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Abstract

This thesis reports on measurements of e+e_ annihilation into muon pairs with

the L3 detector at LEP. At center-of-mass energies around the Z mass, 16833

muon pairs are selected, corresponding to 23.7 pb-1 of integrated luminosity.
From the data samples taken at center-of-mass energies between 130 GeV and

183 GeV, 692 muon pairs are selected, corresponding to 88.5 pb-1 of integrated

luminosity. The cross section and forward-backward asymmetry measurements,

combined with other results on lepton-pair production, are used to determine the

mass and width of the Z boson, its couplings to leptons and the 7Z interference.

The results obtained are:

mz = 91190 ± 3MeV,

Tz = 2502 ± 4MeV,

glA = -0.5013 ± 0.0006,

glv = -0.0399 ± 0.0018,

j& = 0.19 ±0.17.

The results of all measurements agree well with the Standard Model predictions.
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Zusammenfassung

Diese Doktorarbeit prasentiert Messungen der e+e_ Vernichtung in Muonpaare
mit dem L3 Detektor am LEP Beschleuniger. Bei Schwerpunktsenergien im Be-

reich der Z-Masse werden 16833 Muonpaare selektiert, welche einer integrierten
Luminositat von 23.7 pb"1 entsprechen. Aus den Daten, welche bei Schwer¬

punktsenergien zwischen 130 GeV und 183 GeV genommen wurden, werden

692 Muonpaare selektiert. Diese entsprechen einer integrierten Luminositat von

88.5 pb-1. Die Messungen der Wirkungsquerschnitte und Vorwarts-Riickwarts-

Asymmetrien, zusammen mit weiteren Ergebnissen der Leptonpaar-Erzeugung,
werden verwendet, um Masse und Zerfallsbreite des Z Bosons, seine Kopplungen
an Leptonen sowie die 7Z Wechselwirkung zu bestimmen. Die Resultate sind:

mz = 91190 ± 3MeV,

Tz = 2502 ± 4MeV,

fA = -0.5013 ± 0.0006,

fv = -0.0399 ± 0.0018,

j^ = 0.19 ±0.17.

Die Ergebnisse aller Messungen stimmen gut mit den Vorhersagen des Standard-

modells iiberein.

