in Figure 3.19. The output
of a low noise preamplifier is input to a resistor network that provides crosstalk
compensation [45] for the first and second neighbouring wires. The signals from
both ends of all 3816 anode wires are transmitted via individually shielded twisted
pair cables, to be recorded with 100 MHz FADCs (DL300) housed in 80 front-end
crates. '

The use of a FADC-based system is necessitated by the large drift distances
across a CJ sector. For drift distances greater than a few centimeters, the effects
of electron diffusion begin to limit the spatial resolution attainable from a ‘leading-
edge’ measurement of the drift time as utilised by the CV. By accurately sampling

the shape of a chamber pulse in time, the FADC readout is used to derive the )
" mean of the arrival time of the electrons at an anode, which is largely insensitive
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Figure 3.17: A cross section through one half sector indicating the locations of the anode and
cathode planes as well as the field shaping electrodes in (1) the barrel and (2) the endcap. From
(45].

to diffusion effects. The FADCs have an intrinsic dynamic range of 6 bits which is
effectively extended to 8 bits for an improved amplitude resolution, by generating a
non-linear response curve [47]. Hardware zero suppression performed at this stage
reduces the amount of data before transfer to an array of 20 microprocessors of the
68030 type, housed in two VME crates.

The total readout time for a multi-hadronic event is less than 10ms and the
mean time available between triggers is large enough to enable a significant degree
of online processing to occur. The first stage of this involves the determination of
uncalibrated drift times and charges from both ends of the wires. Chamber hits
are defined by a fast difference of samples algorithm [48] which derives essentially a
mean drift time (¢p) for the chamber signal based on the differentiated pulse shape.
The drift times are corrected for both individual channel and global £, offsets at this
stage, but no fine corrections are made. The pulse charge is obtained by integrating
each pulse shape over 200 ns with respect to the start of the signal. The subsequent

values from each end of the wire give the z coordinate by a charge division technique
described below in Section 3.2.3.
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Figure 3.18: The variation of the measured drift velocity and the chamber gas water content over
a running period of 20 days. The water content was not stabilized during the first 12 days of
operation resulting in large fluctuations of the drift velocity. From [46].

The measurements of tp and z described constitute essentially the CJ raw data
output. The online microprocessor system does in addition however use this partly
calibrated data as input to a fast on-line pattern recognition algorithm [33]. The
resulting tracks then form an essential input to the OPAL event filter processor as
described in Section 2.3.1.

3.2.3 Coordinate Reconstruction

In the r — ¢ plane, spatial positions z and y of a wire hit are given by,

r = =z, —vp.sinar.lp
y = wvp.cosar.tp, (3.9)

with respect to a local sector reference frame with the z-axis pointing along the
anode wire plane. Here, the z coordinate of the wire is given by z,,, vp is the drift
velocity, ar, is the Lorentz angle and tp is the drift time.

Using resistive charge division, the z coordinate is calculated using the following

relationship, for signal charges @1 and Qg going into the preamplifiers at the ends

of each anode wire:
, = Lot (9Qr — Qr)
2 (9QL+Qr)
‘Here, l ;5 is an effective wire length depending on the impedence of the wire and
preamplifier and g is the relative gain of one end of the wire with respect to the
other.

(3.10)
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Figure 3.19: The electronic readout chain from the detector to the online microprocessor system.

The data flow and reduction at each step is also shown. From [46].

Pattern Recognition

The assigning of hits to potential track segments follows a similar scheme to that
used for pattern recognition in the CV. Starting from the outer wires of each sector
triplet initiators are defined, to which extra hits are iteratively assigned if they fall
within the designated road width (typically 50) of the extrapolated track. In the
r — ¢ plane track segments within CJ sectors are fit to circles using the Conformal
Mapping method [49]. After transforming all hits assigned to segments into the

MRS reference frame, an attempt is made to merge those tracks in adjacent sectors

consistent with originating from a common source. A minimum of ten space points

are required in the definition of a CJ track segment.
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3.2.4 Calibration Constants
j Laser Calibration

To aid with calibration and monitoring tasks an ultraviolet Nd:YAG laser system
[50] is employed. Two parallel beams separated by 10 mm in the r — ¢ plane can be
injected through the centre of all 48 half-sectors. In the orthogonal plane the two
beams originate from z = +1.20 m.

The laser beam is assumed to follow an exactly straight path. Any measured
deviations from a straight line therefore are due to individual channel timing off-
sets (§'"), geometrical wire positions, or inhomogeneties of the drift field. Precise
knowledge of the laser beam position in z allows the determination of the effective
wire length l.s; and relative gain g for each wire.

During normal physics runs laser events are read out at a rate of 0.04 Hz and
complete laser scans performed during LEP shutdown periods. Table 3.2 lists typical

values and errors on calibration constants derived from the laser system.

Boundary Crossing Tracks

As was the case when considering tracking in the CV, discontinuities in tracks cross-
+ ing sector boundaries. are indicative of a miscalibration.

Tracks crossing anode planes are sensitive to the t, drift time offset i. e. the time
between the BX signal and the FADC start trigger. By requiring continuity of tracks
across the anode plane, offsets for each sector are determined. In addition, a linear
dependence in the individual wire time offsets with radius (not detectable by the
laser system) is measured by this class of track. Anode crossing tracks are also used
to estimate the point at which the drift field is no longer constant. As was the case
for a CV drift cell, this becomes significant close to anode wire positions (inside the
so-called ‘aberration radius’) and is treated as a systematic correction to the drift
velocity (see below).

Cathode crossing tracks are used to determine the drift velocity (vp) and the
Lorentz angle (oy).

Table 3.2 lists typical values and uncertainties of constants derived from the use
of boundary crossing tracks. To gain sufficient precision, a few thousand hadromc

events containing such tracks are required.

3.2.5 Systematic Effects

Regions of the drift cell close to the electrostatic boundaries are particularly prone
to non-uniform field conditions. Corrections to drift distances are necessary for

the innermost 4 wires in each sector and the outermost 16, which can be up to
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Calibration Quantity Calibration Method | Typical Value | Typical Error I
Effective wire length l.s; | Laser 460-560 cm 0.5%
Relative gain g Laser 0.998 0.4%
Wire time offsets t¥* Laser —12 to 12ns 0.8ns
Effective wire staggering | Laser 115 pm 10 pm
Drift velocity Boundary crossers 52.9 pm/ns < 0.05%
Lorentz angle Boundary crossers 20.0° < 0.5%
Sector time offset £ Boundary crossers 300 ns < 0.6ns
Linear dependence

of time offsets Boundary crossers 0-0.1ns/cm | 0.007ns/cm
Aberration radius. " | Boundary crossers 4.435 mm 0.05 mm

Table 3.2: CJ calibration quantities and their typical values and errors. The effective wire stagger-
ing is the sum of the mechanical and electrostatic staggering at the z position of the laser beams.
From [51].

800 um in the worst cases. Corrections derived from anode crossing tracks are also
applied within the aberration radius to each anode plane, to account for the onset
of the region where the drift distance-time relationship becomes non-linear.

Finer corrections applied include compensation for a torsion effect found between
the two endplates of the chamber of 50 urad. Also the small variation in vp and
ar, with radius through a sector * was parameterised and applied as a correction.

Since the start of data taking in 1989, correcting for systematic effects has led

to an improvement in the momentum resolution by a factor 2.5.

3.2.6 Performance

The efficiency of the chamber for hit and track finding is found to be excellent. The
number of dead readout channels unavailable to the pattern recognition is typically
only 0.3% due to failures somewhere along the electronics readout chain. It has not
been necessary to replace any of the 3816 anode wires due to breakage. Ignoring
these missing channels, the single-hit efficiency is found to be 99.2% from a study
of hits on tracks in Z° — p*u~ events. In dense track environments, multiple hits
on the same wire are found to be cleanly resolved in 80% of cases where the hits
are separated in drift distance by 2.5 mm or more. From Monte Carlo the ability to
find tracks given these hit efficiencies can be gauged. For tracks inside hadronic jets
with a momentum above 0.1 GeV/c and in the the barrel region, the track finding
efficiency is determined to be 97.9%.

The intrinsic resolution in the r — ¢ plane (o,4) based on triplets of adjacent

13y, and «f found by the calibration procedure represent averages over all radii.
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hits in Z° — utu~ events is found to be 135 um averaged over all drift distances.
Figure 3.20 shows the measured variation in 0.4 as a function of drift distance.

The observed variation is familiar to that seen earlier when considering the CV (see
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Figure 3.20: The triplet hit resolution ¢4 as a function of drift distance. From [51].

Figure 3.14) and has the same explanation. This single hit resolution is degraded
by a factor of 1.5 due to the effects of overlapping pulses, when considering hits

separated by less than 3 mm.

Based on the 3~ do between muon tracks in Z° — p*pu~ events, the impact param-
eter resolution from CJ tracks only is measured to be o4, = 160//2 = 113 pm. The
resolution close to the event vertex from OPAL tracking however, is dominated by
the presence of CV hits and is discussed in the following Section 3.3. The momentum
resolution in Z° = u*u~ events is measured to be 0, /p? = 1.5x1073 (GeV/c)~! cor-
responding to 6.8% at p = 45GeV/c.

In the s — z plane, an intrinsic coordinate resolution of ¢, = 4.5cm and o, =
6.0 cm is measured for tracks in Z° — p*p~ and multi-hadronic events respectively.
These resolutions translate into 1-2% of a wire length which is typical for the charge

division method.
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3.3 Central Detector Tracks

The merging of information from CV, CJ and CZ to form composite CT tracks
of the CD is achieved in two steps. The first is pattern recognition where track
segments from the sub detectors are compared and associated to define a CT track.
The second is track fitting to obtain the track parameters and their associated

covariance matrix.

Pattern Recognition

By default the order in which associations are made is to first match CJ with CV
axial segments, then with CZ segments and finally with CV stereo segments. A CJ
track segment is a necessary and sufficient requirement for a CT track.

For the first step, each CJ track and both ambiguities of each CV axial segment
are extrapolated to a cylinder of length 300 cm and radius 13.25cm (i. e. mid-way
radially through the CV axial layer). Candidate matches are decided on the basis of
likelihood comparisons formed from the cylinder intersection coordinates and their
uncertainties. A similar procedure is followed for the merging of CZ and CV stereo
segments to the CJ track. After each stage of matching is complete, the CJ track
r — ¢ parameters are updated by imposing the intersection point of the CV segment
with the cylinder as a constraint. These updates do not affect the final fit but help
to improve the pattern recognition efficiency.

3.3.1 Track Fitting

After track merging is complete, the list of hits from the associated segments are fit
as a single track separately in the r — ¢ and s — z planes.

Before fitting in r — ¢ commences a pass is made through the residuals of CJ
hits to the final CJ track fit, and any points greater than 3¢ from the track are
ignored by subsequent fits, by setting their weight to zero. A track fit is then made
to all of the points, using a method due to Billoir [52] that constantly updates the
track parameters as each hit is added, with the effects of multiple scattering taken
into account at each step. In the absence of multiple scattering, this procedure
reduces to a circle fit. It is necessary however, to adjust the covariance matrix ‘by
hand’ to take proper account of multiple scattering occurring between the CV and
CJ (e.g. in the CV stereo foils and the carbon-fiber tube), for which the Billoir
implementation is inappropriate. In addition the covariance matrix is adjusted for
the effects of systematic measurement errors e.g. due to imperfect calibrations.
Systematic adjustments can be made: (1) at the CJ track-segment level i. e. before
any CV points have been added or (2) after the fit to all points. Changes of the
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first kind have effects both on the resulting CT-track parameters and the covariance
matrix whereas those of the second kind affect terms only in the covariance matrix.
The systematic corrections applied are collected together in Table 3.3. If after the
first iteration, hits still exist that are > 30 from the track trajectory, they are
dropped as before and the fit repeated. Because of the strong correlation between
r — ¢ and z that exists for CV stereo hits, they are ignored in the r — ¢ track fit by
setting their weights artificially low.

l Covariance Element | Level of Adjustment | Size (cm)
=) CJ (1.0 x 1076)2
030 d0 CJ (1.0 x 107#)2
03 d CJ (1.5 x 1072)2
o2 s CJ (0.15 x 1071)?
o2 . CJ (3.0)?
o2 . CT (3.5 x 107%)?

Table 3.3: Systematic corrections to the covariance matrix made by the CT processor. The level
of the adjustment refers to whether the change was made at the CJ track level (before the track
fit included information from CV or CZ) or after the fit to all hits associated with the CT track.

The fit in the s — z plane follows that in r — ¢. Any hit already dropped from the
fit in 7 — 4 is also ignored in s — 2, and then the same procedure for the discarding of
hits is applied to the z coordinates. A linear fit is performed in s — # to determine

“the Zo and tan A of the track, where s is calculated from the r — ¢ position of each
hit. If there are CV stereo points on the track, the z coordinates are updated using
the stereo drift time measurements and the CT fitted trajectory in r — @.

Figure 3.21 illustrates the reconstruction of an isolated track from a  multi-

hadronic event. All hits including noise and unresolved left-right ambiguities are
displayed in CV, CJ and CZ.

3.3.2 Performance

For tracks in multi-hadronic events, a study was made to measure the CV-CJ track-
segment matching efficiency of the CT pattern recognition process. The efficiency
calculation was based only on CV axial tracks that might reasonably be expected to
pick up a CJ match. The criterion for this was the requirement that the extrapolated
CV track crossed an imaginary cylinder of radius 100 cm and half-length 200 cm.
The fraction of these tracks that were then subsequently merged into a CT track
definition was found to be 90.7£0.3 %. On average, 65.4 £ 0.2% of CT tracks are
found to contain a match to CV axial track segments and of these 93.3% are to the

preferred left-right ambiguity as determined by the CV anode wire stagger. If we




8.3 Central Detector Tracks 75

Figure 3.21: An example of a CT-track fit. The reconstructed track had a trajectory which followed

closely a CJ cathode plane and, in fact, traversed the plane before reaching the CZ. Hits associated

with the ambiguity of the track and with low momentum tracks are also visible (only CT tracks
with a momentum > 0.6 GeV/c are displayed).

require that the CT track be matched to any CV information (i.e. from axial or
stereo) then the fraction with CV information increases to 77.4 £ 0.1%. Further,
the CV hit adding process that runs after track matching has been attempted, is
seen to account for 10.9% of all eventual matches of CV axial information onto CT
tracks.

An indication of the spatial resolution attainable in the r — ¢ plane from the
dy of tracks in multi-hadronic events is given in Figure 3.22(a). The distribution
gives clear evidence of the improvement in resolution attainable when CT tracks
contain CV space points. The broader distribution corresponds to tracks that had
no associated CV axial hits. A realistic measure of the intrinsic impact parameter
resolution achieved by CT tracking is given by studying the ‘miss distance’ in r —
 of tracks extrapolated to the beam axis in p-pair events. These high momentum
tracks are essentially free from the effects of multiple scattering and the method is

independent of any beamspot determination. A Gaussian fit to such a distribution,
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Figure 3.22: (a) The dy distribution (corrected for an estimate of the beamspot position) for tracks

that contain no CV axial hits compared to the case where at least ten axial hits are associated
¢ with the track. The tracks come from multi-hadronic events and have a momentum greater than
« 1GeV/c. (b) A Az distribution for p-pair events.

: requiring the tracks to contain CV information, produced a standard deviation of
60 pm corresponding to a resolution of 42 ym.

The resolution attained in the s — z plane can analogously be evaluated from the
distribution of z difference (Az) presented in Figure 3.22(b). The central narrow
peak is due to tracks containing hits from CV stereo sectors and CZ, with the much
broader background corresponding to tracks whose z information comes only from
the CJ measurement. We find that the resultant resolutions in z are 1.2mm for
tracks containing both CZ and CV stereo information, 26 mm for tracks without

CV stereo information and degrades to about 45 mm in z for a track containing only

CJ hits.




Chapter 4

Multi-hadronic EVeht

4.1 Introduction

The products of a high energy e*e™ annihilation are often the result of a long chain of
complex intermediate processes. In practice this means that the record of the event,
as given by a detector, offers only indirect information on any one of the physics
processes that may have occurred between the initial and final state. A powerful tool
for unfolding the contributions that these various processes make to an event record,
is the direct comparison of the data with an accurate event simulation implemented
via a Monte Carlo computer program.

This technique is used extensively in Chapter 5 to help evaluate the merits
of various schemes able to identify b-quark decays of the Z°. The comparison of
data with a Monte Carlo simulation is also the method by which, in Chapter 6, a
measurement of the mean B-hadron lifetime is made. It is therefore essential that
the simulation contains all of the major known physics processes and detector effects
that give rise to the observed properties of the data.

This chapter describes the content of a Monte Carlo data sample produced for
the physics analysis of Z® — bb events specifically. Particular attention was paid to
achieving an accurate description of the production and decay of bottom-flavoured
quarks and hadrons. In addition, a detailed study was made into modelling the
response of the Vertex Detector in the data. This is particularly important since
CV information on tracks proves to be essential in order to study the decay of
B hadrons which occur well within the radius of the OPAL beampipe.

We consider the task of simulating ete™ annihilation in the OPAL detector as
dividing naturally into two distinct areas: The first is the event generation itself
where the topology and content of the event are chosen, where possible, according
to analytical Standard Model results. The second then deals with simulating the
passage of the particles generated through the detector so mimicing the effect of
detector acceptance, efficiency and imperfections on the data. We conclude the

chapter with a look at the relative success of this procedure via a comparison with
data.

7
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4.2 FEvent Generation

Event generation is performed within the framework of the JETSET [53] Monte
Carlo (version 7.2), which originates from studies made in the early 1980’s by the
Lund Theory Group [54] into understanding jet fragmentation. With reference to
Figure 4.1 we consider the event generation in four main stages: (1) primary quark
production, (2) perturbative QCD (the parton shower), (3) non-perturbative QCD
(fragmentation) and (4) the decay of unstable particles. Following loosely these four

@

Figure 4.1: The stages of multi-hadronic event generation.

stages we now review aspects of the event generation pertinent to the production of
b quarks and hadrons.

4.2.1 Primary Quark Production

In JETSET the relative probability for producing a quark pair qsd (of flavour f =u,
d, s, ¢, or b), is calculated based on the lowest order electroweak cross section for
the process, ete™ — v/Z° — q¢G;. QCD final state loop corrections to second order

are included as are QED radiative corrections based on the first order results of [55].
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Initial state radiation, of at most one photon, is possible between the soft and hard
photon cut-off limits of 1% and 99% of the beam energy. The non-default JETSET
option of allowing photon emission from the quarks and antiquarks of the parton
shower phase (see below) is also chosen. The QED vacuum polarization diagram is
included but there are no weak loop effects. |

In Table 4.1 we list the assumed Standard Model parameter values that are input
to JETSET.

JETSET Name | Value Parameter Definition
PARU(101) 0.0072974 Clem,
PARU(102) 0.2307 sin? Oy
PARJ(123) 91.154 GeV myg,
PARJ(124) 2.482 GeV Iz
PARJ(122) 0.5 GeV Ayis
PMAS(C6,1) 100.0 GeV mg
PMAS(C25,1) | 100.0GeV mu

Table 4.1: The Standard Model input parameter values to JETSET 7.2

4.2.2 Perturbative QCD-The Parton Shower

It is the radiation and subsequent fragmentation of gluons from the final state quark
pair that gives rise to the multi-jet topologies common in high energy e*e™ annihila-
tions. As mentioned in Section 1.3 current matrix element calculations are complete
only to second order and hence can describe at most four partons in the final state.
That this is insufficient for an accurate description of the LEP data can be gauged
by Figure 5.10, which shows the clear existence of five-jet events in the data.

For a more realistic description of the data we choose a phenomenological ap-
proach known as the JETSET parton shower. Here, a quark-gluon shower develops
(analogous to an electromagnetic shower) caused by the continual application of
the three basic branchings, q — qg, g — qgand g — gg, as illustrated in Figure 4.2.
This model yields an arbitrary number of partons in the final state.

The formalism for the parton shower model is that of the Leading Logarithm
Approximation (LLA) of QCD, where the probability that a parton branching p, —
pype can occur is specified by the Altarelli-Parisi equations [56]. The development of
the shower is terminated by imposing a minimum mass-squared value (Qo) to which
partons may evolve. This cutoff point then marks the scale at which perturbative

theory breaks down and non-perturbative fragmentation models must be invoked
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Figure 4.2: Schematic picture parton branchings in a parton shower.

(see Figure 4.1). The parameter (), together with the QCD scale parameter value
relevant within this approximation (Arpa'), allow the parton shower phase of event
generation to be effectively ‘tuned’ to best describe the data. Optimum values for
these parameters were determined via a comparison of JETSET to OPAL data using
a selection of event shape variables (some of which are defined in Chapter 5). Details
of this procedure can be found in [57] and the resulting parameter values are listed
in Table 4.2.

Finally, the JETSET parton shower incorporates an angular ordering to account
for soft gluon coherence effects. OPAL, for example, has shown [58] that the in-
clusive momentum distribution of charged particles in multi-hadronic events is only
correctly described by models that include this phenomenon. The JETSET imple-
mentation involves ordering the opening angle between the daughters of a branching

parton in a decreasing fashion.

!The magnitude of Apr4 essentially determines the extent to which partons will branch.
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{ Parameter ' JETSET Name | Default Value | Optimized Value ”

ArLa PARJ(81) 0.40 GeV 0.29700% GeV

Qo PARJ(82) 1.0GeV | - 1.0205Gev

o, PARJ(21) 0.35GeV | 0.3773% GeV

| PARJ(41) 0.50 0.18+0:62

b PARJ(42) 0.90 GeV~2 0.34 GeV~2

€ PARJ(54) - 0.037+9:3%2

& PARJ(55) - 0.003573:954%

Table 4.2: JETSET parameter values tuned to OPAL data.

4.2.3 Fragmentation

To describe hadronisation subsequent to the termination of the parton shower phase,
at characteristic momentum transfer scales of Q% ~ 1GeV?/c? (see Figure 4.1),
models of fragmentation must be invoked to describe the emergence of hadrons.

The JETSET approach is founded on the Lund model. Here the confinement
potential of QCD is modelled by the introduction of a uniform one-dimensional flux
tube, or string, that links partons of a colour singlet state. For simplicity if we focus
just on the development of a quark-antiquark pair (qodp) moving apart back-to-
back, then as they do so the potential energy stored in the string increases and the
string may break by the production of a new qiq; pair. The system now contains
two string segments, qoqy and qido, which can form two colour singlet mesons or
continue to break into smaller pieces by qg production if the invariant mass of the
string pieces is large enough. '

The qg pair produced at each string break are assigned equal and opposite mo-
mentum (p;) transverse to the string direction of a magnitude that is controlled by a
Gaussian distribution with mean zero and standard deviation o4. Mesons produced
by the above model would then have transverse momenta given by the linear sum in
p; of their q§ constituents. To completely specify the energy of the meson requires
also the selection of the longitudinal momentum component (p;) along the original
string direction. To see how this component is assigned, we consider the initial
quark qo with an energy of Ey and total momentum of po (po = (p1)qy, (Pt)qe = 0)-
By defining the variable?,

W_|_0 = Eo + Po (4:1)

the longitudinal kinematics of the primary or ‘first-rank’ meson qoq; are then given

2Use of the light cone variable, W, ., instead of for example E or p; separately, ensures that
the fragmentation process is Lorentz invariant.
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Wi = (E+p)gq =2 Wio (4.2)

Qo1
where the fraction z; is chosen randomly from a probability distribution f (2), termed
the fragmentation function. This procedure then leaves a fraction, (1—2) W44, to be
taken by the q; parton which may itself form part of a second rank meson 1G> (see
figure 4.3) whose share of the available longitudinal momentum, z,, would again

s o Tt s ad S Qo 4
m from exactly the same fragmen unction. Since this

q,( P, W,) >-

quh( pro- P.n ’ Z1W+)
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Remainder

Figure 4.3: The iterative sharing of energy and momentum in the Lund-string fragmentation model.

fragmentation scheme must be independent of which end of the string the process
begins at, the string breaking process is chosen at random to happen at either end
with equal probability. The procedure described here continues until the situation
arises where, just after a string break, the mass of the remaining string segment falls
below a certain cutoff value. At this point it is decided that at the next string break
two final hadrons will be produced rather than the usual hadron plus remainder of

the fragmenting system.

JETSET fragmentation pulls quark pairs (i.e. qidi,qadz, . . .) from the vacuum
in the ratio ui:dd:ss = 1 : 1 : 0.3. Thus there is no production of ¢ or b quarks

from the fragmentation process.

Within the Lund model, two types of fragmentation function were used depend-

ing on the flavour of the generated quark pair. For light quarks (u,d,s) a function
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first proposed by the Lund group [54] was made:

$e) o 22 e (=200) (43)

This function has essentially two free, but highly correlated, parameters ‘a’ and ‘0’

and varies with the transverse mass (m:) of the hadron produced 3. The correlation
means that in practice only one of the parameters need be adjusted (in our case ‘a’)
when determining the optimum value that best describes the data. The value chosen
for the parameter oy, associated with the assignment of transverse momentum, was
made also by tuning JETSET to OPAL data and is described in [57]. The values
selected for these parameters are presented together in Table 4.2.

Theoretical predictions and now a wealth of experimental evidence supports the
fact that fragmentation functions used for heavy (c and b) quarks should peak at
larger z values than is the case for light quarks i.e. they show a ‘harder’ fragmen-
tation. That this should be the case is naively explained if one considers attaching
a light quark q; to a heavy quark qo. The large mass difference means that the
lighter quark will decelerate the heavier by only a relatively small amount during
the fragmentation process and so the meson combination qoq; will carry almost the
full energy of qo. For heavy quarks the fragmentation function chosen was that
proposed by Peterson et al. [59]:

1
[1-(1/2) - /(L= 2))°

This choice has the advantage of having only one free parameter, €4, for each heavy

f(z) o . (4.4)

flavour q.
Values for ¢, were chosen so as to be consistent with recent OPAL results. From
a study of D** production [60] OPAL has measured the quantity,

(zg),_p» = 0.52 £ 0.03(stat.) & 0.01(syst.)

where (zg),_,p+ = Ep+/Ebeam. Assuming that (within the measurement errors), this
result holds for the fragmentation of a charm quark into any charm hadron we can
convert this result into a value for €. with the aid of Monte Carlo (see Figure 4.4).
We obtain a value e, = 0.03773533 where the error corresponds to conservative limits
given the measured uncertainty on (zg)__ p«.

OPAL has also made a detailed study of bottom quark fragmentation by utilising
the momentum spectra (p(u) and p:(¢)) of muons from semi-leptonic B meson decay
[61]. This analysis uses JETSET as described with the fragmentation function
of equation 4.4 for heavy flavours to produce distributions of p(p) and p;(p) as

3m? = m2 + p?, where myg is the rest mass.
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Figure 4.4: The variation of (zg) for the first rank hadron produced in ¢ quark fragmentation as
a function of the Peterson-function parameter (ec). The value for €. chosen for use in the Monte
Carlo is indicated. Adapted from [62].

a function of some suitably defined fragmentation variable. Then by fitting the
- p(p) against p,(p) spectrum to the equivalent distribution in data, a value for ¢, that
best describes the data is obtained.

Figure 4.5 shows how (z) and (zg) (calculated for the first rank hadron in each
case), vary as functions of the fragmentation parameter e,. Having derived (z), from
a fit to the p(p) against p;(u) spectrum, the Monte Carlo can be used to express the
result in terms of variable zg:

{(zp), = 0.726 £ 0.007(stat.) &+ 0.022(syst.)

+ Using Figure 4.5 this result translates into a value for the Peterson parameter of
& = 0.0035%0009e. This value was subsequently used to describe the fragmentation
of b quarks with the fragmentation variable defined according to Equation 4.2.
Figure 4.6 shows the shape of the Peterson function for the heavy flavour parameter
values chosen.

In the Lund model gluons are treated as energetic kinks in the string that
stretches between the quark and antiquark as illustrated in figure 4.7. For events
where hard acollinear gluon Bremsstrahlung has taken place, the gluon will itself
initiate a jet of hadrons by the string breaking on either side of the kink with the

- associated production of q§ pairs. This then leaves effectively colour singlet systems
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Figure 4.5: The variation of (zg) and z for the first rank hadron produced in b quark fragmentation
as a function of the Peterson-function parameter (ey). The value for €, chosen for use in the Monte
Carlo is indicated. Adapted from [62].

that can fragment separately in the way described above. In the case of soft gluon
emission, the gluon tends to be decelerated by the tension in the string and loses its
energy before any breaks develop. The fragmentation of the system then proceeds
as for a two jet event with the effect of the gluon being to introduce an a,cbllinearity,

and hence p;, into the qg system.

Figure 4.7 illustrates the absence of a string directly connecting the quark and
anti-quark in the case of a gluon also being present. A consequence of this is that
the Lund model will generate a larger number of fragmentation products between
quark-gluon or antiquark-gluon jets than between the quark-antiquark jets. This is
commonly known as the ‘string effect’ and the predictions from JETSET are found
to be in good agreement with measurements (e.g. from OPAL [67]). Note that an
asymmetry of this kind between jets is also a consequence of soft gluon coherence

mentioned in section 4.2.2.

A complication to the above picture of meson production from the string model
is the production of baryons. In JETSET a baryon can be produced by one of
two mechanisms with equal probability: The first works by simply replacing the
production of a quark-antiquark pair at a string break with the production of an

diquark-antidiquark pair i.e. qo — d1q2 + qoq192 (in the same numbering scheme as
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Figure 4.6: The form of the Peterson et al. fragmentation function for values of ¢, and €p chosen
for.the generation of JETSET events.

- used in figure 4.3). Hence baryon-antibaryon pairs are produced in a directly anal-
ogous way to that of mesons seen earlier. Parameter values associated with diquark
- production are listed in table 4.3. The second mechanism [53] allows fluctuations
in the colour field between the initial quark pair causing quark pairs to ‘pop-out’
one pair at a time from the field. If two such pairs appear both with colour charges
different from one another and from the initial pair then a baryon-antibaryon pair

can form.

S 4.2.4 Heavy Flavour Particle Content

- Both the pseudoscalar and vector meson multiplets are contained in the Monte Carlo
together with the ‘octet’ and ‘decuplet’ baryon multiplets.

In Z° — cE events the production ratio of vector to pseudoscalar mesons present
in JETSET is 3:1 (see Table 4.3). This results in charmed hadrons being present
in the proportions D% D*: DF: A= 55 : 25 : 12 : 8, where A, represents all

. charmed baryons. The excess in D® mesons is not due to any asymmetry in creating
uli and dd pairs from the vacuum but rather an asymmetry in the decay of vector
. D mesons into charged and neutral pseudoscalar states. The charged vector meson
decays into both neutral and charged states with equal probability. The decay of

the D*® meson into a D*r~ final state is however kinematically forbidden, leaving it
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Figure 4.7: The development of a fragmenting quark-antiquark-gluon system in the Lund model.
The numbers indicate increasing time slots in the evolution and the direction and magnitude of
final state hadrons are indicated by the arrows.

to decay 100% of the time into a D°7°/y. The relatively low rates of DF and baryon
production are the result of the suppression (see Table 4.3) of strange quarks and
diquarks from the vacuum.

For the B sector, JETSET again sets a vector to pseudoscalar ratio of 3:1 but
there is no associated enhancement of B® production. Vector B mesons are assumed
to decay electromagnetically since the vector-pseudoscalar mass difference is thought
to be ~50 MeV. Hence the sign-changing process, B* — Br¥ is strictly forbidden.
The subsequent proportions of bottom hadrons given by JETSET are B B*: BY:
Ap= 39.5 : 39.5 : 12.0 : 9.0, with Ay representing all b-flavoured baryons. The
relatively low proportion of BY and Ay, is again due to the suppression associated

with pulling strange quarks and diquarks from the vacuum.

4.2.5 Heavy Flavour Decay - EURODEC

Before being forced to decay, B and D hadrons are tracked in the detector volume
to distances dictated by their assigned mean lifetimes. Table 4.4 lists the lifetimes
of all heavy flavour hadrons in the Monte Carlo that are assigned values different

from zero.

The decay of all hadrons containing a c or b-quark was performed by interfac-
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JETSET Name | Value | Parameter Definition

PARJ(2) 0.3 | s:(u or d) quark-production ratio in the colour field
PARJ(1) 0.1 | Diquark:quark production ratio in the colour field
PARJ(3) 0.4 | Extra suppression of strange diquark production
PARJ(4) 0.05 | Spin 1 diquark suppression factor

PARJ(11) 0.5 | Probability that a light meson (containing u,d

quarks only) formed in fragmentation, has spin 1
PARJ(12) 0. Probability that a strange meson has spin 1

(
\
PARJ(13) 0.75 | Probability that a charm or heavier meson has spin 1

Table 4.3: Values of JETSET para,méters specifically relating to fragmentation.

ing the JETSET algorithm to the EURODEC package [66] which contains a more
comprehensive treatment than the default.
The philosophy behind the EURODEC approach to particle decays is to firstly
calculate a maximum phase space weight based on the particle masses present for the
- decay mode in question. The momenta of the decay products are then distributed
. according to the phase space available. With the decay kinematics now fixed, and for
the case of three-body modes only, the matrix element-squared is calculated based on
a V-A weak decay matrix when dealing with pseudoscalar decays and a pure vector
.- current element for use with vector particles. The matrix element-squared then
introduces an additional contribution to the weight and all elements are normalized
so as to ensure their maximum weight never exceeds one. Two-body heavy flavour
decays are treated according to pure phase space with the decay branching fractions

taken largely from experimental data.

For the case of charm decays, the maximum allowed number of particles in the
final state is three and approximately 22% of the D* and 39% of the D° decays are
two body modes. About 90% of the exclusive decay modes of the D° and D+ are now
known and that EURODEC reproduces well both the exclusive and inclusive decay
rates measured from the data can be seen in [66]. Further, Figures 4.8(a) and (b)
show that the charged particle multiplicity from D-meson decay is also adequately
reproduced by the EURODEC prescription for decays.

Particular attention has been paid in EURODEC to ensure accurate modelling

~ of the semi-leptonic momentum spectrum from B decays. The inclusive semi-
leptonic branching fraction is set to 11.6% and the kinematics for the process
B — D(D*)¢X are assigned according to the weak matrix element. Figure 4.9(a)

compares the predicted electron spectrum from B decays at rest with CLEO data
taken at the T(45).
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Particle P.D. G. Monte Carlo
| Lifetime (ps) [15] | Input (ps)
D° 0.42 £ 0.08 0.43
D+ 1.07 £ 0.02 1.07
D} 0.45 £0.03 0.44
AF 0.19%53 0.18
=t 0.301336 0.43
=0 0.0830:53 0.43
o ; 0.43
(B hadrons) 1.29 +£0.03 1.30

Table 4.4: The lifetimes of heavy flavour hadrons assigned in the Monte Carlo. All B sector hadrons
are assigned the same lifetime reflecting the large uncertainties presently associated with attempts
to measure specific B-hadron lifetimes (see Section 6.1.2). The mean D-hadron lifetime from these
numbers, weighted by the relative abundance of D-hadron species present in JETSET, is 0.52 ps.

Approximately 62% of the B decay modes are modelled as two and three-body
decay final states. The remaining 38% are decayed according to B — D(or D*)ud,
where the quarks are allowed to fragment so forcing the total multiplicity in the
final state to be larger than three. The production ratio D®:D* from B decays of
63.4:28.8 reproduces well the experimental data (see Table 4.5) and Figure 4.9(b)
shows that the main features of the D® momentum spectrum from B decay are also

well modelled. This is true also for D¥ mesons (not shown).

Inclusive decay mode EURODEC Experiment (%)
Branching Ratio (%)
B—-D°X 63.35 63.0 £13.0
D+ X 28.78 28.0 £10.0
Df X 9.97 11.0 £4.0
AFX 7.39 70+ 3.0
J/¢vX 1.11 1.07 £ 0.003
P X 0.0047 0.005 % 0.003

Table 4.5: A comparison of B exclusive decay modes as given by the EURODEC package compared
to experimental data collected at the Y(4S) by the ARGUS and CLEO Collaborations. From [66].

The production of DI mesons via B-meson decay can occur via the two-body
channels: B — DD,, D*Ds, DD*, D*D? with 50% probability and the rest of the
spectrum described by decays of the type: B — DX (X — multiplicity > 2), D.DX’
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Figure 4.8: EURODEC D-decay multiplicity predictions compared to experiment for: (2) D decay
and (b) Dt decay.

where the D, and D may be either a pseudoscalar or vector meson. The phase
space suppressed mode B — D;D¢X can also contribute. Table 4.5 shows that the
resulting inclusive rate to D, from EURODEC is in good agreement with experi-
ment representing a marked improvement on the JETSET approach (which agrees
with experiment only within a factor two for this branching fraction). In addition,
Figure 4.9(c) shows that within the errors, the predicted D} momentum spectrum
is consistent with the measurements of ARGUS and CLEO.

B decays to charmed baryons are implemented with an overall rate of 9%. Ta-
ble 4.5 shows that over 7% accounts for A; production but decays via 2 and =2 also

contribute.

Figure 4.9(d) presents the charged particle multiplicity in bb events as measured
by CLEO at the T(4S). The EURODEC prediction is shifted to higher values in
this comparison (mainly because the data are uncorrected for detector efficiency)
but the overall shape of the distribution is reasonably well modelled. The mean
charged multiplicity from B decay seen in our Monte Carlo sample is 5.27. This
number can be compared with care to measurements at the Y(4S) ranging from,
5.5 4 0.03 £ 0.15 CLEO (1982) [63] to 5.75 # 0.10 & 0.10 CLEO (1986) [63], which
include contributions from A and K? decays.
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4.3 Simulating The OPAL Detector

4.3.1 GOPAL

The OPAL Monte Carlo program GOPAL [64] provides the framework inside which
all aspects of data simulation are performed producing as output a copy of the OPAL
raw data structure. For our purposes GOPAL provides the interface to the JETSET
event generator and ‘tracks’ the resulting particles, using the GEANT3 package
[65], through sensitive volumes representing the various components of OPAL with
realistic descriptions of the many materials and tracking media present.

The tracking stage essentially comprises storing the position and momentum of
particles as they traverse sensitive volumes and is very c.p.u.-intensive. The majority
of the time is spent tracing the development of electromagnetic showers in the lead
glass calorimetry. Because of this the Monte Carlo data produced specifically for the
present analysis is based on the charged track information of the Central Detector
only.

When the GEANT tracking is complete GOPAL enters the digitization phase
where the track hits that go to form the raw data are produced based on a simulation
of the detector response. The modelling of the Vertex Chamber response is dealt
with in detail in the next section. The various aspects taken into account when
modelling the Jet Chamber response include:

e Drift time resolution as a function of drift distance and track angle, which

determines the spatial precision attainable in the r — ¢ plane.

o The charge resolution, which determines the precision of the z coordinate and
of the dE/dz measurement. The effects of saturation, cross-talk, attachment,

anode wire stagger etc. are addressed.

e Noise in the chamber, either correlated with hits (e.g. pulse splitting) or un-

correlated (e. g. synchrotron radiation).
o Resolution degradation of multiple hits on wires.

e Resolution degré,dation due to the effects of §-rays produced below the thresh-

old for simulation.

e General detector inefficiencies.