ii



Contents

1 Introduction 1

2 The Standard Model 3

2.1 Electroweak theory 3

2.2 The process e+e~—> /x+/x_ 5

2.2.1 Cross Section 5

2.2.2 Forward-backward asymmetry 7

2.3 Radiative corrections 8

2.3.1 Weak corrections 9

2.3.2 QED corrections 9

3 The L3 experiment 11

3.1 LEP accelerator 13

3.2 Luminosity measurement 14

3.3 Micro vertex detector 14

3.4 Central tracking chamber 15

3.5 Electromagnetic calorimeter 15

3.6 Scintillation counters 16

3.7 The hadron calorimeter 16

3.8 The muon spectrometer 17

3.8.1 The barrel muon chambers 17

3.8.2 The forward-backward muon chambers 19

3.9 Trigger and data acquisition 20

3.10 Data reconstruction 22

3.11 Detector simulation 22

4 Event Selection 23

4.1 Muon Identification 23

4.2 Muon-pair selection 24

4.2.1 Cosmic muon rejection 27

4.2.2 Background reduction 27

4.3 Muon-pair production at y/s> 100 GeV 31

4.3.1 Effective center-of-mass energy 31

iii



4.3.2 Event selection 36

4.3.3 Background rejection 36

5 Detector efficiencies 41

5.1 Muon chamber efficiency 41

5.2 Muon momentum reconstruction 43

5.3 Efficiency of the MIP selection 47

5.4 Efficiencies of the scintillators and RPCs 48

5.5 Efficiency of the central tracking chamber 50

5.6 Trigger efficiencies 53

5.6.1 Level-2 and level-3 trigger 53

5.6.2 Level-1 trigger 54

6 Cross section 57

6.1 Luminosity determination 57

6.2 Background 57

6.2.1 Background from cosmic radiation 58

6.2.2 Background from events with ISR photons 58

6.2.3 Background from e+e~annihilation processes 59

6.2.4 Background determination 59

6.3 Selection efficiency and acceptance 61

6.4 Results of the measurement 64

6.5 Systematic errors 66

7 Forward-backward asymmetry 69

7.1 Charge Assignment 69

7.2 Background subtraction 72

7.3 An, for muon-pairs at y/s >100 GeV 74

7.4 Results of the measurement 75

7.5 Systematic errors 77

7.6 Differential cross section 79

8 Determination of electroweak parameters 83

8.1 Mass and width of the Z boson 84

8.2 Vector and axial-vector couplings 84

8.3 Determination of 7Z interference 87

9 Conclusion 91

A Formulae 93

A.l Variable definitions 93

A.2 Formulae for cross section measurement 94

A.3 Formulae for A&, measurement 96

iv



B Tables 99

v



vi



List of Figures

2.1 Feynman graphs for vertex couplings 6

2.2 Feynman graphs for 7 and Z exchange 6

2.3 Definition of the scattering angle 6 8

2.4 Radiative weak corrections 9

2.5 Radiative QED corrections 10

3.1 Map of LEP accelerator 11

3.2 The L3 detector: perspective view 12

3.3 The L3 detector: side view 13

3.4 Sector of the central tracking chamber 15

3.5 Crystal of electromagnetic calorimeter 16

3.6 Side view of the hadron calorimeter 17

3.7 Forward-backward muon chambers 18

3.8 Forward-backward muon chamber module with RPCs 18

3.9 Front view of barrel muon chamber octant 19

3.10 Sagitta measurement in the barrel muon chambers 20

3.11 Cell of a forward-backward muon chamber 20

3.12 Forward-backward regions 21

4.1 Energy depositions in BGO and hadron calorimeter 24

4.2 Muon-pair in the L3 detector 25

4.3 Feynman graphs of signal and background processes 26

4.4 Cut: distance of closest approach 27

4.5 Cut: minimum scintillator time 28

4.6 Cut: maximum muon momentum (for MM/MX samples) 29

4.7 Cut: MM sample acollinearity 29

4.8 Cut: MX sample acollinearity 30

4.9 Cut: minimum ATRK transverse momentum (XX sample) .... 30

4.10 Cut: XX sample acollinearity 31

4.11 Cut: number of calorimetric clusters 32

4.12 cos0- and ^-distribution 33

4.13 Feynman graph: muon-pair production with ISR photon 34

4.14 Effective center-of-mass energy for 130 GeV<Vs<183 GeV
....

35

Vll



4.15 Muon-pair with ISR photon in the L3 detector 37

4.16 Cut: acollinearity at ^=183 GeV 38

4.17 Cut: maximum muon momentum at y/s=183 GeV 38

4.18 Cut: Scintillation counter difference at ^/s>100 GeV 39

5.1 P-chamber efficiencies 42

5.2 Occupancies of the forward-backward muon chambers 44

5.3 Muon momentum resolution 46

5.4 MIP selection efficiency 47

5.5 Combinations of scintillators/RPCs in the forward region 49

5.6 Scintillation counter/RPC efficiencies 51

5.7 Scintillation counter/RPC acceptances 52

5.8 cos ^-dependence of trigger inefficiencies 56

6.1 Simulation of tau-pair background 60

6.2 Simulation of e+e~-> e+e~/i+/i~(7) background 61

6.3 Variation of acceptance 63

6.4 Cross section: comparison with Standard Model prediction ....
65

6.5 Variations of selection cuts 67

7.1 Charge separation with the inner tracking chamber 71

7.2 Charge confusion distribution in TEC sector 72

7.3 Cross section: comparison with Standard Model prediction .... 76

7.4 Differential cross sections 80

8.1 Contours in the ~gA- Tjy-plane 86

8.2 Contours in the mz-Jhad_P^ane 89

viii



List of Tables

2.1 Elementary particles 4

2.2 Weak isospin and hypercharge quantum numbers 5

4.1 MC: fraction of events with ISR photons 34

5.1 Muon chamber efficiencies 43

5.2 F/B: muon momentum resolution and chamber combinations
...

45

5.3 MIP selection efficiencies 48

5.4 Combinations of scintillators/RPCs in the forward region 49

5.5 Scintillation counter/RPC efficiencies 50

5.6 TEC track detection probabilities 53

5.7 Combined level-1 trigger efficiencies 55

5.8 Level-1 sub-trigger efficiencies 55

6.1 Integrated luminosities 58

6.2 Background contamination 60

6.3 Selection efficiencies 62

6.4 Results on cross section measurements 64

6.5 Systematic errors on cross section 68

7.1 Probability of charge confusion per muon 70

7.2 Probability of charge confusion per event 73

7.3 Extrapolation and background correction factors 74

7.4 Results on forward-backward asymmetry measurements 77

7.5 Systematic errors on the forward-backward asymmetry 78

7.6 Differential cross sections 81

8.1 Mass and width of the Z boson (lepton universality) 84

8.2 Partial leptonic decay widths (no lepton universality) 85

8.3 Vector and axial-vector couplings (lepton universality) 85

8.4 Vector and axial-vector couplings (no lepton universality) 86

8.5 Results of the fits in the S-matrix framework 88

B.l Event classes 99

B.2 Background contribution overview 100

IX



X



Chapter 1

Introduction

The main task of physics in general is to describe all physical phenomena with a

few basic principles. Particle physics tries to explain the variety of the universe

by means of a few elementary particles, quarks and leptons, and their interac¬

tions. There are four kinds of interactions: the weak and the strong interactions,

electromagnetism and gravitation. The first three are described by two quantum
field theories which build up the Standard Model of particle physics. The inclu¬

sion of the fourth interaction, gravitation, and thus the unification of all forces

into one theory is still to be achieved.

The first experimental confirmation of the electroweak theory, which combines

electromagnetism and the weak interaction, took place in 1973. The Gargamelle
collaboration at CERN, the European nuclear research center, observed neutral

weak currents in neutrino electron scattering [13]. The existence of vector bosons,

predicted to carry the weak forces, was confirmed in 1983 with the discovery of

the W and Z bosons at the SPS collider at CERN [14].

In 1989 the LEP e+e"-collider and its four experiments, among them the L3 de¬

tector, began operation. One of their major tasks is to precisely measure the

properties of the W and Z bosons. Until 1995, LEP was operated at center-

of-mass energies around 91 GeV, corresponding to the Z mass, where electrons

and positrons annihilate almost exclusively into Z bosons. Measurements of the

resonant fermion-pair production at these center-of-mass energies enable the de¬

termination of mass and width of the Z boson and its couplings to leptons and

quarks. Since the Z mass is a fundamental parameter of the Standard Model, its

precise measurement improves the accuracy of Standard Model predictions.

From 1995, data at center-of-mass energies between 130 GeV and 183 GeV was

taken. Off the Z resonance the contribution of the 7Z interference to the total

cross section is much larger than around the Z pole. The fermion-pair cross section

measurements thus allow an improved determination of the 7Z interference.

This thesis gives a brief introduction to the Standard Model. It describes the

different sub-detectors of the L3 experiment, with emphasis on the muon spec¬

trometer. Measurements of cross sections and forward-backward asymmetries
for muon-pair production at four center-of-mass energies around the Z mass and

at five center-of-mass energies between 130 GeV and 183 GeV are presented.
Measurements of hadron, electron and tau-pair production are included for the

determination of mass and width of the Z boson, the couplings of the Z to lep-
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tons and the 7Z interference. All these measurements are a sensitive test of the

Standard Model.



Chapter 2

The Standard Model

The Standard Model [1] describes the processes of the electromagnetic, weak and

strong interactions. The phenomena of strong interactions are explained by QCD1

[1], while electromagnetic and weak interactions are combined to an electroweak

theory, also known as the Glashow-Salam-Weinberg theory [2].

According to the Standard Model, matter consists of elementary fermions. In¬

teractions between the fermions are described by means of gauge theories. The

elementary particles of the gauge fields are called gauge bosons. The fermions are

divided into three generations, each consisting of two leptons and two quarks. An

anti-particle exists for every fermion.

The Standard Model is based on the symmetry groups SU(3) and SU(2)lxU(1)y
describing strong and electroweak interactions, respectively. The strong interac¬

tion only affects quarks. Their gauge bosons, the gluons, form an SU(3)-octet.
The gauge bosons of the electroweak interaction form an isospin-triplet of the

SU(2) and a U(l)-singlet. The fermions and gauge bosons are listed in table 2.1

with their charges and masses [3].

2.1 Electroweak theory

The SU(2)l part of the electroweak gauge symmetry describes transformations

in the space of weak isospin, T. It takes into account that the weak isospin
current only couples to left-handed fermions. The second part, U(l)y, represents

a rotation in the space of weak hypercharge, Y. The weak hypercharge is defined

via the electric charge, Q, and third component of the isospin, T3:

Q = T3 + |.
The weak isospin and hypercharge quantum numbers for leptons and quarks are

listed in table 2.2.

As the electromagnetic current is coupled to the photon, the electroweak currents

are coupled to vector bosons. An isotriplet of vector fields, W£, couples with

strength g to the weak isospin current, J1, and a single vector field, B^, couples
to the weak hypercharge current, jj, with a strength g'/2. Gauge invariance

1 Quantum chromodynamics
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fermions

leptons quarks

1. generation ^e e u d

q/e
m

0

<7.0 eV

-1

511 eV

+
3

«5MeV wlO MeV

2. generation un M c s

q/e
m

0

<0.17 MeV

-1

106 MeV

+
3

wl.3 GeV «200 MeV

3. generation »r r t b

q/e
m

0

<24 MeV

-1

1.777 GeV

+1
«180 GeV «4.3 GeV

SU(3)
gauge bosons

SU(2)xU(l)

g 7 Z w±

q/e
m

0

0

<6-l(T16 eV

0

0

«91.19 GeV

±1

w80.33 GeV

Table 2.1: The charges and masses of the fundamental particles of the Standard

Model.

requires the gauge bosons of the electroweak theory to be massless. However,

experiments show that the Z and W± bosons are massive. One possibility for the

gauge invariant generation of massive gauge bosons is the spontaneous symmetry

breaking introduced by the Higgs mechanism [4]. The fields

describe the massive charged W bosons. The two neutral fields W* and B^ mix

in such a way that the mass eigenstates are:

Afj, = B^cos 6W + W^sin dw,

Zy, = -Bfj,sm9w + W^cos0w,

where 8W is the weak mixing angle. The fields AM and Z^ are identified with the

massless photon, 7, and the massive boson Z. Corresponding to the gauge bosons

7, Z and W± there are three currents describing the coupling of the fermions to

the respective gauge fields: the electromagnetic, the neutral weak and the charged
weak current.

The coupling of fermions with charge Qf to the photon field by means of the

electromagnetic current, J^m, is based on the elementary charge, e:

eJT = e (j* + itf) .

The elementary charge, e, is related to the coupling constants g and g' as follows:

e = gsinOw = g'cosOw

4



leptons T T->3 Y
1

1
2

0

1

\
2

0

-1

-1

-2

quarks

dh, sl, bL

Ur, Cr, tR

dR, Sr, bR

1

2
1

2

0

0

1

2
1

2

0

0

i

I
I
*2

_
3

Table 2.2: The weak isospin and hypercharge quantum numbers of leptons and

quarks.

The mixing angle, 9w, is given by the ratio of the two independent couplings
constants:

t&n&w = —•

9

In the Standard Model the masses of the vector bosons are not fixed, but their

ratio is related to the Weinberg angle:

COS0W =
mz

The charged weak current has a pure V-A structure while the neutral weak current

contains unequal vector and axial-vector couplings, gv and gA. Their values are:

^ = T/3-2Q/sin2^,

Figure 2.1 shows the Feynman graphs for (a) the electromagnetic, (b) the charged
current, and (c) the neutral current interaction. The respective vertex factors are:

electromagnetic interaction (7):
charged current interaction (W±):
neutral current interaction (Z):

-ieQf^

-ijs'fhQ- -75)

,+ ,,-2.2 The process e+e ->• /r//

2.2.1 Cross Section

In the Born approximation the exchange of a photon as well as the exchange of a

Z boson contribute to the process e+e~—> /i+/i~ (figure 2.2). For center-of-mass



(a) (b) (c)

Figure 2.1: Feynman graphs for (a) electromagnetic, (b) charged current, and (c)
neutral current interaction.

(a) (b)

Figure 2.2: Feynman graphs for muon-pair production via (a) photon and (b)
Z boson exchange.



energies y/s& mz the contribution from photon exchange is much smaller than

the one from Z exchange.

The differential cross section for the process e+e~—> /j,+h~ is given by [5]:

— = ^ [<?i(a)(l + cos2 9) + G3(s) cosfl], (2.1)

taking into consideration that m2<s. The functions Gi(s) are:

<?!(*) = Q) - 2^^g,HeXo(*) + (gev + ge2) {g'v + oi) M*)!2,

G3(a) = -4gA9A\QfReXo(s) + %g\g\g%gA \Xo(s)\2.

The term of equation 2.1 containing Gi(s) characterises the photon and Z ex¬

change, where the Q2j of (?i(s) belongs to the photon exchange. The interference

is described by the asymmetric terms containing Rexo(s), where the contribution

from G3(s) dominates. The scattering angle 9 is defined as the angle between the

incoming electron, e~, and the scattered muon, fj,~ (figure 2.3). The pole term

Xo{s) =
s — m\ + i mzTz

contains the mass of the Z, mz, and its width:

ri = Ef»*(rf+rf)-

The vector and axial-vector coupling constants are represented by gv and gA,

respectively. Integrating equation 2.1 over dti leads to the total cross section,

*«-/,I3£bfc»>*»'=1irc>M- (2-2)

On the Z resonance (s/s= mz) equation 2.2 simplifies to:

i27iTer,,
_res c **

tot

m\Yt
'

T\ are the lepton widths:

^
a mz ( ,2 , t2\

with I =e,/x.

2.2.2 Forward-backward asymmetry

The differential cross section (equation 2.1) is characterised by a symmetric term,

oc(l+cos20), and an asymmetric part, occosfl. The deviation from a symmetric
distribution is measured by the forward-backward charge asymmetry [7]:

M») = ^=A (2.3)
Cf + 0"b

7



Figure 2.3: Muon-pair production with the fermion, /x ,
scattered into the for¬

ward hemisphere with respect to the e~-beam direction (cos#>0).

with

a{ = 27rio M dcos 0 and a\> dcos 9.

This gives for the asymmetry in lowest order:

3G3(s)

8Gi(a)"
^ (2.4)

Due to the 7Z interference the asymmetry is positive (negative) for center-of-mass

energies above (below) the Z mass. The coupling of the photon to electron and

muon is a pure vector coupling while the coupling of the Z boson is dominated

by the axial-vector part (\gv/gA\ «0.08). On the Z resonance (y/s— ^z) the

interference term disappears. In addition, neglecting the photon exchange with

respect to the Z exchange and assuming lepton universality, equation 2.4 simplifies
to:

4£s = 3

i2 i2

(gv + 9ll
-2
« 34 (for g* « A).

I 9a
(2.5)

Alternatively the differential cross section can also be parametrised using the

total cross section, atot, and the forward-backward asymmetry, ^4fb(s):

da
„

da

dcos9
=

27TdTi
= a{s) - (1 + cos2 0) + Afb(s)cos 6

8
(2-6)

2.3 Radiative corrections

For precision measurements higher order contributions also have to be considered.

These radiative corrections to the process e+e~—> //+/u~ lead to modifications of

ofot and Afo. The radiative (one-loop) corrections can be subdivided into two

sub-classes:

• weak corrections,

• QED2 corrections.

A detailed description of the radiative corrections can be found in [5, 6, 7].
2 Quantum electrodynamics

8



(a)

(b) (c)

Figure 2.4: Radiative weak corrections to the process e+e,+a- fi+fi . Figure (a)
shows the propagator correction, figures (b,c) and (d,e) represent vertex and box

corrections, respectively.

2.3.1 Weak corrections

The weak corrections collect all non-photonic corrections arising from the follow¬

ing processes [5]:

• Propagator corrections describe the modification of the gauge boson prop¬

agator by self energy insertions (figure 2.4a). In case of the photon and the

Z propagator this leads to a \/s-dependence of the fine structure constant,

a, and the Z-width, respectively.

• Vertex corrections take into account the exchange of particles between the

two incoming or the two outgoing fermions (figures 2.4b,c). They are ab¬

sorbed by a transformation of the couplings, gv and gA, to effective cou¬

plings, ~gv and ~gA, respectively.

• Box corrections describe two gauge boson exchanges (figures 2.4d,e).

The inclusion of the radiative corrections leads to the improved Born approxi¬
mation. The general structure of the Born approximation described in section

2.2.1 is maintained by re-defining the variables a, Tz, gA and gv to their effective

values a(s), Fz(s), ~gA and ~gv, respectively.

2.3.2 QED corrections

QED corrections comprise corrections due to emission or absorption of a brems-

strahlung or virtual photon (figure 2.5). The contributions to the bremsstrahlungs

9



(a) (b)

(c) (d)

Figure 2.5: Radiative QED corrections to the process e+e~—> /i+/u_. Figures (a)
and (b) show the emission of an ISR and FSR photon, respectively. Figures (c,d)
are examples for virtual photon loops.

correction arise from initial state radiation (ISR), final state radiation (FSR) and

from the interference between initial and final state radiation. ISR and FSR

radiation take into account the coupling of a photon to an incoming and outgo¬

ing fermion, respectively. The size of the interference contribution to the total

cross section is negligible [8]. When no stringent kinematic cut on the outgoing
fermion-pair is imposed, the final state radiative correction gives a multiplicative
factor 1+<5qed which is smaller than 0.17% [6].
If an ISR photon is emitted by the electron or the positron, the initial center-of-

mass energy, yfs, is lowered to an effective center-of-mass energy of the annihila¬

tion process, \fs'. Using the energy of the emitted ISR photon, E7, the \fs' value

is given by:

E.
s' = sz = s(l j~j-) = s - 2E7v/s

y/S/2
(2.7)

Taking all radiative weak and QED corrections into account, the cross section

crtot is then given by a convolution [6]:

fftot(s) = / G(z) aw{sz) dz,
JZQ

(2.8)

where the cross section including weak corrections is denoted by aw. The radiator

function G(z) is the probability to emit an ISR photon, then leading to an effective

center-of-mass energy, yfs'. The integration ranges over all possible ISR photon
energies between the kinematic limit zq and 1.

10



Chapter 3

The L3 experiment

The European nuclear research center CERN1 is situated in Geneva, Switzerland.

The experiments ALEPH, DELPHI, L3 and OPAL [15, 16] are installed in four

out of eight possible interaction zones of the LEP2 accelerator (figure 3.1).