The output of the digitization comprises values of drift time, z and charge which
essentially mimic the output of the sub-detector online data acquisition system. The
final step in the simulation process is then the reconstruction of the event by ROPE
1.e. exactly the same reconstruction chain as that used for data and utilising the

same calibration constants..
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4.3.2 Modelling the Vertex Chamber Response

The accurate modelling of the response of a drift chamber to the passage of charged
tracks, especially in a dense jet environment, is a complex task. This section de-
scribes an attempt to improve and extend all aspects of reproducing the Vertex
Chamber raw data, deemed necessary before any physics analyses dependent on CV
information could proceed.

Unless explicitly stated in the following, all reference to tracks implies track
segments reconstructed internal to the Vertex Chamber using the CV processor
(as described in Chapter 3). The version number from which the results of this
investigation take effect is GOPAL126 and earlier version numbers represent previous

iterations of detector simulation.

Wire Noise

We define wire noise in the chamber to be, for any wire, the mean number of hits
per event that are unassigned to a track fit. The probability per wire per beam

4 To accurately

crossing is found from a data sample of random beam crossings
model the variation of noise with radius through the chamber, separate noise levels
for each radial wire plane in CV were implemented i. e. 18 separate noise levels. The
agreement between data and Monte Carlo for the level of unassociated hits in events

with ‘physics’ triggers is shown in Figure 4.10.

First Hit Properties

To find the chamber efficiency for first hits on wires, we used two different measures.
The first, termed the ‘counting’ efficiency, takes tracks in CV formed entirely from
first hits and asks which hits are missing from those expected, given the start and
end point of the track. In this way an efficiency for each wire, except those at the
inner and outer radius of each axial and stereo sector, can be formed. The second
method, termed the ‘swimming’ efficiency, is based on tracing an identified track
through the cell and determining if a given wire would reasonably be expected to
register a hit on the track. An efficiency is then derived from the number of cases
where the expectation is fulfilled.

As for the case of noise levels, the capability to set different first-hit efficiencies
for each radial wire plane was introduced. This was necessary in particular to model
the degradation in efficiency around the first wire in axial sectors. The efficiency
one finds for muon-pair data from the counting or swimming method is higher by on

average 1-2% than that seen in multi-hadronic tracks formed from first hits on wires.

4i e. a data sample originating from random beam crossings for which the trigger decision was
ignored. '
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Figure 4.10: The noise level in CV as found from unassociated hits. The data are muon-pair events
from 1990 and the Monte Carlo generator is KORALZ.

- This discrepancy is believed to be due to increased coherent noise effects associated
- with the dense track environment of multi-hadronic events. It has not been possible
to understand and model such effects in the time available and so a compromise
first hit efficiency value of 96.7% was chosen for the axial sectors for all wires except
the first, where a degraded efficiency of 96.5% is preferred. In stereo, all evidence
suggests a slightly higher efficiency of 97.5%. Figure 4.11 plots both the swimming

and counting efficiency as a function of CV wire number for multi-hadronic events.

In order to model the intrinsic resolution for hits, residuals to track fits made
using only first hits on wires were studied. The resolution as a function of drift
distance d is parameterised in terms of: the ‘best’ resolution, o,,;,; the drift distance
at which this resolution is achieved, dpmin; the factor by which the resolution is

degraded at the anode, fano4e; and the factor by which resolution is degraded at the
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Figure 4.11: The variation of CV hit efficiency as a function of wire number based on (a) a
swimming method and (b) a counting method for multi-hadronic events.

cathode, festhode. For drift distances less than dns, the resolution is then given by:-

2.5
dmin —d
0 = Omin 1+(d T ) (4.5)

— %min
(fa.node:_l)o'4

while for drift distances d > din,

d— dm'in |
0 = Omin I:]- + fcathode (d———_>] . (4:6)

maz dmin

In the above, dyqs is the drift distance to the cathode, and is taken to be 1.5 cm.
The form of this function is displayed in Figure 4.12. The first-hit residual resolution
is shown in figure 4.13 (as a function of drift distance) for multi-hadronic data and

compared to both the present simulation and a previous iteration of CV modelling.

All CV first-hit GOPAL parameters are collected together in Table 4.6.
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- Figure 4.12: The resolution function for first hits on CV wires implemented in GOPAL. The
function shown is based on parameter values valid for axial sectors.

Axial Sectors | Stereo Sectors
Hit Efficiency (wire 1 only) 96.7 (96.5)% 97.5%
Minimum Timing Resolution 1.15ns 1.40ns
Position of Resolution Minimum, d,;, 0.55 cm 0.55 cm
Anode Degrading Factor, furode 3.62 2.02
Cathode Degrading Factor, f.qthode 1.25 1.10

Table 4.6: CV first-hit parameter values for GOPAL.

- Second Hit Properties’

The efficiency and spatial resolution of the second of two hits drifting onto the

same wire are determined from the data. The efficiency is given essentially by the

- measured distribution of separations in drift distance between first and second hits.

Even given ideal two-hit resolution this distribution is not flat due to the collimation

~ of tracks in jets and the geometrical properties of the cell. As described in Chapter 3,

~ due to the intrinsic reset time of the electronics the detector is ‘dead’ with regard

to second hits for a period of just over 40ns leading to a ‘blank-out’ region. The

effects of the tail of the first pulse means that the efficiency for detecting a second
pulse rises over a finite distance but never returns to the full first-hit efficiency.

The shape of this ‘“urn-on’ function is determined by dividing the hit-separation

distribution seen in the data, by that expected for ideal two-hit resolution (obtain-
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Figure 4.13: The mean residuals to CV axial fits for multi-hadronic tracks made of first hits on

wires.

able from the Monte Carlo). The efficiency for registering second (or higher) hits

on wires is then modelled by the implementation of the following function:
Fona = Dapa (1 = ezp(—(8 — ao)/a1)) (4.7)

where, ao and a; are the determined blank-out and turn-on distances respectively,
Dy, is the overall degradation factor in the efficiency for second hits and & is the
difference in drift distance between one hit and an earlier one. The form of this
function is plotted in Figure 4.14. As a cross-check of the plateau level of the
F,,; function, the swimming efficiency method has been applied to tracks made
exclusively of second hits. In general as the wire number increases so the hit sep-
aration also increases and the efficiencies obtained tend toward the plateau value.
The asymptotic efficiencies obtained are seen to be in reasonable agreement with
the values obtained directly from the ‘shape’ analysis described above.

A summary of all second-hit simulation parameters is given in Table 4.7.
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Figure 4.14: The second-hit efficiency function applied to multiple hits on CV wires in GOPAL.
The function shown is based on parameter values valid for axial sectors.

| Axial Sectors | Stereo Sectors
Hit Efficiency Degrading Factor, Ds,4 0.87 1.00
Blank-out Distance, aqg 0.15cm 0.17cm
Turn-on Region, a, 0.15cm 0.08 cmm
Resolution Degrading Factor 2.2 1.7

Table 4.7: CV second-hit parameter values for GOPAL.

The CV Contribution at the CT-Track Level

Figure 4.15 presents the distribution of CV hits on CT tracks that have been as-
- sociated with CV track segments. The simulation is seen to be generally in good
'~ agreement with data largely as a consequence of modelling wire efficiencies realisti-
" cally. If however we ask for the mean number of CT tracks per event that contain
CV information we find,

Nizrp = 10.48 £0.05 (in data)
Ny = 12.81 £0.05 (in Monte Carlo).

These numbers are based on multi-hadronic event samples each of 5000 events, and
the tracks were required to contain six or more axial hits. Hence we see that there
is an excess of more than two tracks per event in the simulation relative to the data.

A discrepancy of this kind could introduce serious differences between the sim-
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Figure 4.15: The number of CV hits from axial and stereo sectors associated with CT tracks
from GPMH events. The distributions have been normalised to the same number of tracks. For
comparison, the previous iteration of Vertex Chamber modelling (GOPAL version 124) is also

shown.

ulation and data, particularly with regard to comparisons of spatial resolution. We
have already seen in Figure 3.22 the significant improvement in do resolution that
CV information on CT tracks brings. This implies that the impact parameter res-
olution in the Monte Carlo might be expected, at some level, to be better than
that found in the data due to there being a larger fraction of simulation tracks that
contain CV information. An immediate way around this problem is to only consider
tracks in both the data and Monte Carlo that contain some fixed number of CV hits.
In fact, due to the improved resolution attainable we shall for the analysis presented

in Chapters 5 and 6 only use CT tracks that contain six or more CV-axial hits.

A six-axial hit requirement will however result in there being, on average, about

two extra tracks per simulation event relative to the data. This is again an undesir-
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able situation since differences in the track multiplicity could introduce significant
. systematic effects between the simulation and data with regard to finding fitted
vertex positions (see Chapter 6).
A study was therefore initiated to account for how the simulation was overesti-
- mating the multiplicity of CT tracks containing CV hits. Clearly this effect could
be accounted for by a difference in the CV-CJ track segment matching efficiency
* during the CT-track making process. On the basis of the track multiplicities given
- on page 98, and assuming that the multiplicity of CV track segments going into the
matching process are identical between data and Monte Carlo, the efficiencies would
have to differ by ~ 20% to explain the effect. However as part of the study into the
matching efficiency of CV information onto CT tracks (quoted in Section 3.3.2), it
was found that there was at most a difference of 3% in the efficiency between data
and Monte Carlo.
Further investigations revealed that the origin of the discrepancy was in the CV
track multiplicity itself, where an excess of (on average) two tracks per event was
* measured in the simulation relative to the data. The bulk of the extra tracks were
. found to be due to those composed of second (or higher) hits on Vertex Detector
" wires. For these cases the cause was assumed to be residual second-hit effects,
unaccounted for by the correction procedure described in Section 3.1.8, and which
result in the CV segment no longer matching with the appropriate CJ segment. At
- a much lower level a similar excess was seen in tracks composed of first-hits on CV
. wires. In this case a likely cause are the effects of increased coherent noise in the
* chamber (not modelled in the simulation) associated with tracks present in a dense
track environment. Possible evidence for the presence of such an effect was seen in
Section 4.3.2 concerning the determination of the first-hit wire efficiencies.
As understanding and statistics improve, effects such as those mentioned above
are being either corrected for in the data or at least modelled in the simulation.
~ This however is an on-going process and for the purposes of this analysis, the CV
* track multiplicity excess was corrected for at the CT track level by simply stripping
* away tracks from the Monte Carlo to force agreement with the data. This was made

: possible since:

1. For subsequent analysis only CT tracks containing CV information were to be
used. If this were not the case, stripping away complete CT tracks from the
Monte Carlo only would result in a track multiplicity discrepancy at the CT

level.

2. The ‘extra’ tracks were distributed uniformly across a Vertex Detector drift

cell, allowing the track stripping to be performed in an unbiased way.
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Figure 4.16: Track multiplicities as a function of the azimuthal angle to the CV anode plane for

the two cases: (a) all associated CV hits are first hits on wires, (b) the CV information contains at

least one multiple wire hit. Similar distributions are shown in (c¢) and (d) after the Monte Carlo
track stripping process has been applied.

This second point is illustrated by Figure 4.16(a) and (b). Here we show distri-
butions of CT-track multiplicities (normalised to the same number of events) with
respect to the azimuthal angle that the track makes to the Vertex Detector anode
plane 5. The plots are made for CT tracks matched to 12 or more CV hits since
at the CT level the excess was almost entirely contained in this class of track. Fig-
ure 4.16(a) is made for tracks matched to CV hits that are all first-hits on CV wires
whereas the tracks that form Figure 4.16(b), contain at least one multiple CV-wire
hit. Clearly the level of discrepancy is much larger for tracks containing CV multi-
ple hits, making it necessary to perform the track stripping on the two track classes

separately.

5This angle is defined in Section 3.1.7
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A CT track was simply discarded if

R# < Elst(ﬁznd), (4.8)

" for Ry a uniform random number and where €;s¢, €54, take different values according

~ to whether the track stripping is applied to tracks containing first-hit CV information

or multiple hits. The result of this process can be seen in Figures 4.16(c) and (d),

which correspond to 6.9% of all CT tracks (i.e. with and without CV hits) being
_ discarded.

Following track stripping Figure 4.17 illustrates that the number of CV hits on

CT tracks, when normalised to the same number of events, is in good agreement

between the data and Monte Carlo. Consequently we find that the mean multiplicity
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Figure 4.17: The number of CV hits associated with CT tracks. The distributions are formed from
the same number of events in the data and Monte Carlo.

per event for tracks matched to six or more axial CV-hits becomes:

Ny = 1048 40.05 (in data)
Ny = 10.58 £ 0.05 (in Monte Carlo).

4.4 Comparing Monte Carlo With Data

That the JETSET 7.2 event generator reproduces well the global features (as char-

acterized by event shape variables) of Z° decays, is documented in [57]. We have
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seen in the previous section that the multiplicity of tracks in the Vertex Detector was
overestimated in the simulation due to the details of modelling detector response.
A measure of the multiplicity much less sensitive to modelling inside dense track
environments is given by considering the multiplicity of CT tracks (which coincides
with that measured by the Jet Chamber alone). From Figure 4.18(a) we conclude
that the simulation reproduces reasonably well the shape and mean of the data
distribution.

Figure 4.18(b) shows the comparison plot for the variable psy = {/pZ + p} i.e. the

momentum transverse to the z-axis. The agreement with data is seen to be good,

0.08 F

(a) L (b)

1/Ny dN/dmult
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Figure 4.18: Comparing data with Monte Carlo: (a) The CT track multiplicity per event. All
tracks pass a set of ‘standard’ quality cuts described in Section 5.2. (b) A distribution of track

momentum transverse to the z-axis (psy). No track cuts are applied.

as is the transverse momentum distribution with respect to a jet axis estimate
presented in Figure 5.12(b). Further, in Chapter 5 (see Figure 5.10) we find that
given some definition of a jet, the Monte Carlo reproduces accurately the overall jet-
rate observed in the data. Both the transverse momentum content and jet-rate of
events depend directly on the details of gluon radiation. We conclude therefore that
the parton shower approach of JETSET together with the tuned shower parameter
values for Az and Qo, appear to adequately describe the data.

Turning now to a comparison at the track level, we have already seen from
Figure 4.15 that the distribution of CV hits on tracks is quite well reproduced by
the simulation. That this is also the case when considering the distribution of CJ

hits associated to CT tracks can be seen in Figure 4.19.
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Figure 4.19: A comparison of the CJ hit distribution on CT tracks between data and Monte Carlo.
All tracks contain at least 6 CV-axial hits and have p,,> 0.6 GeV/c.

In Figure 4.20 we present the level of agreement in the three r — ¢ track param-
~ eters (k, goanddy) and in the track polar angle §. The analysis presented in the
following chapters, makes exclusive use of the particle tracking in the r — ¢ plane
and so a reasonable level of agreement in these quantities is essential. The only sug-
gestion of a systematic departure from the data distribution is in the dy distribution
(note that a semi-log scale has been used).

The discrepancy seen between data and simulation in the dy distribution has
. important consequences for the subsequent analysis. The resolution of tracks ex-
trapolated back to the interaction region is seen to be somewhat better in the Monte
Carlo than that found in the data. A closer inspection also reveals that the fraction
of tracks found in the distribution tails is underestimated in the simulation relative
to the data. We find in Chapter 5 that this discrepancy filters through to affect
the resolution attainable in a secondary vertex fit calculation (see Figure 5.15) and
hence affects also the precision of any decay length calculation based on the vertex
position (see Figure 5.17).

A good level of agreement with the simulation is clearly essential in order to
extract reliable measurements of parameters, and so in Chapter 6 we make use of
a ‘folded’ distribution to regain a good level of agreement with the data. This is

made possible by the ‘symmetric’ nature of the discrepancy which is evident from
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Figure 4.20(c).
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Figure 4.20: Comparing data with Monte Carlo at the track level: (a) & the track curvature, (b)
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Chapter 5

Tagging Bottom Events

5.1 Introduction

In order to study the physics of Z° — bb decay, a way must first be found. to discrim-.
inate or ‘tag’ these events from the background of charm and light-quark decé,ysi.

In this chapter we review and compare a number of tagging methods. Most of
these techniques have been applied in the past at lower energy ete™ experiments
and so emphasis is placed on the differences seen (if any) in the application of these
techniques to the LEP environment. In particular, this study was initiated in order
to determine a tagging method well suited to exploiting the spatial precision of the
Vertex Chamber which could then be used to study details of the physics of the
B-hadron.

All of the tagging techniques considered here can be split into two broad classes
which we shall term: kinematic variables and lifetime variables.

Any method based on the use of kinematic variables to separate quark flavours
relies on the parent quark mass being passed on in some way to the properties of
the offspﬁng jet. For the case of heavy flavours, such as jets from b-quarks, this
should manifest itself as a relatively high jet invariant mass or as a large momentum
component, transverse to the jet direction, carried by the hadrons or leptons of the
jet.

Methods based on the use of lifetime variables rely on the relatively long life-
time of heavy quarks bound up in hadrons, to produce decay products typically at
distances of order 1 mm per 10 GeV/c from the production point. The presence of .
a number of tracks in an event whose origin is offset from the rest, can then clearly
be used as the basis for a heavy-flavour tag, given a detector with sufficient tracking

resolution.

5.2 A Review of Tagging Techniques

The full Monte Carlo data sample of 60K multi-hadronic events as described in

Chapter 4 was used for the comparison of tagging techniques. To guarantee con-

1Unless otherwise stated we will always refer to u,d and s quarks as being generically ‘light’.
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sistency, and so aid direct comparison, the same event and track selection criteria
were applied in all cases. Only charged tracks that passed the following quality cuts

were used:

o p<60.0 GeV/c

Pey> 0.15 GeV/c

o |do] < 5.0 cm

|z0] < 50.0 cm

Number of CJ space points > 40
* x2, < 999.0

No information from neutral clusters in the event were used throughout this study.

Each event was split into two jets by the definition of hemispheres separated by
the plane perpendicular to the principle thrust axis of the event (defined below). In
addition, each event was required to be well contained in the detector volume by

passing the following requirements:
e |cos(fr)| < 0.8, where 07 is the event thrust axis polar angle.
e Each hemisphere must contain at least four tracks passing the quality cuts.

These quality cuts on events and tracks define what we refer to henceforth as
the standard cuts, which reduces the Monte Carlo sample to 39,173 events.

5.2.1 High p; Lepton Tagging

- To begin this section we briefly describe a heavy flavour tagging method that de-
; serves special mention but is not considered as part of the survey. Lepton tagging has
: traditionally been the most popular and successful means of tagging heavy flavour
- events.
Electrons and muons from the semi-leptonic decay of hadrons show a transverse
? momentum (p;) spectrum, that reflects the high mass of the parent (~ 5GeV/c?).
Figure 5.1 illustrates clearly that the hard end of the p; spectrum for muons, is
dominated by direct B decays and so makes a useful discriminating variable. Event
samples that are 70-90% pure in bb events can be attained with a selection efficiency

of < 5%, by typically requiring momenta in the range, p*> 3 GeV/c and pt > 1 GeV/c.

2With respect to some measure of the flight path of the decaying particle.
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Figure 5.1: The measured p; spectrum of muon candidates from various sources measured in OPAL
data. From [68].

Experimentally lepton identification proves to be relatively simple. Electrons can
be selected mainly through their specific ionisation in tracking chambers (d£/dz)
and by comparing the energy deposited in calorimetry to the track momentum
(E/P ~ 1), whereas muons traverse the calorimetry to leave track segments in the
surrdunding muon chambers which can then be matched to tracks found in the

central tracking chambers.