Jura

France

4£p
I 1 1 km

Switzerland

Geneva Airport

Figure 3.1: Map of the LEP accelerator at CERN.

The L3 experiment (figures 3.2, 3.3) was constructed to detect particles produced
in e+e~-collisions. Priorities were set for the energy measurement of photons and

1 Conseil Europeen pour la Recherche Nucleaire
2
Large Electron Positron collider
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Figure 3.2: Perspective view of the L3 detector.

electrons and the momentum measurement of muons. The innermost components
are the micro-vertex detector [18] and a central tracking chamber [19]. They are

followed by the electromagnetic calorimeter [21]. scintillation counters [23] and

the hadron calorimeter [24]. The outermost detector is the muon spectrometer

consisting of three layers of drift chambers [25]. The entire detector is placed
inside a solenoid magnet with an inner diameter of 12 m. It generates a homo¬

geneous field of 0.5 T parallel to the beam axis. On both sides of the experiment
there are iron doors returning the flux of the solenoid field. Coils are wrapped
around these doors to build up a toroid field of 1.2 T. Three layers of muon

chambers are mounted onto the iron doors [26]. One layer is situated on the

inside of the doors, and two are on the outside. The two outer layers are covered

with resistive plate counters [27]. Close to the beam pipe on both ends of the ex¬

periment there is a very small angle tagger (VSAT) and a lead ring covered with

plastic scintillators (ALR) [28]. The luminosity is measured with the luminosity
monitor and a silicon strip detector (SLUM) [41]. In the following sections, the

most important detectors for the muon-pair production analysis are described in

more detail.

The coordinate system of the L3 experiment is defined such that 9 is the polar
and <£> the azimuthal angle.

12



L3

Figure 3.3: Side view of the L3 detector with a muon traversing the detector.

3.1 LEP accelerator

The LEP accelerator has a circumference of about 26.7 km. Electrons and posi¬
trons are accelerated in opposite directions and kept on their circular trajectory

by dipole magnets. The acceleration is performed by radio frequency cavities and

takes place at the straight parts of LEP on both sides of each of the eight potential
interaction points. The electrons and positrons are each stored in four bunches.

In 1995 and 1996 every bunch was subdivided in up to four bunchlets. The max¬

imum beam energy to date of 94.5 GeV was reached in May 1998. It is mainly
limited by the energy loss due to synchrotron radiation which is proportional to

E4.

The energy calibration

The calibration of the LEP center-of-mass energy is important for a precise de¬

termination of mass and width of the Z boson. The method used for the energy

calibration is resonant spin de-polarisation [39]. Due to the Sokolov-Ternov effect

[11], a transversal polarisation of the beam is built up. The frequency of the

spin precession of electrons in the polarised beam is directly related to the beam

energy:

Se ^ ^beam
Vs = —Z ,

2 me

where i/s is the number of spin precessions per revolution, (ge — 2)/2 the anomalous

moment of the electron, Ebeam the beam energy and me the mass of the electron.

13



An oscillating horizontal magnetic field is applied to the vertically polarised beam.

Prom the frequency of the oscillating field that de-polarises the beam the spin

precession frequency and thus the beam energy is derived. It allows a relative

precision of the energy measurement of 2.6 x 10~5 for 1995 and of 3.5 x 10-4 for

1996 [40].

3.2 Luminosity measurement

The luminosity is defined as:

£^nbNe-Ne+
4nTaxay

'

with Ne- and Ne+ the number of electrons and positrons per bunch, respectively,

nb the number of bunches and T the time per revolution. ax and ay are the

transversal dimensions of the bunch. Not all parameters are known to sufficient

precision. Hence a process with a well known theoretical cross section is used for

the luminosity determination:

Of.

where N is the background corrected number of selected events, a the theoretical

cross section and e the acceptance and selection correction.

The total luminosity, £, is determined by measuring the number of small-angle
Bhabha scatterings, e+e~-4 e+e~(7) [41]. For this purpose, luminosity monitors

[17] are located on either side of the interaction point at z=±2.7 m. They are

cylindrical calorimeters with an inner radius of 68.2 mm and an outer radius of

191.4 mm. Each one is a finely segmented and azimuthally symmetric array of

304 BGO3 crystals which is split in the vertical plane. A silicon strip detector

(SLUM) ensures a precise definition of the fiducial volume [41].
To determine the visible cross section4, e+e~—> e+e~(7) events are simulated at a

fixed center-of-mass energy, yfs, of 91.18 GeV using the event generator BHLUMI

[49]. For center-of-mass energies, Vs7, off the Z peak, the visible cross section is

rescaled by s/s' [63] since small-angle Bhabha scattering is a QED process.

3.3 Micro vertex detector

The micro vertex detector (SMD5) [18] is mounted directly on the outside of the

beam pipe. It consists of two layers of silicon strip detectors. They allow the

position determination of a track with a precision of 7 fxm in the r-$-plane and

14 jum in the r-z-plane. The measurement of the distance of closest approach

(DCA) to the interaction point helps in the separation of muons from cosmic

radiation and muon-pair events.

3Bismuth Germanium Oxide
4The cross section for small-angle Bhabha scattering (t-channel) in the polar angular region
covered by the luminosity monitors.

5 Silicon Micro Vertex Detector
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Grid Z chamber

Figure 3.4: Sector of the central tracking chamber.

3.4 Central tracking chamber

The inner ring of the central tracking chamber (TEC6) [19] is split into 12 sectors

with eight anode wires each, the outer ring comprises 24 sectors with 54 anode

wires each. Two outer sectors cover one inner sector (figure 3.4). Thus it is

possible to resolve ambiguities in the position determination originating from the

two halves of each sector. The distance between the first and the last anode wire is

about 31.7 cm. Additional wire planes separate the drift region from the region of

the gas amplification around the anode wires. This results in relatively small drift

velocities that allow to measure the time of the signal and hence to determine the

position of the track more accurately than in drift chambers (principle of time

expansion). The TEC is surrounded by two layers of multi-wire proportional
chambers with cathode strip read-out [20]. They measure the ^-coordinate, i.e.

the polar angle, of the tracks. The resolution for the distance of closest approach
is 57.7 //m. Combined with the position determination of the SMD a resolution

for the transverse momentum l/p± of 0.0147 GeV-1 is achieved [45].

3.5 Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) [21] consists of Bismuth Germanium

Oxide crystals (Bi4Ge30i2). The central part covers the polar angular region of

42° < 6 < 138°and contains 7680 crystals. Both endcaps cover the region between

6Time Expansion Chamber
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24 cm Photodiode

Figure 3.5: A BGO crystal of the electromagnetic calorimeter.

12° and 38° with respect to the beam axis and contain 1527 crystals each. The

crystals are 24 cm long, their radiation length is 1.2 cm and the absorption length
for hadronic particles is about 22 cm. Photo diodes are used for the read-out

(figure 3.5). The angular resolution is of the order of 0.5°. The energy resolution

ranges from 5% for £=100 MeV to 1.4% for £=45 GeV [22, 43].

3.6 Scintillation counters

On the outside of the electromagnetic calorimeter, there is one layer of plas¬
tic scintillation counters [23], covering the whole acceptance region of the muon

spectrometer. They measure the time between the e+e~-interaction and the mo¬

ment the particle crosses the scintillation counter. This timing signal offers one

possibility to distinguish between muons from muon-pair events and muons orig¬

inating from cosmic radiation. The central region of the experiment is covered

by 30 counters, the endcap regions by 16 counters each. They are read out by

photo-multipliers. The time resolution is 0.8 ns and 1.9 ns for the central and

endcap counters respectively [44].