There are however a few important disadvantages and caveats linked to this
method in particular: Firstly, the semi-leptonic branching ratio is rather small (~ 10.
%) which necessarily results in a low B-tagging efficiency. In addition, the branching
ratio has presently a rather large error (~ 10 %) which directly filters through to
an error on physics measurements such as the Z° — bb branching ratio and mean
B-lifetime. Further, lepton identification can suffer from rather high backgrounds
which need to be well understood. Photon conversions, 7 and K decay all contribute
background sources of leptons in addition to hadronic contamination of the muon
sample from sail-through (hadrons that do not interact in the material) and from

punch-through (hadrons whose interaction products penetrate the material).

These factors make it worthwhile investigating other ways of tagging heavy.

flavours based on methods that utilize all decay modes of B hadrons.
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- 5.2.2 Event Shapes

The shape of an event is essentially a measure of how longitudinal and transverse

- momentum is shared among the various particles that make up the event. The

* details of how momenta are distributed in ete~ —» qq events is flavour dependent
and hence potentially a tool to be used for favour discrimination.

, The prediction, which is born out from the results seen by (for example) exper-
iments at PEP and PETRA, is for the mean p: content of b-jets to be higher than
for light-quark jets. As for the case of leptons this is just a reflection of the high
B-hadron mass. In addition however, the relatively high decay multiplicity of the B
leads to it’s momentum being shared over many particles and results in the mean
momentum of bb events being slightly lower than for u, d, s and ¢ events. This
combination of slightly higher mean p, coupled with slightly lower mean momentum
leads to b-jets being on average somewhat less collimated or. more isotropic in nature
than light-quark jets.

One way of quantifying this difference in shape is through the variables Spheric-

" ity and Thrust.

‘ Sphericity is defined in terms of the eigenvalues of a sphericity tensor formed

'~ from all N -particles seen in the event,

N
Map =3 piapip (o8 = z,y,2). (5.1)
=1

" This has normalized eigenvalues satisfying, Q; + Q; + Q3 = 1 and ordered so that,
0 < Q1 < Q2 < @3, in terms of which we can define the sphericity (S) and aplanarity
(A) of the event,

S = g(Ql-l-Qz) (5.2)
A = ng. (5.3)

" The sphericity axis is that direction along which the sum of the squares of the

N 3

;2 . o e
_transverse momenta, > ;' pt°, is minimized and

N 2
§= SLiz P 0<S<1). (5.4)

2zl
For extreme two-jet events S = 0 and S — 1 as the event becomes more isotropically
distributed. Aplanarity (0 < A < 0.5) is a measure of how flat the event is, with
extreme flat events having 4 = 0. _
In practice, sphericity (and aplanarity) present a problem when attempting to
compare data with theory due to their quadratic nature. This means that for a
given initial four-momentum of a system of particles, the sphericity will alter its
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value depending on the number of particles that the available four-momentum is
shared between. This then makes sphericity very sensitive to the details of modelling
fragmentation and to a lesser extent particle decay. The variable thrust (T") however,
is a linear measure of two-jet properties and as such is much less dependent on

fluctuations in the fragmentation.

i]il ‘P;I 1
T =maxT5 5 (— <T< 1) (5.5)

Y Pl \2
where, p; is the component of particle momentum along an axis, the thrust axis,
chosen so as to maximize T. An extreme two-jet event would therefore have T' = 1.

Thus, S and T are variables sensitive to the distribution of p; and p; in an event
and following the discussion at the beginning of this section, 7° — bb events are
more likely on average to be associated with larger values of sphericity and hence
correspondingly smaller values of thrust, than the average c or light-quark event.
Distributions of thrust and sphericity are shown in Figure 5.2(5) and (b) respectively
comparing b-events to the lighter flavours.

Besides mass of the parent quark, there are two further sources of jet psnot yet
considered: The first is quark and gluon fragmentation which contributes on average
0.3 GeV/c per track of p;(relative to the parent quark direction) independent of the
initial energy. The contribution of fragmentation along the quark direction, as well
as being dependent on the initial quark energy, is also flavour dependent suggesting
kinematic variables based on transverse momenta maybe somewhat ‘safer’ than those
looking in the longitudinal direction for flavour separation.

The second is gluon Bremsstrahlung from quarks. That a considerable fraction
of multi-hadronic events contain gluon radiation can be seen from Figure 5.10, and
it is the sensitivity of sphericity and thrust to such QCD effects that are largely
responsible for the long tails seen in their distributions. It is now a well established
fact, first proven in PETRA data, that ete™ — qgg events are planar®. Hence by
looking in the direction out of the ete™ — qqg event plane it should be possible to
drastically reduce the sensitivity to gluon radiation.

With these considerations in mind the variable Transverse Jet Mass (M;) is

considered where,

2Epeam <
Mt B -E?vis Z

7=1

. (5.6)

out
P

Here Epeam is the colliding beam energy and E,;; is the total visible event energy in
charged tracks. The quantity p¢* is the component of track-transverse momentum

out of the event plane defined by the thrust vector and the orthogonal axis that

3Since the process is observed in a frame of reference that is also the centre-of-mass frame, the
net momentum must vanish. Hence the gluon must appear in the same plane as the two quarks
and the resulting system of jets will then largely retain this planar topology.
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- points along the direction that maximizes Y, p,. A distribution of M, is presented

in Figure 5.2(c) comparing b-events to the lighter flavours.
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Figure 5.2: (a) Thrust, (b) sphericity and (c) jet transverse mass distributions comparing b-quark
events to ¢ and light-quark events.

Although the distributions of sphericity and thrust in F igure 5.2 show a system-
atically different shape between light and b-quarks, the difference is minimal and the
main reasons for this are not difficult to find. As the ratio of the b-quark mass to the
- beam energy decreases so the distinction between the decay of a ‘heavy’ quark and
~ a ‘light’ quark become masked i. e. the b-events become more ‘jet-like’ in nature. In
addition, the presence of gluon radiation acts to smear out any contribution to the
event p; due to quark mass. At LEP energies of W~90 GeV these problems become
more acute than was the case at (say) PETRA energies of W~30GeV where al-
ready the basic application of these variables was showing no substantial separation

of b-quark events [69].
As expected, we find the flavour-discriminating power of M; to be superior to

S or T albeit not at a level that could usefully be used for tagging b-events. M; was
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however successfully used as a discriminating variable at PETRA [69], the main
difference now being the increased gluon p; contribution at LEP energies. Although
M, is largely independent of QCD effects from ete™ - qqg events, it is sensitive
to gluon contributions in higher gluon multiplicity situations. These events will in
general populate the tail of the M; distribution (together with events where the
thrust axis is poorly determined) and will act to blur the p{* contribution coming
only from the quark mass. Relative figures of merit for flavour discrimination for

theses event shape variables are presented in Table 5.1.

5.2.3 Scaled Invariant Jet Mass

A technique developed by Wyatt in [70] and applied to TASSO data, was based on
the observation from the Monte Carlo modelling of jet fragmentation that often a
large fraction of the jet energy was carried by a few high-momentum particles which
together had a small invariant mass. The simulation of b jets suggests that the
decay of massive B hadrons is less likely to produce such a high momentum, low-
mass cluster. In order to isolate this cluster of tracks at the core of a jet, a procedure
is used which acts to strip away tracks that contribute a large amount to the jet mass
while only contributing a small amount to the jet energy. The candidate tagging
variable is then the mass of those particles that survive the stripping procedure. In

fact the variable we will consider here is the scaled invariant jet mass Mg where,

measured mass of the jet
Mg =

(5.7)

measured energy of the jet’

Mg is a quantity that is less dependent on the jet constituents actually detected
which can be an important consideration when, as is the case here, only charged
tracks are considered and so any 7, ve, n, KO ,etc. in the event are sources of missing
energy.

The procedure used was the following:

1. The particles belonging to a jet (i.e. an event hemisphere) were ordered

according to their rapidity along the event thrust axis.

2. The two particles highest in the rapidity order are then clustered together

and their 4-momenta summed.

3. The addition of further particles to the cluster is then governed by the
increase in scaled jet mass (AMs) and scaled jet energy (AEs) that the
addition creates. More specifically, the third (and subsequent) particle(s)

will be accepted into the cluster if,

AMs

E= AEs

< Rcut .
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The value of R, is chosen so as to optimize the flavour separation of the

technique. ‘The value R..; = 3.0 was used.

4. If any track is rejected and then another track, lower in the rapidity order,
1s accepted into the cluster all rejected particles are again considered by
repeating Step 3. This continues until a pass through all rejected tracks
can be made without any being accepted. This step makes the technique
essentially independent of the method used to order the tracks initially.

Figure 5.3(a) compares My distributions for b and light-quark events for clusters
formed that contain at least three tracks. Only the lightest (i.e. the lowest Mg)
cluster was considered per event unless only one of the two clusters satisfied the
track multiplicity requirement, in which case it was used regardless. Hence there is
one entry per event. Using mainly the lighter cluster reduces the effects of gluon
Bremsstrahlung which contributes a larger tail to the Mg distribution for the heavier
of the two clusters found. A systematic shift of the b-quark distribution to higher
Ms values is evident and is quantified in Table 5.1.

Figure 5.3(b) shows how the efficiency and sample purity for tagging Z° — bb events

varies as one imposes cuts in the Mg variable. Here we define,

.. Number of bevents passingthe cut
E = .8
f ficiency Number of bevents generated (5:8)

Number of bevents passingthe cut

Purity = (5.9)

Totalnumber of events passing the cut
From this method, a sample of events enhanced with ~30% Z° — bb events can be

attained with a selection efficiency of ~40%.

- 5.2.4 Boosted Sphericity Product

- Boosted Sphericity Product (BSP) is a technique that aims to maximize the effect
" of the large p; given to B-hadron decay products, by performing the sphericity cal-
- culation actually in the rest frame of the decaying parent particle. This calculation

is performed separately for each jet and the product of the two values is used as the
tagging variable for the event as a whole.

A (simplistic) explanation of how BSP can achieve discrimination between the
quark flavour of jets, is based on the fact that the b-quark will travel away from the
ete™ interaction point with a 8 that is somewhat less than that for light quarks.
If one then Lorentz boosts the decay products of all quarks into the rest frame of
the B hadron, the decay products of the b-quark will be isotropically distributed
(i-e. high S) whereas the tracks constituting a light-quark jet will still be somewhat
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Figure 5.3: (a) Plots of Ms for b-events compared to light quark events. (b) The variation of
b-tagging efficiency and purity as a function of the cut on M (The statistical errors are smaller
than the symbol size).

collimated (i. e. of low S). Hence in this way, the BSP variable regains some of the
quark-mass information that becomes increasingly masked by the jet-like structure
of events at high energies and was a major flaw to the flavour tagging performance

of the event shape variables studied earlier.

- The distribution of BSP is shown in Figure 5.4(a) for the case of light and c-
quark events compared to b-events. The tracks in each hemisphere of the event were
Lorentz boosted by 8 = 0.95 along the thrust axis. The magnitude of the boost
was chosen so as to maximize the flavour separation which is again quantified via
a x2 comparison in Table 5.1. Figure 5.4(b) shows b-tagging efficiency and purity
performance attainable by cutting on BSP and using the definitions of Equation 5.8
and Equation 5.9.

The separating power of this method appears to be the largest of any of the
techniques studied up to this point. It is at first quite surprising that the ‘optimum’
value for A is so low since a b-quark at LEP has a  factor of 9 which corresponds to
a 8 of 0.99. This should be compared with the situation at TASSO [71], where the
ideal B used to gain an enhanced sample of bb events via the BSP technique, was
found to be consistent with that expected from events collected at W ~35 GeV. This
situation illustrates a further important difference in the properties of b-quark jets
at LEP energies compared to PETRA. As we shall find in section 5.3, b-jets at LEP

can typically contain up to ~50 % of their tracks from the fragmentation process
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Figure 5.4: (a) Plots of BSP for b-events compared to light quark events. (b) The variation of
b-tagging efficiency and purity as a function of the cut on BSP. The errors are statistical ouly.

which was not the case at PETRA. In the rest frame of the b-quark, these relatively
soft {ragmentation particles can have significant momenta back to the interaction
point and so act to lower the jet sphericity measurement. We therefore find that
the boost resulting in the best discrimination is not that which puts us into the rest
frame of the b-quark, but rather that which takes us effectively into a rest frame for
the whole jet.

Given that jet rest frames at LEP are largely flavour independent, i.e. the
>_pi distributions for b-jets are found to be only Very slightly softer than for light
quark-jets, it is instructive to consider from where the discriminating power of
BSP derives. This can be partly understood from the definition of sphericity (Equa-
tion 5.4) and the fact that an average b-jet is characterized by the combination of
slightly lower mean momentum and slightly higher mean p; than the typical light-
quark jet. Recent studies of OPAL data by Barlow et al. [72] suggest that the full
separating power of the BSP, derives from a strong correlation that exists between
pt and p; for b-jets which is only weakly present for light-quark jets. The sphericity
variable, which depends essentially on the ratio of these quantities, make fortuitous

use of this difference in correlation even though the reasons for it are unclear.

The conclusion from these results based on kinematical variables is that system-
atic differences between the quark flavours can be expected albeit at a reduced level

from that attained at lower energy e*e™ experiments.

Potentially a more effective property of Z® — bb events to exploit for tagging,
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mass when using kinematic variables, for this case of lifetime tagging the relatively
large Lorentz boost given to B hadrons in jets should mean that LEP provides the
best opportunity to date in which to lifetime-tag b-quark events. To test this claim
within the Monte Carlo, we now investigate two techniques that are sensitive to

tracks in jets that originate from points distant from the ete™ interaction point.

5.2.5 Impact Parameter Tagging

The daughter tracks of B hadrons, when extrapolated back to the ete™ interaction
point (the B-production point), will clearly not in general pass through this point
but will by virtue of the non-zero decay length, miss the production point by some
distance - the impact parameter. When averaged over all decay lengths and decay
kinematics the impact parameter is proportional to the lifetime of the B and thus
can be used as a potential tagging variable.

Specifically we use here the projection of the impact parameter (6) in the r —
¢ plane only, reflecting the superior spatial resolution attainable compared to the
perpendicular plane (as seen in Chapter 3). Figure 5.5 defines ¢ for a single daughter

track from a B-decay. Clearly to measure § for a track, in addition to the track

y

] Track vector

B production point

Méan beam position

Figure 5.5: The definition of impact parameter.

trajectory, one needs some estimate of the B-production point and flight direction.

An estimate of the production point is provided here by a mean beam position
averaged over many events within a machine fill. Further details of this beamspot
are provided in Section 5.3. The direction of the primary B is estimated by the.
principle event thrust axis. Figure 5.5 shows too how § is attributed a ‘lifetime’-

sign, reflecting that ideally it should be a positive-definite quantity in accordance
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with the decay length. The figure shows that § will pick up a negative sign if the
~ track intercepts the B-axis ‘behind’ the production point. This situation can be
caused by tracks not travelling in the same direction as the B because, for example,
they originate from the fragmentation process, or due to errors made in estimating
the B direction, track trajectory or production point. This convention for signing
then ensures that § measured for a typical B-decay product will on average be
positive and a distribution over many bb events should show a marked positive tail
compared to light-quark events.
A more reliable tagging variable than just simply §, turns out to be the impact

parameter scaled by its measurement error §/0s where,
(05) = o5, + (04, sin ¢o)? + (o, cos $o)? - (5.10)

The first term o4, is the impact parameter resolution from the OPAL track fit and the
remaining terms give the contribution from the primary vertex error ellipse projected

- along the impact parameter vector. In order to form a tagging variable for the event
as a whole in line with the other techniques studied up to this point, we use the
mean scaled impact parameter, (6/05), taken over the event hemisphere containing
the highest energy in charged tracks. To avoid this number being dominated by a
single track of large do, the track quality cut is tightened to |do] < lcm.

Figure 5.6 shows that a clear systematic shift exists between bb events and the
light quark background which is quantified in terms of a x? comparison in Table 5.1.
It is clear that with only a very unsophisticated approach, the impact parameter
has already matched the tagging performance of the kinematic variables and seems
to confirm the suitability of lifetime based variables for tagging at LEP.

5.2.6 Decay Length

The decay length method aims to identify and fit the position of a secondary vertex,
formed by a group of tracks originating at some point distant from the ete~ in-
teraction point whose estimated position we term the primary vertex of the event.
- Vertices of this type exist particularly in Z° — bb events, where a large proportion
* of the tracks originate from the decay chains of relatively long-lived B and D-decay
vertices. Conversely, the vast majority of tracks in u,d,s events originate from the
primary vertex itself. Hence a potential b-tagging variable is the ‘decay length’
i.e. the distance between an identified secondary and primary vertex. Because of
the superior tracking resolution, as for the impact parameter study, we use only the
r — ¢ projection of tracks and hence calculate strictly the decay length projected
into the r — ¢ plane, L.

Figure 5.7(a) presents a schematic representation of an ideal Z° — bb event as

it would appear in a detector with perfect tracking resolution. Once the effects of
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Figure 5.6: Comparison of b-quark events to light-quark events for the mean sca,leg{m%act param-
eter variable.

r — ¢ projection of tracks and hence calculate strictly the decay length projected
into the r — ¢ plane, L.

Figure 5.7(a) presents a schematic representation of an ideal Z° — bb event as
it would appear in a detector with perfect tracking resolution. Once the effects of
multiple scattering and finite detector resolution are included, tracks no longer ex-
trapolate back exactly to their production vertices and any detector inefficiency and
acceptance losses result in tracks being missed from the detected event altogether.
These considerations mean that to reconstruct fully the decay vertices of B-mesons
with any resonable efficiency is unlikely. However, the inclusion of as many tracks
from a B-decay chain as possible into a secondary vertex fit will bias the vertex
position to longer decay lengths when averaged over many events and to quantify

the size of this effect the following procedure was adopted.

e An attempt is made to fit all standard tracks in an event hemisphere to a
a common vertex position. Details of the fitting process are presented in
Appendix C. As for the impact parameter study, the standard cut on track
dy is tightened to |do| < lcm.

o Any track that contributes a x? of four * or more is then stripped away from
the definition of the vertex and the fit repeated. This process continues until

either all tracks in the fit contribute less than four to the x? or the number

4This value was tuned to give the most uniform x? probability distribution for the overall fit.
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of tracks associated with the fit falls below three, in which case the fit is
abandoned.

o The mean beam position used in the impact parameter study is again used as

an estimate of the primary event vertex position.

e Given a secondary vertex position and an estimate of the primary event vertex
together with their respective error ellipses, a further fit is performed (details of
which are given in Appendix D) to determine the most likely distance between
these two points given a directional constraint that is the event thrust axis.
This quantity defines the projected decay length.

Figure 5.7(b) shows the result of applying the above procedure to the typical Z° — bb
event. In a similar way to the impact parameter definition, the projected decay
length is ‘lifetime’ signed according to whether the secondary vertex is reconstructed
‘in front’ of or ‘behind’ the primary vertex position (see Figure 5.7(c)). Resolution

effects therefore mean that the method applied to events where all tracks originate
from the primary vertex (as is largely the case for u, d and s events), will result

- in a secondary vertex being reconstructed on average 50% of the time behind the
primary position and 50% in front of it.

The only backgrounds as such to the situation described result from interactions
~ in the detector volume plus A and K? decays. Since all of these sources are associated
- with decay lengths on the scale of (at least) cm’s i.e. an order of magnitude larger
* than the region populated by heavy flavour decays, they provide no real confusion

to any conclusions drawn. In addition, the two-prong charged decay vertices of A’s
and K0’s are heavily suppressed by the demand that the secondary vertex contain
at least three charged tracks.

Hence the expectation is for the average b-quark event hemisphere to be recon-

structed with a relatively large positive decay length in contrast to u,d,s events which
. should show a symmetric decay length distribution centered on zero, the width of

which is set by the experimental resolution. Z° — cC events in this respect should
lie somewhere between these two extremes. The results from this method are shown
“in Figure 5.8.

5.2.7 Summary of Tagging Techniques

+Two main conclusions can be drawn from the results of this survey of methods.
Firstly past methods based on kinematic variables appear to be not as effective
when applied to ete™ collisions at /s =90 GeV, for reasons that in the main are
understood. The second clear result is that the best discrimination of heavy flavours

from the background is achieved by variables proportional to the lifetime of unstable
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Secondary vertex (X ,Y,)

Thrust axis

B Production point (XP,YP)

Thrust axis
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Figure 5.7: (a) Tracks from one hemisphere of an idealised Z° — bb event. (b) The typical result of
applying the decay length finding procedure to this event. Error ellipses are drawn roughly to scale
and the secondary vertex consists of three tracks (drawn as they might appear in the detector), two
of which come from the B-decay and one from the subsequent D-decay. (c) The lifetime signing

convention for L.
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Figure 5.8: (a) Comparison of b-quark events to light-quark events for the projected decay length
variable L. (b) The B-tagging efficiency and purity performance as a function of L. The errors are
statistical only.

- species in the event. These conclusions point towards a measurement of the mean
B lifetime being particularly suited to the LEP environment.

_ Of all the variables considered, the projected decay length was seen to give

~ potentially the best discrimination of bb events from other flavours. In addition, the
design and performance of the OPAL Vertex Chamber is well suited to meet the high
resolution demands of secondary vertex finding. For these reasons, in the following
section we choose to further develop the decay length tagging technique, before using

it in a new measurement of the mean B-lifetime (presented in Chapter 6).

. 5.3 Developing the Decay Length Method

" This section is devoted to the optimization of the decay length method already

* introduced, in order to improve further the sensitivity of the variable to the B-
lifetime and so give potentially the best possible statistical error from any subsequent
lifetime measurement.

Sensitivity to the B-lifetime from this method obviously requires that as many
of the B-decay daughters are included in the vertex fit as possible. Scanning Monte
Carlo events with GROPE, reveals that the coordinates of a secondary vertex fit
can be pulled or biased away from the true decay point by the inclusion of tracks in

the fit whose origin is not from the decaying B-hadron e. g. especially tracks from
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Variable Relative x?
Thrust 1.0
Sphericity 4.3
Transverse mass 6.8
Scaled jet mass 12.3
Boosted sphericity product 16.0
Mean normalized impact parameter 15.0
Decay length 22.5

Table 5.1: A x? comparison between the bb and light-quark distribution for the tagging variables

considered in the survey. A binned x? is formed in each case and normalized to that foﬁnd for the -

thrust variable. (In all cases the x? is summed over 50 bins with the range chosen so as to enclose
the entire distribution).

the fragmentation process. Because of this observation the important quantity to
optimize is not directly the number of tracks from the B-decay chain in the vertex
fit, but rather the proportion of tracks from the B-chain as a fraction of the total
number of tracks included in the fit.

Each step of the decay length finding method described in Subsection 5.2.6 is
investigated in order to check if improvements to the lifetime sensitivity can be

made.

5.3.1 Physics Cuts

The vertex finding process, which depends on track extrapolations to radii well
within the beam pipe radius, relies on tracks that are well measured at the inner
radii of OPAL. Badly measured tracks can add no information to the vertex fit and
only act to degrade the overall resolution attainable.

It is thus essential to utilize fully the Vertex Chamber information available in
events. The improvements to the impact parameter resolution that CV hits on
tracks can make was seen in Chapter 3. To benefit from this, tracks will now be
required to contain at least six hits from the axial layer of the Vertex Chamber
corresponding to the minimum number of hits possible for the definition of a CV
track segment.

The contribution of multiple scattering in the detector material becomes an
important contribution to the overall tracking error at low momenta. A minimum

momentum ° requirement for tracks is thus important to reject the worse effects of

5In fact a cut on the projected momentum, poy(= ,/p% + p2) is preferred, being a quantity

defined entirely within the r — ¢ plane.
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multiple scattering as can be seen from Figure 5.9(a). Further, Figure 5.9(b) shows
that imposing a minimum momentum, favours the selection of tracks from B-decay
over those originating from the fragmentation process. The cutoff point however,
must clearly be chosen so as not to seriously reduce the efficiency for tracks from

the B-decay chain and a compromise value of 0.6 GeV is selected.
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- Figure 5.9: (2) Shows how the mean (taken over the range 0 to lecm) of the error on dy from the
. track fit, o4,, degrades as p,, approaches zero. (b) The p,y distribution for tracks from direct B
decay compared to tracks whose origin was not the B decay chain.

A cut on the overall event track multiplicity is preferred to the previous standard
containment cut based on the polar orientation of the thrust axis. Since at least
three tracks are required to form a secondary vertex, a more natural containment
requirement for the decay length method is at least three standard tracks in each of
the event’s ‘quark’ © jets.

In summary, the new minimum track and event requirements for the decay length
finding process are listed below and replace the standard cuts of Section 5.2. A track

must now satisfy,
* p<60.0 GeV/e
® ps,,> 0.60 GeV/c

o |dp| < 1.0 cm

SFor cases where the definition of jets can lead to more than two Jets per event, those two jets of
highest energy are always assumed to be associated with quark fragmentation and are henceforth
referred to as the quark jets.
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o |z] £50.0 cm
o Number of CV axial hits > 6
e Number of CJ hits > 40
o x2, < 999.0
and each event must contain,
o At least three standard tracks in each of the two quark jets.

These cuts are henceforth referred to as the physics cuts. The application of the

physics cuts results in the following average charged track multiplicity per event,

Data = 6.504-0.01
Monte Carlo = 6.47 +0.01.

5.3.2 Jet Clustering

"The decay length method described in Subsection 5.2.6 searched for a secondary
vertex candidate from all tracks in an event hemisphere. The inclusion of tracks
from over such a wide angular region, can result in the B-hadron decay products
forming only a small proportion of all tracks passed onto the vertex fitting stage.

To reduce the possibility of including tracks not from the B-decay chain in the
definition of a secondary vertex, clearly it would be advantageous to keep such tracks
to a minimum while at the same time ensuring that as many as possible of the
genuine B-daughter tracks are considered. This problem is addressed by clustering
the event into jets of collimated tracks in an attempt to locate a group of candidate
B-hadron decay products. The vertex fitting procedure can then be applied to only
these selected tracks. ' .

We use the JADE scheme [73] to combine particles in jets, which uses the scaled
mass, Yij,

_ ME  2E;E;(1 — cosby)
Yii = E2. T 2

vis vis

(5.11)

as the jet resolution parameter. Here E;, is the total event energy in charged tracks,
M;; is the invariant mass of a particle pair (¢,7) assuming zero rest mass and 0;; is
the angle between the pair. The mass of each possible pair—corhbina,tion in the event,
is formed according to Equation 5.11. The pair with the lowest invariant mass,M;;,
are then combined to form a pseudoparticle (with 4-momentum Py = P; + P;) and
if, ¥ij < Yeur the procedure is repeated until no pair of (pseudo)particles satisfy this
requirement. The parameter y.,; thus controls the jet content, since a low value will

result in a large number of very collimated jets whereas a large value results in a
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situation approaching the definition of two event hemispheres used previously. The

variation of jet multiplicity with yey: is illustrated in Figure 5.10.
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= Figure 5.10: The two, three, four and five-jet event rates measured in the OPAL data as a function

of yeu:. The data are also compared to two different QCD model calculations. The LUND model
used in this analysis is seen to reproduce the data well. From [74].

The sample of Monte Carlo bb events was studied to investigate the dependence
of the decay length method to the choice of y..;. Events and tracks were again
required to pass the standard quality cuts of Section 5.2. Ounly quark jets were
considered and the source of tracks in jets was logged so that those originating
from the B decay chain (the signal), were flagged separately from those originating
elsewhere (the background) i.e. from the fragmentation, interactions in the detector
volume or from gluon jets. Each jet was, in addition, required to contain at least
three tracks.

To aid in optimizing the choice of y..; we form, per jet, the quantities,

#tracks from B decay chain .

S1G # number possible (5.12)
#Hbackgroundtracks
BRG #Hiracksinthe jet (5.13)

Here the number of tracks possible refers to the number of reconstructed tracks, that
also pass the standard cuts, from the decay chain of the B hadron. Normalizing to
this number, for the B hadron associated 7 with the jet in question, makes STG a

"The association of a primary B hadron from the Monte Carlo to a jet formed by the JADE
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variable that is sensitive to B jets ‘splitting’ into two or more fraLgments. This will
happen as the jet clustering resolution tightens and those tracks of highest p; begin
to get lost from the jet definition. Figure 5.11(a) shows that B jets begin to split
in this way largely for values of ye: S 0.01. This problem becomes less acute as
the value of y..; increases albeit at the expense of the inclusion of more background
tracks into the jet definition &s is seen in Figure 5.11(b).

In order to find the value of y..; for which the definition of a jet contains the
highest possible proportion of tracks from the B decay chain, we simply form the
ratio; R = SIG/BKG. Figure 5.11(c) shows a plot of R as a function of yc.; and
shows a clear maxima for a value of about 0.01. At this value of yc,: the Monte

Carlo suggests that the average composition of a jet is,
o ~25% either direct from the B decay or from the subsequent cascade D-decay

o ~55% from anywhere along the B-decay chain and hence ~45% comes from

background tracks.

As mentioned earlier, it is the improvement in the proportion of tracks from the
decay chain of the B in the secondary vertex that is important. The track content
of the vertex fit was found to follow closely the content of the parent jet with the
result that the fraction of tracks from the B in an average vertex fit increased from
below 1/2 with no jet clustering to somewhere approaching 2/3 for a ye.: value of
0.01.

An independent cross-check on this value for y..: can be made by considering
how well the jet axis reconstructs the direction of the B hadron. That this quantity
is sensitive to the proportion of B-decay products in the jet can be seen from Fig-
ure 5.11(d). Here we plot the angular difference in the r — é plane (A¢), between
the jet axis and the generated momentum vector of the decaying primary B hadron
associated with this jet. The accuracy with which the B direction can be reproduced
is clearly improved as one requires the definition of the jet to contain exclusively
tracks originating from the B-decay chain. '

The B-direction is found to be best reproduced at y.; = 0.01, confirming the re-
sult obtained from R. The accuracy of reconstruction at this point in both azimuthal

and polar angles being,

A¢ = 0.054radians
A# = 0.050radians

As an alternative to using a cutoff based on ye.: from Equation 5.11, the jet

algorithm, is made by selecting that primary whose flight direction most closely matches, in polar
angle, the jet axis.
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Figure 5.11: (a) The variation of SIG as a function of yeu:. (b) The variation of BKG as a function
of Yeus. (¢) The variation of the ratio R = SIG /BKG as a function of ygy;. (d) The difference in
azimuth between the generated and reconstructed B-direction, comparing the case where all tracks

composing a jet originate from the B-decay chain to that where the jet contains only 10% of such
tracks.
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resolution parameter z,,;, may be used,
M} < Zmin. , (5.14)

In principle, using z,,;, instead of y.,: should give results less sensitive to fluctuations
in the visible energy of the event and allow the cutoff to be set in terms of the jet
mass itself, which is a reasonably well defined quantity for jets containing B hadrons.
Again A¢ and A are formed, this time for various values of i, in order to find
the point at which the B direction is best reproduced. This-is found to be for an
Tymin Value of 30.25 GeV? although the overall accuracy attained is worse than that

achieved using the yey scheme.

* There is also some ambiguity involved in the details of how to combine parti-
cles which originates from the desire to make comparisons of measured jet rates with
perturbative QCD predictions. This ambiguity arises because the O(a;) QCD calcu-
lations assume massless partons whereas a jet formed by adding the four-momenta
of two partons is not massless. The JADE scheme of Equation 5.11 tackled the
problem by neglecting explicit mass terms in forming M. Three slightly different
recombination schemes termed F,p0and p (introduced in [75]) were compared for
Yeut = 0.01. There were found to be only slight differences between the different
schemes with the JADE scheme being marginally better than the rest.

We conclude from this study into the properties of y.,; that a value of 0.01 should
be used based on the evidence of Monte Carlo. It is essential however to confirm as

far as possible that this conclusion also holds for the data.

If the jet clustering was behaving differently between data and Monte Carlo one
might expect the jet multiplicity to differ between the two samples. For y..: of 0.01
the mean number of jets per event is measured to be,

3.013 4+ 0.002 inOPALdata
3.008 £+ 0.003 1in Monte Carlo.

In addition, the track multiplicity of jets was checked (see Figure 5.12(a)) and found
to also be in excellent agreement. To have confidence that conclusions drawn about
the accuracy with which the jet axis reconstructs the B-direction are at least con-
sistent with the data, the distribution of p; with respect to the jet axis was checked.
The shape of this plot is clearly sensitive to the position of the jet axis and for a
B jet, a high p; tail will develop as the accuracy with which the axis reconstructs
the B flight path degrades. Figure 5.12(b) shows that no significant discrepancy of

shape exists between data and Monte Carlo for the chosen value of yeus-
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Figure 5.12: (a) The jet multiplicity of physics tracks at y..;=0.01. (b) The p; spectrum of quality
. tracks with respect to the jet axis for y.,; =0.01.

- 5.3.3 The Primary Vertex

" In the study of Section 5.2.6, the primary event vertex was estimated by a determi-
nation of the mean beam position which is described in detail in [76]. In summary,
the method used scans the events ® in chronological order and a x? fit is made to

a vertex once there are 100 or more quality tracks (data aquisition run boundaries
are respected). The track contributing the largest x? (if > 10) is rejected and this
process continues until all remaining tracks contribute x? < 10 to the vertex fit. The
method then forms a weighted average of 30 such (contiguous) vertices. If there are
less than 30 left at the end of a run the average runs over just those remaining,
provided there are at least two. Finally, neighbouring vertex positions are joined
together and the mean and error recalculated providing each new point is consistent
with the running average up to that point.

Figure 5.13 shows how the primary vertex position calculated in this way varies
across the full 1990 OPAL data set. Fluctuations in the beam position are observed
of up to 200 ym in z and 100 um in y and are largely correlated with LEP machine
running periods. Some significant (few x 10 gm) jumps in position however, can be
seen even within the same data run.

To gain the full error on the primary vertex position coordinates, one must

add in quadrature the error on the mean resulting from the above method with the

®In principle all events are considered i. e. di-lepton, low multiplicity and multi-hadronic.
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Figure 5.13: Distributions of the mean primary vertex coordinates as a function of OPAL run
number in 1990. The error bars indicate the statistical precision on the means and are typically
6.7 pm for = and 4.5 pm for y. From [76].

intrinsic size of the LEP beam envelope in z and y. Assuming for now that the mean
primary vertex position is known to arbitrary accuracy, then the impact parameter
resolution for the class of tracks going vertically (horizontally) in the r — ¢ plane
receives contributions only from the track fit, og,, and from the beam envelope,
02, (0y,)- It turns out that og, is too large to be able to unfold the beam size in y by
this method. From LEP machine parameters this width is known to lie somewhere
between 6 and 11 pm. However, the width of the impact parameter distribution for a
set of tracks along the horizontal or z axis does provide a estimate of oy, (given that
the beam error éllipse is small in comparison), which is used to gain a measure of
the beam profile in the  direction. From [76], o4, found in this way was 43 pmwhich .
when subtracted off in quadrature from the width of the do distribution for vertical
going tracks, results in a measurement of the beam envelope width in = of 157 &+
7 pm (averaged over all data periods in 1990). The magnitude of this width justifies

treating the error on the mean as negligible initially.

The relatively large error contribution in that the beam envelope gives to the
mean primary vertex position, means that in principle fitting event-by-event for

the primary vertex position may do better. A number of different methods were




132 5. Tagging Bottom Events

investigated to this end, all of which suffered from the common problem that the
primary vertex position was easily pulled towards secondary vertex positions if both
fits contained some tracks in common. This bias could be removed if tracks used in
. secondary vertex fits were excluded from any primary vertex fit, but frequently this
left too few tracks available for the primary fit to be either possible or result in an
error competitive with using the mean position. Because of these considerations, the
mean primary vertex position as described above was used in all subsequent analysis
as being the estimate most likely to be free from bias with respect to reconstructing

projected decay lengths.

5.3.4 The Secondary Vertex Fit

The error in extrapolating tracks back towards the interaction point from the Vertex

Chamber radius, results in a ‘smeared out’ view (see for example Figure 5.20(b)) of

the vertex topology and is a difficult environment for any secondary vertex finding

- algorithm to discriminate which tracks genuinely originate from a decay vertex and

" which are associated with the primary event vertex.

The method used to fit a secondary vertex in an event hemisphere was described

in Section 5.2.6. This method essentially makes a vertex fit to all tracks in a jet

: and as such may be prone to including the odd track that, although not physically

associated with the vertex, happens to fall within the x2 cut for the rejection of

such tracks. To test this, a different technique is compared that in principle is more
selective in the choice of tracks to be included in the fit.

The new technique attempts to find the best three-track vertex possible from
the input tracks. In order to reject combinations likely not to have originated from
a B decay, the sum of the measured charge was required to be 1. The remaining
combinations are then fitted to a common vertex using the method detailed in
Appendix C. Finally, the combination with the best x2° is taken to be the vertex
candidate for the jet in question, providing the probability is greater than 1%. -

The best three-track fitter is found to be slightly (~2%) more efficient at selecting
tracks from the B decay chain over the background when compared directly to the
old method of fitting. This is the case when forming vertices both at the hemisphere
level and at the jet level with ye. set at 0.01. This emphasizes that the dominant
effect on the track content of the vertex fit is the sample of tracks input to the fitter
itself, rather than the action of any fitting algorithm in being able to strip away

“tracks inconsistent with a secondary vertex. Specifically, when applied to physics
tracks in jets (yYcur = 0.01), this method finds vertices in B jets with 66.2 % of the
‘tracks originating from the B decay chain i.e. two out of the three tracks.

9For three tracks in the vertex fit, the x? is always for one degree of freedom.
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The B-tagging efficiency and purity from the projected decay length method
based on the best-three track fitter, is found to be improved by a few percent over
the whole range of cut values as one might expect from the slightly higher b-track
content. In addition, this method is inherently less sensitive to the accuracy of
simulating in Monte Carlo the track multiplicity of secondary vertices seen in the
data. The accuracy of the fit coordinates is a strong function of how many tracks
are included in the fit 1° and, of course, where they originate. In general, the level
of agreement between data and Monte Carlo, with respect to the quality of vertices
formed is superior for the best three-track method. Figure 5.14(a) compares the x2-
probability for the vertex fit between data and Monte Carlo which shows reasonable
agreement over most of the range but does indicate an excess of poorly measured
vertices in the data. That this discrepancy does not lead to any systematic effect in
the vertex position, can be seen in Figure 5.14(b). There is generally good agreement
in both coordinates of the vertex point between data and Monte Carlo as a function
of the fit x2. As expected, the mean vertex position is independent of the x? for the
fit. Figures 5.15(a) and (b) present the result of the fit in = and y with respect to
the mean beam position. The plots indicate firstly that there is no obvious bias in
either coordinate but secondly that the data is systematically broader in the tails
of the distribution. This behaviour stems directly from the systematic discrepancy
observed in the do distribution of Figure 4.20(c) and filters through finally to also
be present in the projected decay length variable. This effect is discussed further
below and in Chapter 6, where possible causes are offered and a remedy relevant for
the lifetime analysis is found.

Figures 5.15(c) and (d) show the distribution of errors obtained in z and y and
the comparison with data whereas, (e) and (f) give the major and minor axes of the
error ellipse defined by o, o, and their correlations. In general the agreement can
be seen to be reasonable.