3.7 The hadron calorimeter

The hadron calorimeter (HCAL) [24] is built up of alternating layers of uranium

as showering material and multi-wire proportional chambers to measure the de¬

posited energy. It covers the polar angular range of 5.5°< 9 < 174.5° (figure 3.6).
The HCAL measures energy and direction of hadronic jets. Its material represents
about eight absorption lengths and thus prevents most particles subject to strong
interaction from reaching the muon spectrometer. Surrounding the HCAL, the

muon filter, a layer of brass absorber plates interleaved with proportional tubes,

16



Support Tube Scin. Counters

Figure 3.6: Side view of the hadron calorimeter.

also serves this purpose. The angular resolution is of the order of 0.5° and the

angular deflection caused by multiple scattering has an RMS of 0.2°.

3.8 The muon spectrometer

The L3 muon spectrometer is composed of two components:

• the central detector (barret) muon chambers [25],

• the endcap (forward-backward) muon chambers [26].

The barrel muon chambers are placed completely inside the solenoid magnet and

cover the polar angular region of 44° < 9 < 136°. They are arranged in 2 x 8

units called octants (see figure 3.9). Both end-caps consist of 16 sectors of forward-

backward chamber units covering the polar angular region of 24° < 6 < 44° with

respect to the beam axis. One layer is mounted on the inside (FI) and two layers
(FM, FO) on the outside of iron doors which contain a toroid magnetic field and

return the flux of the L3 solenoid magnetic field (figure 3.7). For triggering, the

middle (FM) and outer (FO) layers are covered by resistive plate counters (RPC,
figure 3.8) [27, 46].

3.8.1 The barrel muon chambers

In each octant there are five drift chambers measuring the coordinates of the

track in the r-</>-plane (p-chambers). They comprise one inner chamber (MI),

17



Figure 3.7: Perspective view onto three quarters of the forward-backward muon

chambers.

Figure 3.8: A forward-backward muon chamber module with resistive plate coun¬

ters.
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Figure 3.9: Front view of a barrel muon chamber octant.

two middle (MM) and two outer chambers (MO) (figure 3.9). Their cells have a

width of 101.5 mm and contain 16 (MI, MO) or 24 (MM) signal wires parallel

to the beam axis. The hits of the wires within one cell or two adjacent cells are

combined to segments. Tracks with segments in all three p-chamber layers are

called triplets, if only two layers are hit they are referred to as doublets.

In addition there are chambers mounted below and on top of the MI and MO

chambers to measure the r-0-coordinates (z-chambers). They are built up of two

layers of 109 mm wide cells with one signal wire each. These two layers have an

overlap of half a cell width. This allows to resolve left-right ambiguities and to

measure the polar angle with a precision of 0.3°. The single wire resolutions are

w220 /i,m for p-chambers and «500 pun for z-chambers [42, 59].

The bending of the muon trajectory in the barrel is caused by the solenoid mag¬

netic field and is used to calculate the transverse momentum, p±, of the muon:

P± =
BP

8s'
(3.1)

with the lever arm, I, and the magnetic field B. The deviation or sagitta, s, of

the bent trajectory from a straight line is determined from the coordinates of the

track in the three layers of drift chambers. The principle of the measurement is

shown in figure 3.10. In case of doublets the bending of the trajectory can be

determined from the slope of the two p-segments, but the momentum resolution

worsens from 2.5% for triplets to 21.3% [59]. The precise and stable positioning
of all p-chambers that is required for a high momentum resolution, is guaranteed

by an opto-mechanical alignment system [59].

3.8.2 The forward-backward muon chambers

All forward drift chambers consist of three layers (Y,X,W). The W and X layers

that measure the /--^-coordinate contain 18 and 19 four-wire cells, respectively

(figure 3.11). The Y layers, containing 27 four-wire cells, measure the polar angle.
As indicated in figure 3.12, there are two complementary regions, S (36°< 6 <
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Figure 3.10: Sagitta measurement in the barrel muon chambers.
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Figure 3.11: A cell of the forward-backward muon chamber.

44°) and T (24°< 6 < 36°). In each region a different method is used to measure

the muon momentum.

In the S-region muons are analysed by measuring the bending in the 0.5 T solenoid

field with the central chambers MI, MM and the forward FI chamber. The mo¬

mentum resolution varies from 4% to 23%, depending on the lever arm (i.e. the

polar angle) [26]. In the T-region the deflection of the muon trajectory due to the

1.2 T toroidal field in the iron doors is used to measure the muon momentum.

Here the momentum resolution is about 30% and is limited by multiple scattering
in the 90 cm thick doors. All forward chambers are precisely aligned with respect

to each other and with respect to the barrel muon chambers [29].

3.9 Trigger and data acquisition

The task of the trigger system [31] is to decide if an event is interesting from a

physics point of view and hence to reduce the amount of data written to tape. It
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Figure 3.12: Side view of a quarter of the L3 detector and the different polar

angular regions.

is a chain of three consecutive levels. The decision has to be made within 22 //s,

i.e. between two beam crossings, to prevent dead time in data taking for negative

trigger decisions.

The level-1 trigger [32] directly accesses the analog signals of the sub-detectors.

The following, independent sub-triggers are important for muon-pair events:

• The Muon Trigger [35] requires a positive decision from at least one out of

three sub-triggers:

a) Single muon trigger: A muon track with a coincidence of all three

p-chambers and all four z-chambers in one octant.

b) Di-muon trigger: A muon track with a coincidence of two p-chambers
and two z-chambers. At least two octants should have a track identified

and the tracks should satisfy a coplanarity condition.

c) Small-angle muon trigger: In both hemispheres of the detector a muon

track with a coincidence of one p-chamber and two z-chambers has to

be present (only in the region between 36° < 9 <44° with respect to

the beam axis).

• The TEC Trigger [33] algorithm uses 14 out of 54 wires and sub-divides the

r-$-plane into 96 $-bins. Tracks within one $-bin at #>42° must have a

transverse momentum pt>600 MeV. Tracks crossing up to three adjacent ca¬

bins have to have apt of more than 150 MeV/c. For tracks at 25°<6I<420 the

seven innermost wires are used and a transverse momentum larger than 100

MeV is required.
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• The Energy Trigger (calorimetric trigger) [34] accepts an event if the sum of

the energies deposited in the calorimeters exceeds a pre-defined threshold

value. Also a very low energy deposit in the BGO is accepted, provided
it accounts almost for the totality of the detected electromagnetic energy

and that there is no TEC track in coincidence with this deposit in the

/•-^-projection (single-photon-trigger).

These sub-triggers are combined by a logical OR. Their decisions are uncorre¬

cted since they rely on different sub-detector data. In case the level-1 trigger

rejects the event, the detector is ready for the next beam crossing. If the event

passes the first level it is sent to the level-2 trigger [37] for further background
reduction. The level-3 trigger [38] eventually accesses the completely digitised
detector information including a partial reconstruction of the event. It is the last

filter to reject background like detector noise or cosmic radiation. Events which

successfully pass the level-3 trigger are written onto tape with a rate of about

5 Hz.

3.10 Data reconstruction

The raw data events are reconstructed using the program REL3 [47]. Taking
calibration constants into account, the drift times for the chambers, the energy

deposits in the calorimeters and the scintillation counter times are calculated.

The drift times in the TEC and the muon chambers can be converted to posi¬
tion measurements for the track reconstruction. Adjacent energy measurements

in the calorimeters are combined to clusters representing the energy losses of

the different observed particles. The time when particle traversed a scintillation

counter can be determined from the position information and the time pulse of

the scintillator. Eventually tracks are reconstructed based on the information of

all sub-detectors.

3.11 Detector simulation

Events are generated according to the prediction of the Standard Model. Interac¬

tions with the detector materials are simulated with the program package GEANT

[48]. Differences in the comparison of these Monte Carlo events with the data are

used to estimate systematic errors in the detector description. Also the detector

acceptance and contributions of the background processes are determined from

Monte Carlo events.

The following Monte Carlo event generators are used to simulate the various

reactions: KORALZ [54] for e+e~->- /i+/i~(7) and e+e"^- r+r_(7), DIAG36 [50]
for e+e-->- e+e-^-V(7), JETSET [51] for e+e"-* qq(7), KORALW [53] for the

process e+e~-» W+Wfr) and PYTHIA [51] for e+e"-)- qq(7) at v^>130 GeV,
for e+e--* Ze+e_(7) and e+e--> ZZfr).

22



Chapter 4

Event Selection

A muon in the L3 experiment, seen by all sub-detectors, has two hits in the

silicon micro vertex detector and a track in the central tracking chamber. The

track has ideally 8 hits in the inner TEC and up to 54 hits in the outer TEC

depending on the polar angle 9. The muon then leaves a low energy deposition
in the electromagnetic calorimeter. The average energy deposition of a muon is

about 250 MeV (figure 4.1). A scintillation counter hit is followed by an energy

deposition in the hadron calorimeter. The typical energy loss is about 2 GeV

(figure 4.1). Finally the muon traverses the muon chamber system, normally

hitting three layers in the region of |cos#|<0.8 and four layers in the region of

0.8<|cos#|< 0.9
.
An example of a muon-pair detected by the L3 experiment is

shown in figure 4.2.

4.1 Muon Identification

In this analysis the solid angle is restricted to |cos#|<0.9, which is the region
covered by the muon spectrometer. A muon can be identified with the muon

spectrometer itself or using the central detectors of the L3 experiment only.

The identification of a muon with the muon chamber system requires the recon¬

struction and matching of the track segments of at least two layers of chambers.

It is then possible to determine the direction and momentum of the muon and

to track it back to the interaction point. About 90% of the muons are identified

in the muon chambers. This number agrees with the expectation since the gaps

between the muon chambers represent « 7% of the solid angle and for another

3% the muon can, due to non-functioning cells, have at most one reconstructed

muon chamber segment.

A muon can also be identified as a minimum ionising particle (MIP). A track

in the central tracking chamber has to be present. It is combined with energy

depositions in the electromagnetic and the hadron calorimeter that are typical for

a muon. If present, single muon chamber segments help to identify the particle
as a MIP. The background is reduced by applying cuts on the energies deposited
in the calorimeters. For both the electromagnetic and hadron calorimeter, the

energy depositions in a 24° cone around the MIP candidate are summed. The

MIP candidate is assigned to be a muon if the electromagnetic energy is less than

2 GeV and the hadronic energy less than 7 GeV.
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Figure 4.1: The energy deposited by a muon in the electromagnetic calorimeter

and in the hadron calorimeter. Only muons of the MM sample whose selection is

not based on calorimetric information are shown.

The selected e+e~-4- //+^~(7) events are divided into three event samples that

are treated differently in the analysis (see also table B.l):

• MM sample: two reconstructed muon chamber tracks («82%)

• MX sample: one reconstructed muon chamber track and one MIP («12%)

• XX sample: two minimum ionising particles («6%)

4.2 Muon-pair selection

Events from the muon-pair production e+e-—> /i+/x~(7) have to be separated
from other processes with muons in the final state. These background processes

are:

• e+e~—>• t+t~('j),

• e+e"—>• e+e~fj,+fj,~('y),

• e+e~-4 qq(7),

• Cosmic muons.

Feynman graphs for the muon-pair production and the most important back¬

ground processes are shown in figure 4.3. The contamination from the different

background processes is determined from Monte Carlo simulations. For muon-

pair production at center-of-mass energies, Ecms, above the Z resonance, addi¬

tional background processes have to be taken into account:

• e+e--> W+W-(7),
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Figure 4.2: The front view of the L3 detector (top) shows two muons both travers¬

ing all three layers of muon chambers. The side view (bottom) magnifies the cen¬

tral part. Coming from the interaction point in the center the muons leave a track

in the TEC, energy depositions in the electromagnetic and hadron calorimeters

and finally reach the muon chambers.
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Figure 4.3: The muon-pair production e+e -» /i+£t (7) (upper left) and the back-

e+e —) e+e //+/x (7) (lowerground processes e+e--* t+t~(j) (upper right),
left) and e+e~-> W+W~(7) (lower right). For the r-pair and W-pair production,
an example containing muons is shown since these events represent the majority
of the respective background.

• e+e -> Ze+e (7),

• e+e--> ZZ(7),

• e+e~—> e+e~r+r~(7).

Most of the background can be removed by applying cuts on various quantities
of the muon-pair. All cuts are explained in detail in sections 4.2.1 and 4.2.2.

Figures 4.4 through 4.11 show the distributions of the cut quantities with all

other selection cuts always applied. The following overview lists the quantities
the selection is based on, the cuts and the background they reduce:

quantity cut background

scintillator time one *scin<5 ns cosmic muons

r-#-dca one d±<l mm cosmic muons

acollinearity £mm<90°, £Mx<40°, 6cx<5° all background
muon momentum (MM.MX) Pmax> 3-^beam all background
transverse momentum (XX) two pt>3 GeV ee — eeff

multiplicity clusters < 16 e+e~~—> qq(7)
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Figure 4.4: Distribution of the distance of closest approach, d±, in the r-$-plane.

4.2.1 Cosmic muon rejection

Events with muons from cosmic radiation (cosmics) can be accepted as muon-

pair events. Their rate is constant with time and completely independent of the

time and location of the beam collisions. These events are rejected by requiring
one of the two muons to have a distance of closest approach to the beam axis

in the r-$-plane, d±, of less than 1 mm. Figure 4.4 shows the minimum d± for

selected muon-pair events. The tail of the distribution represents a constant rate

of cosmics. In addition at least one scintillator counter time has to be within a 5

ns window around the beam crossing (figure 4.5).
A control sample of cosmic muons is created by selecting all the events of the

1995 data with a distance of closest approach to the beam axis in the r-$-plane
of 5 mm < d± < 50 mm and a minimum scintillator counter time of 10 ns < £Scm<

50 ns around the beam crossing. The sample is used as a Monte Carlo substitute

for cosmic muons.

4.2.2 Background reduction

Muon-pair production creates a two-particle final state up to radiative corrections.

Due to energy and momentum conservation both muons are expected to have E^«
Ebeam since most additional photons have low energy. Background processes like

tau-pair production contain muons with lower momenta. The major contribution

arises from events where both taus decay into muons r —> ixvpyr (figure 4.3).
A large fraction of the energy is carried away by the neutrinos and therefore

undetectable. Requiring at least |Ebeam for the momentum of one of the muons
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Figure 4.5: Distribution of the minimum scintillation counter time.

in the MM sample and for the muon with a reconstructed muon chamber track

in the MX sample permits to separate most of the background from the signal.

Figure 4.6 shows the distribution of the maximum momentum of the muons of

the MM and MX sample normalised to the beam energy.

Tau-pair events have a different acollinearity1 than muon-pair events due to the

neutrino production in r-decay. Additional background can thus be rejected by

requiring the acollinearity to be less than 90° for events in the MM sample (figure
4.7). The TEC trigger has an implicit restriction on the acollinearity since an

event is only accepted if there is a signal from two close to opposite sectors.

Therefore a cut on the acollinearity of 40° is applied for events in the MX sample

(figure 4.8).

In the XX sample the background from four-fermion final states, ee —> eeff
,
can

be reduced by requiring both tracks to have a transverse momentum of at least

3 GeV in the central tracking chamber (figure 4.9). The magnification of the

range 0 < pt<6 GeV shows that additional background is present for pt<l GeV.