For the reasons outlined above, the best three-track method is preferred over the

original technique and is used in the subsequent lifetime analysis.

5.3.5 Results and Cross-checks

After combining all of the modifications described above into the original method,
the flavour discrimination possible with the technique is presented in Figure 5.16(a).
Those events containing lifetime information have clear projected decay length pos-
itive tails, including c€ events which are clearly separated from the u,d,s and b

samples. Figure 5.16(b) shows the B-tagging efficiency and purity performance .

10T first order, for tracks with similar errors, the resolution on the vertex coordinates goes as

l/VNtrk-
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- Figure 5.14: (a) Comparison of the y2-probability for a secondary vertex fit in a quark jet using the
best three-track method. The forward peaked distribution is a result of the method selecting always
that fit with the lowest x?. (b) The secondary vertex position as a function of the x? for the fit.
Note that the positions are uncorrected for the primary vertex position which is at approximately

800 ym in y.

from Monte Carlo, based on the projected decay length normalized by the measure-
ment error. A selection efficiency of, for example, ~20 % is achieved for a purity
in bb events of ~75 % and represents a performance very competitive with other

techniques (e. g. see Section 5.2.1).

The degree to which the measured B-tagging performance can be relied upon to
represent the situation in the data, depends ultimately on the level of agreement
between data and Monte Carlo presented in Figure 5.17. The shapes of the projected
decay length in data and Monte Carlo are seen to suffer from the same systematic
broadening in the distribution tails, that was seen at both the individual track level
(Figure 4.20(c)) and in the secondary vertex position (Figures 5.16(a) and (b)). This

effect (addressed further in Chapter 6), implies that the shape of the efficiency /purity

tagging curve expected for data will be somewhat offset to lower efficiencies than
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- Figure 5.16: (a) The level of flavour separation given by the projected decay length (the two
highest energy jets in the event are used). (b) The B-tagging efficiency/purity performance of the
projected decay length (the errors are statistical only).

Figure 5.16(b) suggests and no attempt has been made to quantify this offset. There

is however, no significant discrepancy between data and Monte Carlo in the tagging

efficiency, due to the absolute number of events tagged in each case. We find that
" the proportion of all quark jets that are tagged by the full procedure!! is,

34.8+0.1% in OPALdata
35.3+0.1% in Monte Carlo.

‘Further, within errors, the decay length finding procedure is found to give an equal
tagging efficiency for all flavours.

That the method is truly sensitive to the B lifetime and not just some peculiar-
ities of the kinematics or geometry of bb events, is shown firstly from the Monte
Carlo, by increasing the mean B lifetime by a factor 1.5 from the nominal 1.3 ps.
Figure 5.18(a) shows that a systematically larger tail develops in the sample with the
longer lifetime and results in the distribution mean increasing from 0.1294-0.002 cm
to 0.184 4 0.002cm. Figure 5.18(b) compares the projected decay length distri-
bution measured in the data from the quark jets to that based on the third most
energetic jet in the event (if existing). Because the least energetic jets are generally
the result of gluon fragmentation, this sample is depleted in tracks carrying lifetime

information. The measured distribution for the third jet is seen to give an almost

1 That is, jets for which a decay length was successfully reconstructed.
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Figure 5.17: Level of agreement between data and Monte Carlo for, (a) the projected decay length,
' L and (b) the measured error oy.

symmetric distribution about I = 0 with a mean of 9446 um to be compared with
a mean of 43344 um for the quark jet sample. A final check on the sensitivity of
the method, is gained by considering events in the data containing muon candi-
dates. The identification of muons in OPAL is described in detail in [68]. This
study demands that a candidate muon be a good match between a track segment in
the jet chamber and (at least) a track segment in the surrounding muon chambers.
From Monte Carlo, events containing a muon defined in this way consists of, 40.4 =+
1.5% bb events i.e. an increase of a factor ~2 over the generated bb fraction. The
effect of this increase in b-purity is seen in Figure 5.18(c), where the distribution
mean for events containing a muon in the data is 854 + 8 ym, representing almost
a factor ~2 increase over the value for all events. Finally, by imposing momentum
cuts of p* > 3GeV/c and p{ > 1GeV/c (with respect to the jet axis), the purity
in b-events increases to 70.143.7% and results in a mean projected decay length of
0.1114+ 0.002 cm.

A cross-check on whether the method is intrinsically sound, can be made by
considering the subset of b jets in the Monte Carlo where the secondary vertex fit is
made entirely from daughter tracks direct from the decay vertex of the B. For this
case the B decay point should be reconstructed, within the measurement error, free

from bias and this is studied by constructing the quantity,

PULL = Lmeasued - Lgene’rated . (515)
oL




138 5. Tagging Bottom Events

—J
Q Nominal 74
5 O 1.5+,
§ =1
Z 10
~
= 2
10

-0.8 -0.4 0 0.4 0.8 1.2 1.6 2

(a) L (cm)
5 10
\ .
5 1 — 3rd jet
o
—1 .
210 _- st and 2nd jets
~N o ere,
~ 10 vy
AT ML g
—-0.8 -0.4 0 0.4 0.8 1.2 1.6 2
(b) L (em)
10
©
> 1 —_All jets
z
T .
£10 -~ Jets containing u
Z, -2
~10
-3
10

(c)

Figure 5.18: (a) Comparing the projected decay length distributions for the quark jets of bb events

generated with the nominal B-hadron lifetime of 1.3 ps and with a lifetime of 1.5 x 1.3 ps. (b)

Comparing the L-distribution measured in the third most energetic jet in the data, with that

measured in the quark jets. (c) Comparing the L-distributions from quark jets for all events in the
data, with that from only events containing a muon candidate.

Figure 5.19(a) shows that the PULL distribution for this class of vertex is indeed a
Gaussian centered on zero, and with a width consistent with unity confirming that
the measurement error oy, is also free from bias. Figures 5.19(b)-(d) go on to show
that there is a strong correlation between the generated and reconstructed decay
lengths in two dimensions and that PULL remains free from bias as a function of

~the decay length and measurement error. That these conclusions are also true for
the full three-dimensional decay length has also been checked.

Finally, in Figure 5.20 we present explicitly the vertex reconstruction perfor-
mance of the method for the ‘ideal’ case where all three tracks in the vertex fit

originate directly from the B decay. In this example a B® was produced of energy
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Figure 5.19: (a) The PULL distribution. (b) The correlation between the fitted and the generated
projected decay length. (c) PULL as a function of the generated projected decay length. (d)
PULL as a function of the measured error on the projected decay length.

42.9 GeV which subsequently decayed in the following way:
B° - DK K%z~ #*.

Figure 5.20(a) shows the decay topology based on the Monte Carlo ‘cheat’ informa-
tion. The tracks labelled 1, 2 and 3 are those from the 7%, 7~ and K~ respectively
and are associated with the reconstructed CT tracks shown in Figure 5.20(b) that
were selected and fitted to a secondary vertex position by our technique. The result-
ing vertex position was reconstructed at (z,y) = (—1.59,0.34) in comparison to the

‘true’ position of the decay vertex at (-1.61,0.36), where distances are in centimetres.
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Figure 5.20: B decay vertex reconstruction: (a) The topology of a Monte Carlo generated B? decay.

The labelled tracks were successfully reconstructed and used to fit a secondary vertex position which

~ is shown in (b) together with the associated error ellipse. ‘IP’ labels the meson production point
in (a) and some estimate of the beamspot position in (b).
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A Measurement of the
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6.1 A History and Survey of Measuring the B-

Hadron Lifetime

In 1982 the JADE Collaboration at PETRA developed use of the impact parameter
technique (described in Section 5.2.5) to set an upper limit on the mean B-hadron
lifetime of; (rg)< 1.4ps. This measurement essentially laid the groundwork for
what was to follow and represented an enormous improvement over the situation
previous to 1982, where the failure to find long-lived, massive particles in hadronic
and ete™ interactions implied that, 78 < 5x 1078 sand 78 < 2x107° s, respectively.

At this time, no experimental measure existed of the strength of mixing be-
tween the first and second fermion generations with the third. There was however
evidence from the endpoint of the B-semi-leptonic decay spectrum, that the ratio
|Vab| / |Van| was small i.e. that the b-quark couples predominantly to the ¢ quark.
Under the assumption that the strength of mixing between the second and third
generations was the same as that existing between the first and second, it follows
that the B lifetime should be of order 0.1 ps. Hence it came as a surprise when in
1983, the MAC and MARK II Collaborations at PEP, were able to infer that the
lifetime was around 1ps from the impact parameters of high momentum leptons in
ete™ annihilations. Thus the new measurement provided for the first time a measure
of |Vip| which in turn, after imposing unitarity constraints, led to the first complete
picture of the magnitudes of all CKM elements.

The following year (1984) saw confirmation of the result by the DELCO experi-
ment at PEP and soon after by TASSO and JADE at PETRA. All of these lifetime
results, and including those to the present day, are from ete™ storage ring facili-
ties able to produce B hadrons in a relatively clean environment and in sufficient
numbers. At PEP and PETRA bb events accounted for 9 % of the hadronic cross
section while at LEP they constitute 22 % of all hadronic decays of the Z°. Although
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the absolute cross section for B production from pp colliders is higher, it comprises
only a small fraction of the total interaction rate and makes the identification of
"B-hadrons from the background difficult. !

6.1.1 Impact Parameter Measurements
Inclusive Leptons

As seen in Section 5.2.1, prompt lepton candidates can be isolated by imposing cuts
on momentum and especially momentum transverse to a jet axis. These leptons,
being tied to the decay vertex of the B, show on average discernibly positive impact
parameter distributions when defined as in Figure 5.5. All of the recent lepton
analyses extract a lifetime measurement from this distribution by using the method
first introduced by the MARK II Collaboration [77] whereby the distribution is

parameterised as the sum of five contributions,

P(6) = fiPy(8,m) + focPoe(6, 10, 7e) + fePu(é,7) + fkapk(a) + Frmis Pmis(8).  (6.1)

* The contributions P, in order, correspond to: leptons directly from the decay of the
B, leptons from cascade D-hadron decays in bb events, primary D-hadron leptons,
leptons from pions and kaon decay and hadrons misidentified as leptons. The P are
all normalized to unity and are weighted by factors f; which are the fractions of the

- overall sample due to process .

: Analytic forms for the three contributions from heavy flavour lifetimes are usually
obtained as the convolution of an underlying physics function, extracted from Monte
Carlo at the generator level ?, with a resolution function measured from the data.
These distributions are then simply scaled to be valid for any input lifetime. Of the
remaining two contributions, the pion and kaon impact parameter distribution can
be estimated from Monte Carlo whereas the misidentified hadron contribution can
usually be estimated from the data. The B-lifetime is derived from a maximum like-
lihood fit of Equation 6.1 to the data, with (rg) the only free parameter. The lepton
impact parameter technique provided the the first credible B lifetime determination.

Even to the preseﬁt day, the most accurate measurements still derive from this
method largely due to it’s relative insensitivity to the details of heavy-flavour hadron
production and decay. Lepton spectra from B and D decay, as seen in Section 4.2.4,

are both well known and relatively insensitive to the details of the primary heavy

1The situation here is however changing fast, with the CDF experiment at the Fermilab pp col-
lider expected to produce lifetime measurements soon and the fixed target experiment E653, also

at Fermilab, reporting measurements at present on specific B-hadron lifetimes (see Section 6.1.2).
%j.e. the impact parameters of particles taken before detector simulation but only for those

whose reconstructed tracks pass all subsequent kinematic and lepton identification requirements.
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quark fragmentation. All measurements of () to date via this method are collected

in Figure 6.1.
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Figure 6.1: World measurements [78] of the mean B-hadron lifetime using the impact parame-
ter distribution of inclusive lepton candidates The inner error bar gives the statistical error and
the outer bar gives the total error i.e. the sum of the statistical and systematic errors added in
quadrature. The mean value is calculated by weighting individual results by their total error.
The statistical error on the mean is the resultant of all individual statistical errors and the overall
systematic error is set to the smallest systematic error contributing. (The most recent measure-
ment from this method, is a preliminary result from the ALEPH Collaboration, who measure
75 = 1.45 £ 0.03 £ 0.06 ps [79] representing the most accurate determination of (rg) ever. It is
interesting to note that this value is 2.40 higher than the present world average).

Hadrons

There exist in addition, five measurements of (7g) based on the impact parameters
of all hadronic tracks. This method was seen to be sensitive to the B lifetime in
Section 5.2.5 and in general has the advantage of smaller statistical errors. The
price to pay however, is a greater dependence on the less well known details of B
production and decay which lead ultimately to measurements with larger systematic
errors than in the case of lepton-based measurements.

Past measurements using this method have generally used some form of bb en-
richment of their data samples to benefit from the subsequent increase in sensitivity

to the lifetime. TASSO for example made use of the boosted sphericity product
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reviewed in Section 5.2.4. DELPHI on the other hand, employ no such enrichment
scheme at all. The B lifetime is subsequently extracted by comparing the mean of
- the ¢ distribution from data, with Monte Carlo simulations for different B lifetimes.

Figure 6.2 collects together all measurements to date.

I I | i 1 I
He—e 1.83 @ re TASSO (1984)
a1 1.7 £ 0.6 £ 0.4 JADE (1986)
H-e-H 1.29+£ 0.2 & 0.19 MAC (1987)
e 1.36 &+ 0.13 £ 0.28 TASSO (1989)
HH 1.27 £ 0.04 £ 0.12 DELPHI (1992)
HH 1.32 £ 0.04 £ 0.12 ps <Tg>
| ] I ] | |

e (ps)
~ Figure 6.2: World measurements [80] of the mean B-hadron lifetime using the impact parameter
distribution of hadronic tracks. The mean value is calculated in the same way as for Figure 6.1.

6.1.2 Non Impact Parameter Measurements

Mean B lifetime

Only four published measurements of (75) exsist that are not based on using track
impact parameters but rely on the reconstruction of secondary vertices.

Of these, two form a decay length between the positions of a primary vertex es-
timate and a secondary vertex fitted inside a B jet. A measurement by the TASSO
(1989) Collaboration was based on the projected decay length variable described
in Section 5.2.6. The best three-track vertex is formed from quality tracks in event
hemispheres and used to calculate the projected decay length using the event spheric-
ity axis to approximate the B-hadron direction. The B lifetime is then derived by
finding the best fit of the Monte Carlo to the data as (75} varies in the simulation.

. The second measurement, from OPAL, attempts to tag the presence of a B meson by

. reconstructing the di-lepton decay vertex of a J/1. A signal consisting of 45 events
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is found from the 1990 multi-hadronic data set. The full three-dimensional decay
length (see Equation 6.4) distribution is formed and (7p) extracted via a maximum
likelihood fit.

The remaining two measurements derive from use of the ‘dipole’ length which
exploits the fact that to some approximation, B hadrons are produced back-to-back,
in bb events. This method forms secondary vertices in both jets of two jet events and
uses the distance between them as an estimate of the distance between the B and
B-hadron decay vertices. If for whatever reason, one vertex position is reconstructed
‘behind’ the other, the dipole length acquires a negative sign.

The first of these measurements from TASSO (1989), defines an event axis in the
r— ¢ plane by translating the position of the projected event sphericity axis until the
variance of the crossing points of all tracks in the event with this axis is minimized.
The event is then divided into two jets by the plane perpendicular to the event axis
and the average crossing point of all tracks in the jet used to define a vertex position.
The second dipole measurement, from the JADE (1990) Collaboration, again splits
the event into two jets using the sphericity axis. The tracks from each jet are then
fit to a secondary vertex in the r — ¢ plane, the position of which is constrained to
lie on the projected sphericity axis.

Presentation of the results of these four measurements is deferred until the end
of this chapter, where in Figure 6.13 they are presented along with the result of this
analysis.

Specific B-Hadron Lifetimes

Secondary vertex finding is necessarily used in direct attempts to measure the life-
times of individual hadron species, since to make separation possible most of the
decay chain must be reconstructed. Figure 6.3 presents all measurements on this
subject to date. '

The MARK II and ALEPH Collaborations both use the channel D*~ — £7v to
tag B® mesons. In addition, ALEPH tag B* mesons via the channel B* — D%*vina
determination of 75+ from which they quote a value for g+ /7o of 0.9675:35. Within
the rather large errors the results are in agreement between the two experiments
and also with previous (indirect) measurements of 7+ /mg0 by ARGUS and CLEO
[82]. Finally, there are some recent results from the fixed target experiment E653 at
Fermilab. An incident 600 GeV /c pion beam, is used to produce bb events identified
by the presence of muons with large momenta transverse to the beam line. To date,
about ten reconstructed charged and neutral B-hadron vertices have been identified
and the results are shown in Figure 6.3.

To conclude this brief review, it is interesting to note in passing that if 7+ /o #

1, one could reasonably expect a difference to exist in (7p) between semi-leptonic
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‘ Figure 6.3: World measurements [81] of specific B-hadron lifetimes. Note that the E653 result does

not separate B mesons from baryons hence use of the lowercase ‘b’. The ALEPH Collaboration

- have recently used the identification of identified A4 combinations in B jets, to make the first
(preliminary) measurement of the b-baryon lifetime, 73 (A;) = 1.12F%:2% 1 0.18 ps [79].

and hadronic-based analyses. This is a consequence of the two approaches not mea-
suring exactly the same physical quantity. The semi-leptonic analyses reviewed in
Section 6.1.1, determine the B lifetime averaged over all B-hadron species, weighted
by the product of their respective semi-leptonic branching ratios and production
cross sections. Whereas analyses based on all hadronic decays of the B, are mea-
suring the B lifetime averaged over all B-hadron species weighted only by their

production cross sections.

Based on the assumption that the semi-leptonic widths for B® and B* decay are
equal, Jaros [83] points out that for 7p+/7ge# 1, it follows that Tlepton > Thadron-
The effect is very small with only a 10% variation in the lifetimes expected for
a 7p+ /7o range of 0.5 to 2.0. Hence the conclusion must be that the accuracy
of existing and probably future measurements by any of the current methods, are
.insufficient to test this prediction.
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6.2 Measuring the Mean B-Hadron Lifetime

This section deals with details of extracting a B lifetime measurement from the
projected decay length distribution. In general, this can only be achieved by com-
paring the data with a distribution whose B-hadron content has a known lifetime.
Practically, this invariably means use of Monte Carlo techniques. In order for the
resulting measurement to be at all meaningful, a high level of agreement must exist

2 s A2 mem

do—o AL A PN "l s Aodn an oo i 1
between the simulation and the data, or at the very least any discrepancies under-

stood to the point where they can be accounted for via corrections and systematic
error assignments. ,
The question of overall agreement is dealt with now to be followed by an account

of all the choices made leading to the eventual result.

6.2.1 The Folded Distribution

The level of agreement between data and Monte Carlo for the projected decay length
variable (L) was seen in Figure 5.17. It is important to understand the nature of this
discrepancy, particularly with respect to any lifetime content-of the distribution.

Figure 5.17(a) illustrates that the negative or ‘resolution’ tail of the distribu-
tion is systematically underestimated in the simulation. It is also evident that the
simulation in general underestimates the fraction of tracks found in the distribution
tails. That this discrepancy is largely independent of lifetime information has al-
ready been shown in part, from the results of Section 5.3.5. Here we saw that the
disagreement was present at the same level in the distribution for the third highest
energy jet in an event, which is known to be somewhat depleted in lifetime content.

Chapter 4 presented the quite detailed level of Monte Carlo modelling undertaken
to reproduce data in the Vertex Chamber. Although the major effects are now
accounted for, this subject is an on-going process and as always residual problems
may still remain. It transpires however that in order to account for the size of
discrepancy seen at the track (Figure 4.20) and vertex level (Figures 5.15(a), (b)
and 5.17(a)), one has to consider the modelling of tracks extrapolated into the
Vertex Chamber from the surrounding Jet Chamber.