This has no influence on the cross section measurement since the cut at 3 GeV

is sufficiently far away (section 6.5). The remaining background from tau-pair

production is rejected by an acollinearity cut at 5°. The acollinearity distribution

of the XX sample is shown in figure 4.10.

It is not sufficient to separate the background originating from hadron-pair pro¬

duction and muon pairs by cutting on the momenta of the muons and the

acollinearity of the event. Their rejection can be enhanced by introducing a

cut on the multiplicity of the event. Figure 4.11 shows the number of energy

JThe acollinearity, £, is the difference between the angle between the two muons and 180°.
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Figure 4.6: Distribution of the maximum muon momentum for the MM and MX

samples normalised to the beam energy.
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Figure 4.7: The acollinearity distribution for the MM sample.
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Figure 4.8: The acollinearity distribution for the MX sample.
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Figure 4.9: Distribution of the minimum transverse momentum of the TEC track
for the XX sample. The right plot magnifies the range around the cut. The cut is

sufficiently far away from the region below 1 GeV where additional background
is present.
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Figure 4.10: The acollinearity distribution for the XX sample.

deposition clusters in the calorimeters per event.

Figure 4.12 shows the distribution of the polar angles cos 9 of the selected muons

and their azimuthal angles $ within a muon chamber sector. The gap of the

muon spectrometer in 6 is located at cos 0=0. There also are gaps between the

different chambers in $. The angular distributions show clearly how in these

regions the muons are identified as minimal ionising particles and thus contribute

to the MX and XX samples.

For all distributions there is good agreement between data and Monte Carlo

prediction for both signal and background processes. The bulk of the background,
including muons from cosmic radiation, is successfully rejected.

4.3 Muon-pair production at y/s> 100 GeV

4.3.1 Effective center-of-mass energy

In 1995 LEP was operated for the first time at center-of-mass energies, y/s, above

100 GeV. For a substantial fraction of the muon-pair events, initial-state photons
are emitted. They lower the initial center-of-mass energy to an effective center-

of-mass energy of the annihilation process, x/s7. When a/s7 is close to the Z mass,

mz, the events are classified as radiative returns to the Z. A cut on \/~s' allows

a separation between events at high effective center-of-mass energies, high energy

events, and radiative returns to the Z.

Tau-pairs cannot be produced at an effective center-of-mass energy y/s'<2 mT
(«3.6 GeV). To define a consistent phase space for all lepton-pair production
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Figure 4.11: The number of energy depositions in the calorimeters.

channels and to reduce uncertainties on radiative corrections in extrapolating
to low y/s* values, the effective center-of-mass energy, x/s7, in the total event

sample is required to be larger than O.ly/s. The high energy sample is defined

by requiring \/s'>0.85^/s. Assuming the emission of a single initial state photon,

Tisr, and using its energy, E7, the s' value is given by:

s — 2E7y/s. (4.1)

If the photon is found in the detector it is required to have an energy, E7, larger
than 15 GeV in the electromagnetic calorimeter and an angular separation to the

nearest muon of more than 10°. If it is not detected, the photon is assumed to be

emitted along the beam axis and its energy is calculated from the polar angles,
91 and 02, of the outgoing muons:

E7 = y/s
sin#:

|sin(0i + 02)|
+ sin02 + |sin(0i + #2)

(4.2)

A Monte Carlo study confirms the assumption of only one initial state photon.
The fractions of events with zero, one or more ISR photons found in the detector

are given in table 4.1. Two or more ISR photons were found for only less than

0.5% of the events. In these cases the higher energy photon is used for the

determination of Vs'. The impact of a possible wrong determination of y/s' for

these events on the cross section and asymmetry measurement is negligible, most

of all regarding the number of selected events (section 6.4). Figure 4.14 shows

V? for 130 GeV<yi<183 GeV. The peaks at 91 GeV are due to muon-pairs
produced at y/Pm mz. It can be seen that for all energy points the high energy
sample (V/s7>0.85x/s) comprises about 50% of the events.
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Figure 4.12: The cos0- (upper) and the ^-distribution per half-octant (lower) of

the selected muons. The lines are the Monte Carlo simulation for the MM (solid),
the MX (dashed) and the XX (dotted) samples.
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Figure 4.13: Feynman graph for the muon-pair production with an initial state

photon. The muons are produced at a lower effective center-of-mass energy, x/s7.

>Jl [GeV] no 7isr [%] 1 7ISR [%] 2 Tisr [%] 3 Tisr [%]
130.0

135.9

161.3

172.1

182.7

90.8±1.0

90.1±1.0

90.2±0.7

90.6±0.7

92.4±0.7

8.9±0.3

9.6±0.3

9.5±0.2

9.0±0.2

7.3±0.2

0.2±0.1

0.3±0.1

0.3±0.1

0.4±0.1

0.3±0.1

0.04i0.02

O.OOiO.Ol

O.OliO.Ol

O.OliO.Ol

O.OOiO.01

Table 4.1: The fractions of events with zero, one or more ISR photons found in

the detector determined from the Monte Carlo simulation.
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Figure 4.14: The effective center-of-mass energies, vs', for the data taken at

130 GeV<v/i<183 GeV. The respective peaks at 91 GeV represent the radiative

returns to the Z with x/s'w mz-
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4.3.2 Event selection

For muon-pairs produced at v/i7>0.85-v/s, the event topology is similar to that

for events at y/stt mz- Radiative returns to the Z emit high-energy ISR photons,

mostly along the beam axis. An example of a muon-pair with an initial state

photon in the L3 detector, produced at y/s=161 GeV, is shown in figure 4.15.

The ISR photon, that causes the acollinearity of the event, is clearly visible.

Figure 4.16 shows the acollinearity for events of the MM sample at ^=183 GeV.

Muon-pairs with V/s7«-v/s have an acollinearity £ <10° while events produced at

v/s'ss raz peak at £=70°.

For center-of-mass energies above y^lOO GeV events of the XX category are

no longer considered. Their contribution to the number of selected events is

negligible since even the radiative events are already rejected by the cut on the

acollinearity £ <5° (section 4.2.2). The event selection follows the selection for

the data of 1995 with minor modifications. They are explained in the following
section.

4.3.3 Background rejection

The lower cut on the highest momentum measured in the muon chambers, pmax,

is set to a fixed value of 35 GeV to ensure high acceptance for events with hard

ISR photons. Figure 4.17 shows pmax normalised to the beam energy, Ebeamj for

^5=183 GeV.

The number of muons from cosmic radiation is constant in time. Due to the lower

cross section for muon-pair production at higher energies, the fraction of cosmic

events among the selected events is increased. The minimum distance of closest

approach is required to be less than 0.5 mm to further reduce the background
from cosmic radiation in the final sample. The minimum scintillation counter

time, £SCin, has to be less than 3.5 ns. In addition, if both muons in the event

have a good scintillation or RPC counter hit, the difference between the upper

and lower counter is calculated, ttop- ^bottom- The expected time-of-flight for a

cosmic muon is determined from the geometrical position of the two counters.

If this expected time-of-flight and the difference in time calculated from the two

counters agree within 2 ns the event is identified as an event originating from

cosmic radiation and thus rejected (figure 4.18).

Again there is good agreement in all distributions between data and Monte Carlo

prediction for both signal and background processes.
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Figure 4.15: The front view of the L3 detector (top) shows two muons traversing
the muon chambers. An emitted initial state photon causes the acoUinearity of

the two muons. The side view (bottom) magnifies the electromagnetic calorimeter

and the inner tracking chamber. The ISR photon is clearly visible on the left side.

This muon-pair was produced at >/s=161 GeV.
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Figure 4.16: The acollinearity distribution for the MM sample at y/s=183 GeV.