Following an observation [84] made using a fast simulation (SMEAR mode [85])
of the OPAL detector, an investigation was undertaken to determine at what level
CT tracks contain the ‘wrong’ CV information. SMEAR mode indicated that im-
pact parameter distributions of tracks containing CV hits in the data were better
modelled, especially in the distribution tails, if the Monte Carlo track samplé con-
tained a proportion of tracks containing no CV information. A possible scenario
where CV information on tracks would be effectively ‘ignored’ in this way, is if the

CV hits were not physically associated with the matched CJ track extrapolation.
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Thus a check was made to find if the impact parameter distribution for tracks
containing no CV hits is consistent with that obtained when the wrong CV track
.segment is associated with a CT track. This effect is a potential ‘explanation’ for
the overall discrepancy. Using ‘cheat’ information which allows a correspondence
to be made between a generated particle and a reconstructed track, it is possible
to determine when a CJ track segment has been matched to a CV segment which
-does not share the same origin. Figure 6.4(b) shows the result of this study, based
on 1500 events, where clearly the distribution for tracks matched to the wrong CV

information is consistent with that where no CV hits are present in the track fit.
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Figure 6.4: (a) Comparing decay length distributions for the third highest energy jet in an event,

between data and Monte Carlo. (b) The impact parameter distribution for CT tracks containing

no CV information compared to cases where tracks are matched to the wrong CV tracks segment.
For comparison, the distribution for tracks matched to the correct CV hits is also shown.

The wrong match was seen to occur in Monte Carlo on 4.4 4 0.1% of all tracks
containing CV hits. For this effect to account entirely for the discrepancy seen in the
impact parameter and similar variables, we estimate that the problem would need

to occur at the 10% level. The expectation is for this effect to be more frequent in
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the data due to systematic shifts in the positions of CJ track segments not mod-
elled by the Monte Carlo. That this could be the case is confirmed by the marked
degradation in data/Monte Carlo agreement in the impact parameter distribution,
when considering tracks containing CJ hits only.

One solution, to regaining agreement in the L distribution, is to essentially de-
grade the resolution in the Monte Carlo distribution by a ‘smearing’ technique.
This is described further in Section 6.3 where it is used as a cross-check on the final
method. The preferred solution however, is use of a folded distribution. This tech-
nique involves subtracting the resolution tail of the L distribution from the lifetime
tail to leave a single, positive decay length tail to the distribution. Thus contribu-
tions to the L distribution that are symmetric with respect to the lifetime signing
i. e. resolution type effects are, to first order, cancelled leaving in principle just the
lifetime information from the initial distribution 3. In fact, besides intrinsic physics
reasons, there are very few systematic effects that could influence the lifetime tail
of the L distribution in a different way to the resolution tail (or vice versa). That
this is a possibility however is addressed in the assigning of systematic errors to the
measurement in Section 6.4.

Because the L distribution is almost symmetric close to the L = 0 region, sta-
tistical fluctuations in bin contents can result particularly in the first few bins of
the folded histogram, having negative contents. This region, for L measurements
up to about the magnitude of the resolution (o), can contribute no significant life-
time information and is therefore unimportant. Hence in all subsequent applications
of the folded distribution, the region |L| < 0.08cm is discarded before the folded
distribution is formed.

The flavour composition of the folded distribution is presented in Figure 6.5.
The distribution is seen to be dominated by the contribution from bb events in
contrast to the situation for the full I distribution (Figure 5.8) where, of course, the
contribution is at about the level of BR(Z® — bb). This represents an important
advantage to use of the folded plot, since any dependence on the details of modelling
light flavours has been significantly reduced and at least for the case of u, d, s events
all but eliminated.

6.2.2 The Method

The measurement is made by varying the mean B-hadron lifetime in the simulation
distribution to find the best fit to the data. The following x? is formed between the

3This conclusion is only approximately true since the measured L-distribution takes the analyt-
ical form of a Gaussian (containing all symmetric contributions) convoluted with an exponential
(containing all the event decay length information).
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Figure 6.5: The event flavour composition of the folded L distribution. Both quark jets are used.

two normalized distributions,

Xz((TB» = Z [(1[;];2;3&2;](\,;;’::71)2] (6.2)

7

where N; is the sum of weights of entries in bin ¢ and E; is the error on that sum. The
normalization is based on the number of events passing all selection and analysis
cuts. This x? is minimized with respect to the B lifetime present in the Monte
Carlo. The variation of N with (7g) was evaluated by a weighting technique # to
transform the Monte Carlo distribution generated with a mean lifetime 78? to one

of 75. This weight is just the ratio of exponential decay probability distributions,
old old new
T T8¢ — 1
Wil 75) = (5 ) exp (1B 7B (6.3
B TB 7B

The overall weight for the event, W, is then the product of all weights for each

B hadron. Additional weights are used extensively in the evaluation of systematic

errors discussed in Section 6.4.

6.2.3 The OPAL 1990 Data

The data sample used was collected by the OPAL detector during the 1990 running
_ period of LEP, at centre-of-mass energies ranging from 88.2 GeV to 94.2 GeV.

“This avoids the need to generate many separate Monte Carlo samples of different (7g).
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Multi-hadronic Z° decays were selected on the basis of energy clusters in the
electromagnetic calorimetry and charged track multiplicity. Clusters were required

to have,
e an energy of at least 100 MeV in the barrel region

e at least 200 MeV in the endcaps. In addition, clusters in the endcaps must
contain at least two adjacent blocks.

Tracks were required to have,
o at least 20 measured space points
o |do] < 2cm and [z] < 40cm
® pu,> 50GeV/e.
A multi-hadronic candidate must then pass the following four requirements:
o at least 7 clusters
e at least 5 tracks

. Z—E\/% > 0.1, where Eg, is the energy of a single cluster

o 2(Fauscos?) 65 where § is the polar angle of the cluster.

u
E Elus

The data is divided into periods which correspond to continuous LEP physics
runs between shutdowns or machine development periods. Physics runs last typically
from a few days to a couple of weeks and for 1990 produced yields of multi-hadronic
events listed in Table 6.1. Period 9 is affected by an uncorrected hardware fault in
the Jet Chamber which results in the tracking close to wire planes being degraded
for some runs. For this reason, Period 9 data is removed from the analysis. In
addition, the Vertex Chamber and Jet Chamber are required to be fully functional
and working optimally for the data to be accepted which, results in the loss of 3,593
multi-hadronic events. These considerations reduce the 1990 data set to 125,645
multi-hadronic events. From [30] this selection is estimated to be 98.4% efficient
with a background contamination of 0.2% from Z° leptonic decays and two-photon
scattering events. This background level is reduced still further by the containment
requirement of the physics cuts (Section 5.3.1), which requires there to be at least
three standard tracks in each of the two quark jets.

The Monte Carlo sample described in Chapter 4, for practical reasons simulates
only charged track information in the Central Detector. The absence of neutral
clusters implies that the Monte Carlo cannot be passed through the same multi-

hadronic selection applied to the data. To ensure there is no resulting bias from the
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Period | Selected multi-hadrons
8 4,983
9 16,134
10 15,148
11 5,324
12 8,786
13 6,519
14 6,127
15 11,458
16 13,082
17 8,167
18 17,989
19 31,655

Total 145,372

Table 6.1: The OPAL 1990 multi-hadronic data set. The periods span the time range 23/03/90 to
29/08/90.

event selection a sample of 10800 full detector simulation events (JETSET72) were
: passed through the multi-hadronic cuts. The result was that 148 events failed the
cuts. However, only 17 of these 148 events passed the track multiplicity requirement
of the physics cuts listed in Section 5.3.1. We conclude therefore that 17/10800 =
0.16 £ 0.04% of the Monte Carlo events, that were actually used in the decay length
finding analysis, would be expected to fail the multi-hadronic selection applied to
the data (if it could be applied) and is thus a negligible effect.
We find that after passing through the full decay length finding process, an L-
measurement exists in 44,602 (22,322) of the highest energy quark jets in the data
(simulation).

6.2.4 The Measurement

For the lifetime measurement, it is preferred to use only the highest energy quark jet.
Since the lowest energy quark jet is more liable on average to be the result of gluon
emission, this requirement reduces to a minimum any dependence on modelling QCD
effects. Monte Carlo suggests that the highest energy jet in an event is associated
with quark fragmentation ~92% of the time. Since our result is ultimately not

constrained by lack of statistics, the loss of data associated with tagging events by
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just one jet is unimportant to our conclusions.

To ensure the reliability of the lifetime fit, two further analysis cuts are applied.
The first requires that the x? probability for the decay length fit (see Appendix D) be
better than 1%. This rejects cases where the primary and secondary vertex positions
are clearly not compatible with each other within the directional constraint. The

probability distribution is presented in Figure 6.6. The second cut is to require
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Figure 6.6: The y2-probability for the projected decay length fit. Both quark jets are considered.

that the measured error on the projected decay length be less than 0.18 cm. This
represents about three times the mean error on L and sits well into the tail of the
distribution (see Figure 5.17).

The result of the fit ® is shown in Figure 6.7 based on an L distribution containing
80 bins before forming the folded distribution and covering the range |L| < 1.5cm.

The fit corresponds to the following mean B-hadron lifetime,
(o) = 1.359 £ 0.055ps (x*/d.o.f. = 38.1/37.0)

where the error is statistical only.

5The minimization of the % was performed using the MINUIT package [86].
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* Figure 6.7: (a) The result of fitting the Monte Carlo L distribution to the data. (b) The binned
x? formed between the data and Monte Carlo plots.

6.3 Crosschecks of Technique

6.3.1 Consistency Checks

As a test of the lifetime weighting procedure, the bb events in the Monte Carlo were
replaced by a sample generated at a lifetime of 1.5 x 1.3 ps. Clearly the initial result
should be recovered within errors, for Monte Carlo samples based on any (8) within
reasonable bounds. The fit was repeated with the result, (75)= 1.343 4 0.069 ps.
Although the decision was made to base the result on only the highest energy

jet in an event, by way of a consistency check the fit was repeated based only on
the second quark jet. The result was, (75)= 1.292 £ 0.072 ps.

- The full, three-dimensional decay length follows from the r— ¢ projected quantity
via

L

sin €

L3D = (64—)

where, 6§ is the polar angle of the decaying particle approximated in this analysis
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by 0;.:- Basing a fit for (7g) on the Lsp distribution under identical conditions to
those used for the two dimensional variable, results in (7g)= 1.363 £ 0.056 ps. That
the result from both variables is in good agreement confirms that there can be no
significant difference between data and Monte Carlo from use of the jet axis as an

estimate of particle direction.

6.3.2 Selection Parameters

The choice of all variables-concerning the selection of the data sets used for the
measurement have been studied to check for possible systematic biases.
Figures 6.8(a) and (b) show that there is no systematic variation in the result

as both the distribution binning and fit range are altered. A range of |L|S1cm or
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Figure 6.8: The variation of the lifetime fit result as a function of (a) distribution binning and (b)
fit range. In both cases the odd point corresponds to our central result.

larger was found to be necessary to ensure that the majority of the lifetime tail
was enclosed. That this is important in gaining the best possible statistical error is
evident from Figure 6.8(b).
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In addition, the positions of the cuts made on o, and L were checked for any .
systematic effect on the lifetime result. The variations observed are presented in

Figures 6.9. No obvious systematic trend is seen.
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Figure 6.9: The variation in the lifetime fit result as a function of (a) the cut on oy, and (b) the
cut on L before the formation of the folded distribution. In both cases the odd point corresponds
to our central result.

6.3.3 Data Sub-Sets

A number of checks have been performed to determine whether data sub-sets are
statistically compatible. Table 6.2 shows lifetime fit results based on data sub-sets
formed with respect to: (i) the quality of the secondary vertex fit, (ii) the quality of
the projected decay length fit, (iii) the azimuthal angle of the jet axis and (iv) the

polar angle of the jet axis. No significant systematic variations are observed.
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x2Probability of (t8) (ps)
secondary vertex fit

0-0.01 1.185 4+ 0.190
0.01 - 0.50 1.388 £ 0.110
0.50 - 1.0 1.346 4= 0.072
x2-Probability of (t8) (pS)
decay length fit

0-0.01 1.304 4 0.153
0.01 - 0.50 1.342 £ 0.066
0.50 - 1.0 1.364 4 0.089
$(jet axis) (78) (5) |
Quadrant 1 1.326 + 0.092
Quadrant 2 1.416 £0.105
Quadrant 3 1.290 £ 0.111
Quadrant 4 1.419 4+ 0.103
cos f(jet axis) (m8) (ps)
—1.0<cosf < —0.5|1.576£0.115
—0.5 < cosf < 0.0 | 1.25540.091
0.0 < cosf <0.5 1.362 4 0.088
0.5<cosf <1.0 1.292 4+ 0.105

Table 6.2: The dependence of the () measurement on secondary vertex-fit quality, projected
decay length-fit quality, the azimuthal and polar angle of the jet axis.
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6.3.4 The Gradient Method

An independent method of measuring (7g) and hence a useful consistency check on
the result, is based on the sensitivity of the lifetime tail for the full decay length
distribution to the lifetime of the B.

The decay length in three dimensions was calculated as in Equation 6.4. The
expected exponential form of the lifetime tail results in the folded decay length log-
distribution being, to first order, linear. By fitting for the gradient of the tail, Monte
Carlo samples weighted for various assumed mean B lifetimes can be compared to
the situation in the data.

Figure 6.10 shows the..dependence from Monte Carlo of the tail-gradient for differ-
ent input mean lifetimes of the B. To be consistent with the previous measurement,
only data from the highest energy jet was considered and all quality and analysis
cuts were in common to the two methods. The point at which the gradient measured
in the data agrees with that from the Monte Carlo, is for (75)= 1.39 & 0.06 ps, in

excellent agreement with our previous result.
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Figure 6.10: The variation of the lifetime-tail gradient as a function of (rg) in the Monte Carlo. The
insert displays the fit to the data distribution, the result of which is represented by the horizontal
line along with the one standard deviation error.
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6.3.5 The Proportion of Z° — bb Events

The fitting method as described above leaves only the mean B lifetime as a free pa-
rameter. Hence the fraction of Z° — bb events is fixed at whatever level is present
in the data. The Monte Carlo generates a bb content at the Standard Model pre-
diction which, after events have passed through the decay length finding process,
increases slightly to 22.5%. The B lifetime measurement should however in principle
Le independent of the initial proportion of 7% — bb decays present in the data set.

This was tested by enhancing the data and Monte Carlo event samples in Z° — bb
events, by requiring decay lengths to pass some cut value analogous to the procedure
used in Section 5.2.6. So as not to bias the sample to long decay lengths however,
this cut was applied to projected decay lengths found only in the lowest energy
quark jet, leaving the higher energy jet to be used for the lifetime fit as before.

Figure 6.11 shows how the lifetime fit result varies as the sample purity in
70 _» bb events increases. There is no evident systematic dependence of the re-
sult for bb-purities over the full range up to the maximum attainable of ~ 60 %
(according to the Monte Carlo), corresponding to a cut on L for the second jet at
> 2.0 mm.

A systematic bias to smaller (1) values is seen to develop however, if this cut is
extended further to around 4 mm or so. This effect was found to be caused by two
effects that both act to bias the decay length sample to smaller values: The first was
where the decay length in the second jet was large due ma,inlyvto the primary vertex
being a poor estimate of the true interaction point. This often leads to the decay
length in the opposite jet i.e. the highest energy jet, being correspondingly short
simply because the two quark jets are nearly always approximately back-to-back.
The second cause was found mainly in u,d,s events, where a poorly reconstructed
secondary vertex position in the lower energy jet could pass the cut imposed on
L and so mimic a B decay. When this occurs, the decay length from the opposite jet
used for the lifetime fit is generally relatively small due to the low lifetime content

of u, d, s events.

6.4 Systematic Effects

6.4.1 b and c-Quark Fragmentation

Section 4.2.3 described how the Peterson et al. function (Equation 4.4), was chosen
to model the fraction of initial quark energy carried by the first rank B or D hadrons.
For the case of b-quarks, the parameter ¢, was chosen to agree with the OPAL mea-
surement of (zg), from b — p events of, 0.726 = 0.007 £ 0.022. The systematic

error from b-quark. fragmentation uncertainties is thus estimated based on vary-
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Figure 6.11: (7g) as a function of the data set purity in Z° — bb events. The cuts imposed on the

L distribution for the next highest jet range from -0.2 to 0.15 cm. The odd point corresponds to

our central result.

ing the fragmentation within the error on the OPAL number. This was achieved
by re-weighting the existing Monte Carlo b-events for a Peterson function where
€, was allowed to vary between 0.008 and 0.001. This corresponds to a variation in
(zE)y from 0.70 to 0.75 (see Figure 4.5).

For the case of charm fragmentation, e, = 0.037 was chosen to agree with the
OPAL measurement of (zg),_ . = 0.52 4 0.03 & 0.01. The systematic error contri-
bution was evaluated in the same way as for the b-sector where ¢, was allowed to
vary between 0.016 and 0.070. This corresponds to a variation in (zg), from 0.49
to 0.55 (see Figure 4.4).

The resulting systematic errors from these two sources are shown in Table 6.4.
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6.4.2 Centre of Mass Energy

The 1990 data, as shown in Section 6.2.3, was collected over a range of centre-of-mass
energies spanning 6 GeV. The corresponding standard deviation on 4/ taken over all
multi-hadronic events was measured to be 0.922 4 0.003 GeV. This variation, given
that the Monte Carlo events were all generated at a centre-of-mass energy of mz =
91.5 GeV, is a potential source of systematic error to the lifetime determination.
That the effect is negligible to this analysis however, can be seen by translating
the one standard deviation shift in /s into an extra contribution to the error on
(zg), considered in the previous section. Based on a mean B-hadron energy of
30 GeV and a b-quark production energy of 45 GeV, the corresponding variation in
(zg), is seen to be +0.007. Adding this error in quadrature to the existing (total)
error on (zz), of 0.023, results in an increase of 0.001. A change of this order is small
enough so as to already be included in the range over which (zg), is varied for the
evaluation of the b-fragmentation systematic error and no additional contribution

" is made to account for the centre-of-mass energy.

6.4.3 Heavy Flavour Fractions
Ty5/Thad

The systematic dependence of the lifetime measurement on I'yg /Thaa Was evalu-
ated by re-weighting the Monte Carlo sample to different b fractions over a range
consistent with the uncertainty from OPAL measurements. OPAL has two pub-
lished values for T'yg/Thaq, one from b — g studies (0.193+0.025 [68]) and the other
from a study of of b — e events (0.226 & 0.020[87]). The fraction was, varied by
10.025 about the central value in the Monte Carlo and the resulting change used

to calculate the systematic contribution listed in Table 6.4.

I‘cc‘: / Fhad

The systematic errors due to uncertainty in I'z/Thaa Was evaluated by varying the
fraction over a range given by the error on the OPAL measurement, ['e/Thada=
0.186 + 0.040[60]. The variation in the lifetime result was used to calculate the
systematic contribution listed in Table 6.4.

6.4.4 B Decay Multiplicity

By influencing the secondary vertex finding efficiency in b jets, the B decay multi-

plicity has an analogous systematic effect on the lifetime measurement as that from
Iz /Thaa-
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The measured decay multiplicity distribution for B hadrons from the Monte
Carlo was taken and the bin contents re-distributed in a consistent way so as to
give a new distribution valid for a different mean B multiplicity. This technique was
used to form a weighting factor for the bb events in the simulation, to study the
sensitivity of the lifetime measurement to changes in the multiplicity.

Current measurements of the charged multiplicity in bb events and the uncer-
tainties associated with them were discussed in Section 4.2.4. To account fully for
the present errors on this number a broad range of +0.3 tracks per event was im-

posed and the corresponding variation in the lifetime measurement used to calculate

the resulting systematic contribution presented in Table 6.4.

6.4.5 D Hadron Lifetimes

The mean lifetimes assigned to D hadrons in the Monte Carlo were reviewed in

Section 4.2.4. The current precisions with which these lifetimes are known are listed
in Table 6.3.

D hadron | Fractional error
n (o) (%)
D° 1.90
D+ 2.16
D} 6.22
At 7.07
=+ 26.67
=0 54.27

Table 6.3: Current measurement errors on the lifetimes of D hadron species that appear in the
Monte Carlo sample. From the Particle Data Group [15] (The assumed abundance of the Q0 is
negligibly small and is not considered as part of this systematic study).

The systematic errors on (7p) from this source were evaluated by allowing a
120 variation in the D-hadron lifetimes based on the uncertainties in Table 6.3.
Table 6.4 lists the assigned error.

6.4.6 DY/D* Ratio

As reviewed in Section 4.2.4, the lifetimes of Dt and D° mesons differ by more than
a factor two making the relative abundance of neutral-to-charged charm mesons a

potential source of systematic error to the lifetime measurement.
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Because of the asymmetric decay of vector mesons into charged and neutral
pseudoscalars, the D°/ D* yield is dependent on the probability Py of producing a

charmed vector meson rather than a pseudoscalar:
Py =V/(V+P). (6.5)

Table 4.1 shows that the assumed value for Py in the LUND Monte Carlo is
0.75, which results in approximately 2.2 times more D® mesons than D¥ mesons
in cC events.

ALEPH [88] have recently made measurements of Py which range from 0.65 £
0.13 for an event sample with a 76% c-purity to 0.58 & 0.13 for a 65% b-purity.
From an. almost pure c¢ sample CLEO [89] using the same method measure Py =
0.80 + 0.13. Hence in cc events, the relative proportions of D°/D* mesons were
varied to cover the range suggested by the ALEPH and CLEO results.

CLEO [90] and ARGUS [91] have also measured the pseudoscalar to vector ratio
from B decays to be approximately 0.3 & 0.1. This result was thus taken with
the ALEPH measurement to form a range over which to vary the D°/D* ratio in
bb events. _

Again, by using a weighting technique the D°/D* ratios were varied over the
suggested ranges for cc and bb events separately to find the resulting variation in
(78). The combined systematic from this source is assigned by adding in quadrature

these two contributions and results in only a 0.6% correction overall.

6.4.7 Primary Vertex

The procedure described in Section 5.3.3 used to estimate the e*e™ interaction
point, is designed to trace all signiﬁca,nt shifts in the beamspot position to within a
fraction of a running period. To evaluate the effect on the measurement of offsets
in the beamspot not traced in the data, the z and y coordinates of the vertex were
shifted simultaneously by their calculated errors of 6.7 pm and 4.5 pm respectively.
This resulted in a 0.3% shift in (7).

The effect of stretching the assumed size of the beam envelope (045, Oyp) Was also
studied. The widths in both directions were scaled by +20% in the Monte Carlo
representing a change in o, of & 31 um. This resulted in (7g) varying by 1.6%. The
total error assigned to primary vertex systematic shifts is listed in Table 6.4.

By way of a consistency check on this result, the measurement was repeated
using an event-by-event calculated primary vertex position. In each multi-hadronic
event, all tracks passing the standard quality cuts were fitted to a common vertex
position using the method described in Section 5.2.6. In cases where the primary
vertex fit failed for whatever reason, the mean position was used as normal. Use

of a fitted vertex per event, can potentially give an improved determination of the
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interaction point since it is not subject to the size of the beam envelope (which in the
'z coordinate at least is the dominant factor). The fit result was ()= 1.339+0.060 ps
corresponding to a 1.5% shift from the standard result. This gives independent
confirmation of the sensitivity to the primary vertex but is also nicely consistent,

within the statistics, with our initial result.

6.4.8 Jet axis

On page 127 we saw the accuracy with which the jet axis at Yeut = 0.01 reproduces
the flight path of the decaying B-hadron. This degree of uncertainty, based on a lever
arm of 2mm, translates into a spatial shift of ~100 umwhich when projected along
the decay length vector corresponds to a shift of order 100 x sin(0.05) = 5 um. This
size of change is well within the measurement error on the projected decay length
and confirms that the jet axis reproduces the B flight path well enough for any
directional uncertainty to be absent from the y2 formalism of Appendix D. Further,
use of the folded distribution increases the insensitivity to directional uncertainties
of the jet axis by virtue of their symmetric effect on the L distribution. This is shown
by Figure 6.12, where we compare the folded L distribution based on a directional
constraint given by the jet axis with that using the generated direction of the B
hadron. The difference is seen to be minimal.
Although expected to be small therefore, any systematic differences in the accu-
racy of the axis reconstruction between the data and simulation provides a source
~of error in the lifetime measurement. In order to evaluate the size of any such effect,
the average angle between the jet axis and the flight direction of the B hadron asso-
ciated with the jet, was varied by £20%. The resulting change in (1B) was 0.004 ps
corresponding to a fractional error of just 0.3%.

6.4.9 Detector Effects
Resolution Smearing

The implementation of a folded distribution was deemed necessary in Section 6.2.1,
to cancel resolution type effects in the I distribution that act symmetrically over
both the resolution and lifetime tails. That this is the case, was checked by ‘smear-
ing’ the Monte Carlo distribution to model more closely the resolution found in the
data and repeating the lifetime fit to check for consistency.

- The smearing was performed by simply transforming each L — L+AL, for AL a

Gaussian random number based on a distribution of width,
o? = ol — ol (6.6)

The scaling parameter 8 can then be varied to set the degree of smearing required.
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Figure 6.12: The folded L distribution for the case where the generated B-hadron direction forms
the directional constraint, compared to the experimental situation where the jet axis direction is

used.

The level of smearing found to give the best agreement with the data dis-
tribution, based on a x? comparison, was found to be for § = 1.17. For this
level of smearing the resulting lifetime measurement was essentially unchanged at
(t8)= 1.358 + 0.056 ps. Smearing of this type was unable to simultaneously repro-
duce all aspects of the L distribution in data and to properly account for the lifetime
tail required an additional smearing of around 10%, corresponding to a 8 of 1.28.
At this point the x* was approximately double that at the minimum point and the
lifetime fit was repeated to give, (1g)= 1.342 £ 0.064 ps.

We conclude from these results that the folded distribution is to first order insen-
sitive to smearing of this type, which simulates resolution-type differences between
data and Monte Carlo. In order to be conservative, we assign a systematic er-
ror of £0.017 ps, corresponding to the difference in the measurement seen over the

smearing range investigated.

Given the nature of the discrepancy between data and Monte Carlo discussed in
Section 6.2.1, a simple Gaussian degradation of the decay length resolution is clearly
inappropriate to accurately model the data. Given that the fraction of tracks in the
tails of decay-length based variables is in discrepancy in addition to the resolution,

a more sophisticated smearing prescription at the track level would be needed to
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describe the data via this approach.

Multiple CV Hits

Correcting the data for effects associated with multiple hits on the same wire in
the Vertex Chamber, was discussed in Section 3.1.8. Unless properly accounted for,

~ the positions of multiple hits can be pulled closer to the anode plane and hence
ultimately shift the trajectories of reconstructed tracks. This effect in principle can
influence the decay length since, for example, tracks that straddle an anode plane
will have their nominal crossing point shifted to larger radii.

In order to quantify any such effect on the measured lifetime, the fit was repeated
using tracks whose only CV content was from hits that were first hits on wires. The
result of the fit was, (7g)= 1.327 £ 0.105ps i.e. a change in the measured lifetime
of 0.032 ps.

The effect of varying the number of CV axial hits imposed on tracks by the
physics cuts was also studied. The resulting variation in (tB) was found to be
negligible.

CV Anode Plane Azimuthal Cut

.In Section 3.1.8 we described the presence in the data of an overestimate of the CV
drift velocity at small drift distances. This necessarily led to the rejection of tracks
~within 0.01 mrad of the anode plane. It is important to verify that this effect has
no residual influence on the lifetime measurement. In principle the crossing point
of two tracks straddlivng an anode plane will be forced to shorter decay lengths, if
either (or both) of the tracks have their positions shifted to longer drift distances.

The anode cut was doubled to 0.02mrad and the fit repeated with the result
that (7g)=1.339 & 0.066 ps i.e. a change in the measured lifetime of 0.020 ps.

6.5 Results

Combining all error contributions from Table 6.4 in quadrature, the total systematic
error is estimated to be 0.111 ps. Hence the mean B-hadron lifetime is determined
to be,

(T) = 1.359 £ 0.055 (stat.) £ 0.111 (syst.) ps.

To put the result in context, Figure 6.13 presents a comparison with all previ-

ous measurements from decay length-related methods which were reviewed in Sec-
tion 6.1.2.
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Source Error on (7g) (ps)
b fragmentation 0.085
¢ fragmentation 0.009
I'v5/Thaa 0.043
[ee/Thaa 0.020
B decay multiplicity 0.020
D hadron lifetime 0.012
D?/ D ratio 0.008
Primary vertex 0.022
Jet axis 0.002
Resolution 0.017
CV multiple hits 0.032
CV anode cut 0.020
Total 0.111

Table 6.4: Systematic errors on (7g).

Finally, this measurement of the B-hadron lifetime, combined with a previous
measurement from OPAL of the semi-leptonic branching ratio, Br(B — fvX) =
0.104£0.007%, can be used to determine the magnitude of the CKM matrix element
|Vep|. By rearranging Equation 1.32 we have that

2 _ Brsl ].
Vool = 4067 (2.08R + 1) (v5)’ (6.7)

|Vub Iz
Ve ?

spectrum from B-meson semi-leptonic decays give model dependent values for ratio
[Vab| / |Veb], in the range 0.1 to 0.2. We choose a value of 0.15 £ 0.10. The values

chosen for quark masses and as(my) in order to form Equation 6.7 were detailed

where R = Measurements [93] of the endpoint of the lepton momentum

in Section 1.4.3. In addition, to include fully theoretical model uncertainties, we
choose to increase the quoted error (from Equation 1.23) on my, to +£0.3 GeV/c? and
take my, = 0.2+ 0.2GeV/c?.

Hence based on our measurement of (7g) we find,

|Vp| = 0.042 £ 0.002 = 0.003

where the first error is due to the combined statistical and systematic error on

(r8) and the second is due to uncertainties in the theory, including the errors on

6This number derives from the OPAL measurement [68] of 'y /Thaa X Br(B — fvX) = 0.0226 &
0.0015 and assuming the Standard Model prediction for I'yg/I'nag of 0.218.
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|Vab| / |Veb|, the quark masses and a.
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N
o 1.30 + 0.10 + 0.28 ps
(TASSO (1989) Decay Length)
HeH 1.47 £ 0.14 £ 0.30 ps
(TASSO (1989) Dipole Moment)
Her  1.46 £ 0.22 £ 0.34ps
(JADE (1990) Pseudo Decay Length)
e 1.32 :8:23; +0.15 ps
(OPAL (1991) J/4 Vertex)
» 1.36 + 0.06 £ 0.11 ps
(This Analysis)
I N N N
0 1 2 3
T (PS)

Figure 6.13: World measurements [92] of the mean B-hadron lifetime using decay length-related

variables. The measurement from this analysis is included for comparison. The ALEPH Collabo-

ration have recently presented a preliminary result based on the J/v¢ vertex from their 1990 and

1991 data sets (450K multi-hadrons). They measure, 7, = 1.4073:23 £ 0.07 ps [79].
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Appendix A

Coordinate Systems

A.1 The OPAL Master Reference System

The OPAL Master Reference System (MRS), shown in figure A.1, is a 3D right-
handed Cartesian coordinate system whose origin is at the nominal e*e™ interaction
point. The z-axis points along the electron direction and is inclined by 1.39% with

respect to the horizontal. It follows that the y-axis is inclined by the same amount

to the vertical. A track vector projected into the plane tranverse to the z-axis (in

y

To LEP cent
0 cenire Track vector

Figure A.1: The OPAL MRS

polar coordinates, the r — ¢ plane), is a vector whose angle to the positive x-axis is
the azimuthal angle, ¢, and the vector s points along the trajectory in this plane.
The polar angle, 6, is then defined to be the angle between the positive z-axis and

the track vector in the s — z plane.
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A.2 The Vertex Chamber Coordinate System

The coordinate system of the Jet Chamber coincides with the OPAL MRS as defined
above. In addition a chamber construction coordinate system, (z.,¥.,2.), is
defined internally to the Vertex Chamber. Here the z. axis lies along a CV cathode
plane that nominally lines up with zpgs, and 2, lies along the chamber cylindrical
axis in the same directional sense as zprs. The y. axis is then constrained by the
condition that the axes should be right-handed and orthonormal.

In principle the construction and MRS systems should be the same, however
in practice there will be a small displacement of the CV from the nominal posi-
tion together with a small rotation: The transformation of coordinates from the
construction frame to the MRS is thus specified by three orthogonal translations
(Az, Ay, Az)mrs and three rotations («, 8,7)mrs about the z,y and z axes respec-
tively.




Appendix B

OPAL Track

Parameter Definitions

Tracks_‘ reconstructed in the Central Detector define a helix in three dimensions

with five free parameters; (&, ¢o, do, tan A, zo), defined as below and illustrated in
Figure B.1:

e & is the curvature where,

= — B.1

|| o» (B.1)

for p the radius of curvature of the track. The curvature is signed such that
k >0 implies ¢ increases in moving along the track from the point of closest
approach (p.c.a.) to the origin in the r — ¢ plane. Given that the OPAL mag-
netic field (B,) points axially along the positive z-axis, then « >0 corresponds

to a particle with negative physical charge.
® ¢o is the azimuthal angle made by the track tangent at the p.c.a.

e dy is the impact parameter i.e. |dp| is the distance from the origin to the
p.c.a. Defining d to be the vector from the origin to the p.c.a., é the unit
track vector at the p.c.a. and Z the unit vector along the z axis, then the

relative sign carried by dp is given by the formal definition:

do = XC_iZ?

-

(B.2)

e tan A = cot f, where 8 is the track polar angle.

e 2z is the z-coordinate of the track at the p.c.a. The projection of the helix in.

the s — z plane is then simply:
z = zp+stanA (B.3)

where s is the arc length of the track in the r — ¢ plane from the p.c.a.
173
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These parameters are related to the physics track variables by:

B

ny:alfl

(B.4)

where if pgy (= |/p2 + p2) is measured in GeV/c, B, in kG and « in cm™, then

a=%x 1071 ~ 1.5 x 10~* and where,

Pz = Pxy COS ¢0
Py = DPxy sin ¢"0

Pz = Pxytanl

P = pxyV1+tan?)

g = (particlecharge) = —(sign of (&))
K

y Track vector
V' 3

r-¢
» X
K
~
S
A
s-2 Track vector
Z,
= g/

/

Figure B.1: The definition of OPAL track parameters.
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Appendix C

Formalism For Vertex
Fitting in
2-Dimensions

In the r — ¢ plaﬁe track trajectories describe circles, |
(z — A?+ (y — B)? = R? (C.1)

where A, B are the coordinates of the circle centre (see Figure C.1). In terms of

OPAL track parameters we have,

1, . _ 1 1
A= —(do + é;:,—) sin (bo, B = (do + 2,‘{;) COS ¢0, = ——2 I P | (02)
In general, the normal distance of a point (z,,y,) from the circle is
+D =R —1/(z, — A)* + (3, — B)? (C.3)

The problem of interest is the determination of the most probable common point,
(Zw, Yu), through which a set of tracks, (1, ....., N), may pass. This essentially requires

the minimisation of the following 2,

N
X'=3
4=1

For computational efficiency and accuracy it turns out that a more suitable form

D2

2
op;

(C.4)

of Equation C.3 is the following approximation due to Karimaki [94] (valid for large
R),

D==——[(z,— A?+ (yo— B +... (C.5)
which in terms of OPAL parameters becomes,
D =y, cos ¢ — do — T, sin ¢o — &[(z, + do sin ¢o)* + (3, — d cos ¢o)?] (C.6)

Using the covariance matrix of the r — ¢ track parameters from the track fit and

Equation C.6, the variance on D can now be calculated as,

oD oD aD
op = o3 )? + 030(3750)2 + Uﬁ(g’g)Z (C.7)

= oy \z7
QETA
190y 20D o, ODOD ., 9DOD
Tt GG 0y | Do Ok " Or dy
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Track vector

Figure C.1: Vertex fit definitions.

Since from Equation C.3 the problem is clearly non-linear in z, and y,, we must

minimise Equation C.4 by an iterative process. We define,

Az = z,—z, (C.8)
Ay = yo—yo (C.9)
v = f0ADI o
o = ]:;Dk(agck/ayu),vgi (C.11)
PR é(aDz%af”)ZN%Zg (C.12)
o = 3 OO T (.13
0 = é(aDk/ax;)%ka/ayv) N aijg; (C.14)
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By making Taylor expansions (keeping zeroth and first-order terms only) of, g’g and

% about the point (2o, ¥o), representing an initial estimate of (z,,%,), the problem

reduces to solving the two simultaneous equations,

gm‘(mm ya) + g:z::c(wo, yo)AiE -+ ga:y(mm yo)Ay = 0 (015)
gy(xm yO) + gyz(xm yo)ASC + gyy(wm yO)Ay = 0 (0'16)

The solution then for each iterative step is,
-1
Az, — Yoz Gzy 9= | _ 1 Gyy  —YGmy — 9z
Ay, 9zy  YGyy —Gy GozGyy — g:zz:y —~OJzy Yoz —Jy
(C.17)

where again the derivatives are taken at =, = z, and y, = ¥..




Appendix D

Formalism For
2-Dimensional Decay
Length Fitting

The problem to be solved is the determination of the most likely decay length of a
particle in the r — ¢ plane given estimates of the decay point (2o, yo) and production
point (z,, y») together with the direction of the decay length vector, which is assumed
to be known exactly.

Following the nomenclature of Figure 5.7, the essential input numbers are:

e Some estimate of the production point i.e. the mean primary vertex position,

(z3,ys), with associated covariance matrix,

cr 0
Cy = b D.1
’ ( 0 oW ) (D-1)

o Some estimate of the decay point, i. e. the measured secondary vertex position,

(%o, Yo), With associated covariance matrix,

o] Y
C, = ¢ G (D.2)
O

® Some estimate of the decaying particles flight direction, (7}, T,). This is pro-

vided, for example, by the event thrust axis or by a jet axis where; 2 + tz =1.

Following [95], a least-squares minimisation procedure is applied to,
‘ Tp— T Ty—T
X2 = (@ =Ty — )0 [ 07 +(Zy — Zo, Yo — Y0)Cy " ] (D.3)
Y — Yp Yo — Yo
By imposing the flight direction constraint,
zo = zp,+ LT, (D.4)
Yo = Yp -+ L-Ty (D5)
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the problem reduces to minimising the x* with respect to the three unknowns
(%, yp, L). This essentially means simultaneously solving, %% = g—’i— = %%— = 0,
which has exact linear solutions.

Using the following identities,

T = Ty— T (D.6)
Y = Yp—Up (D.7)
D = T;CM + T2Cyy — 2T,T,Chy, (D.9)
the result for the decay length is,
[ = 2T5Cyy + yTyCoz — (2T, + yT5)Cay (D.10)
D
CzxCyy — C?
gL, = \/:‘——%‘_l (D.ll)
2T, — yT,)?
o = v ¥Te) Dy ) (D.12)
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