The two peaks at 0° and 70° are due to muon-pairs produced at v^^a/s and

s'« mz, respectively.
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Figure 4.17: The highest momentum measured in the muon chambers, pmax,
normalised to the beam energy, Ebeam, for ^=183 GeV. The peaks at 1.0 and

at 0.7 (-v/s'w mz) can be distinguished.
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Chapter 5

Detector efficiencies

The chapter presents the efficiencies of the muon chambers and other sub-detectors

that are important for the muon-pair analysis. The task of the analysis is to de¬

termine cross sections and forward-backward asymmetries to such a precision
that the statistical error dominates the systematic uncertainties. These system¬

atic uncertainties, described in detail in section 6.5, contain contributions from

the detector acceptance and trigger efficiency. Thus it is important to correctly
simulate detector inefficiencies. The following sections investigate the efficiencies

of the muon chambers, central tracking chamber, scintillators and RPCs as well

as the efficiency of the backup (MIP) selection. They compare the efficiencies for

data with the Monte Carlo simulation and explain the techniques that are used.

Very important is also the quality of the muon momentum reconstruction since

most of the background is rejected by the cut on the maximum muon momen¬

tum (section 4.2.2). The last section describes the determination of the trigger

efficiency.

5.1 Muon chamber efficiency

More than 90% of the muon-pairs are selected using criteria based on the muon

chamber information. Cells disconnected from high voltage and their periods
of disconnection are taken into account in the Monte Carlo simulation. In case

several chambers are non-functional at the same time, the period is excluded from

the analysis.

A muon that passes a non-functional cell can still be detected and possibly se¬

lected. The failure of a p-chamber cell in the central part of the detector results

in a reconstruction with only two track segments. Only if there is a second non¬

functional cell in another layer on the muon trajectory, two p-chamber segments

are lost and the muon track can not be reconstructed. In this case, the muon can

still be detected as a MIP. However, the efficiency of the MIP selection is slightly
lower than the efficiency for the selection using the muon chamber information

(section 5.3).
The efficiency of the muon chambers is determined using a sub-sample of the

selected events. Applying the MIP selection of the XX sample to all events and

requiring the TEC trigger to be present, one obtains a sample independent of

muon chambers and muon trigger. The muon is then tracked through the muon
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Figure 5.1: The efficiency of the muon p-chambers for 1995 data (dots) and Monte

Carlo simulation (solid line). The efficiency shown is the average over all octants

in the forward (z >0) and backward (z <0) directions. The gaps between the

two MO and two MM chambers per octant are clearly visible.

chambers. If there is no muon chamber segment found in one or more layers, the

missing cell is determined from the $-angle and considered as inefficient. The

efficiency of the p-chambers combined for octants in the forward (z >0) and

backward [z <0) directions is shown in figure 5.1. The Monte Carlo simulation

describes the data well. The gaps between the two MO and two MM chambers

per octant are clearly visible.

Table 5.1 compares the acceptance of the different layers of muon chambers for

data with the Monte Carlo simulation. Only reconstructed muon tracks were

used to determine the acceptance of the muon chambers. Thus the reconstruc¬

tion efficiency for muon tracks is included in the acceptance measurement. The

acceptance e was determined by counting for each layer the number of recon¬

structed segments, Niec, and the number of segments which are missing, Nmiss,

but should have been there according to geometry:

N„
e =

Nrec + Nn
(5.1)

The efficiency of the p-chambers is good and always above 90%. The efficiencies

of the z-chambers are not well simulated. The lack of one z-chamber segment

leads to a less precise determination of the polar angle of the muon. In this case

the measurement of another sub-detector is taken to determine the polar angle.
Thus the large discrepancy between data and Monte Carlo simulation does not

affect the selection. The small differences between data and the Monte Carlo

simulation for the forward-backward chambers have almost no impact on the

selection since for the reconstruction of a muon track not all layers have to be

hit. The remaining difference contributes to the systematic error (section 6.3).
Figure 5.2 shows the occupancy of the forward-backward muon chamber cells for
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Layer Data [%] MC [%]
MI

MM

MO

90.8±0.2

91.8±0.2

93.9±0.2

90.1±0.2

91.0±0.2

92.8±0.2

Z(MI)
Z(MO)

76.7±0.3

69.3±0.4

87.4±0.2

82.7±0.3

FI-Y

FI-X

FI-W

FM-Y

FM-X

FM-W

FO-Y

FO-X

FO-W

92.7±0.4

87.8±0.5

84.7±0.5

87.8±0.8

81.9±0.9

82.9±0.9

82.9±0.9

81.9±0.9

87.8±0.8

96.2±0.3

89.8±0.4

89.1±0.4

93.9±0.5

84.7±0.8

85.2±0.8

85.2±0.8

84.7±0.8

93.9±0.5

Table 5.1: The efficiencies of the different layers of muon chambers. The mea¬

surement was obtained using a selection independent of the muon chambers.

all different kinds of layers in the forward (z >0) and backward (z <0) directions.

There is a good agreement between data and Monte Carlo simulation.

5.2 Muon momentum reconstruction

The bending of the trajectory within the muon chambers is used to determine

the transverse momentum, pt, of the muon. It is calculated from the deviation or

sagitta, s, of the bent trajectory from a straight line according to equation 3.1.

Since the sagitta is a quantity directly measured in the detector, its distribution

is expected to be a Gaussian around its true value:

A f — J oc As = const. (5.2)

To obtain the momentum at the vertex, the average energy loss of the muon due

to detector materials is added to the momentum measured in the muon chambers.

This energy loss is determined with the detector simulation program GEANT[48].
The average correction is 2.2 GeV with an average accuracy of 10% .

For muon-pair events without high-energy photons the momenta of the two muons

are each expected to be close to the beam energy. Thus the resolution of l/pt can

be determined by comparing the transverse momentum p^sin 9^ of the muon with

its expected value EbeamSin^. Figure 5.3 shows the muon momenta resolutions,
obtained with a Gaussian fit, for triplets in the three different regions of the muon

spectrometer. They are based on a sample of muon-pairs with an acoUinearity
smaller than 1° and an electromagnetic energy of less than 1 GeV. These cuts

reduce the number of events with photon radiation, thus the assumption that the

muon momentum is close to the beam energy is valid. The momentum resolution
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Figure 5.2: The occupancy of the forward-backward muon chambers for the 1995

Data (dots) and the Monte Carlo simulation (solid line). The right side shows

the cells for z >0, the left side the cells for z <0.
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momentum fraction

category muon chambers resolution [%] [%]
barrel | forward MC Data MC Data

1 MI MM MO - - 4.9 4.6 56.4 57.0

2 MI MM _ - 29.1 28.8 6.5 6.0

3 MI - MO - - 28.2 27.8 6.3 6.5

4 - MM MO - - 25.4 25.0 7.8 7.0

5 MI MM - FI - - 12.5 11.7 7.2 7.5

6 MI - - FI - - 37.7 38.5 1.1 0.9

7 - MM - FI - - 28.7 36.6 0.8 0.8

8 MI MM - FI FM - 24.6 25.1 1.5 1.5

9 MI - - FI FM - 60.4 76.1 2.2 2.4

10 - MM - FI FM - - - 0.1 0.1

11 - - - FI FM - - - 0.3 0.3

12 MI - - FI - FO 44.1 47.7 0.1 0.3

13 - - - FI - FO - - <0.1 0.1

14 MI - - FI FM FO 31.9 32.4 8.6 8.7

15 - - - FI FM FO 61.8 54.7 1.1 0.9

Table 5.2: The momentum resolution for each possible combination of muon

chambers for the 1995 data and the Monte Carlo simulation. Also shown is the

fraction of each combination with respect to all selected muons.

of 4.2% for barrel triplets does not agree with the design value of 2.5% (section
3.8.1) since all non-radiative muons are used for the determination, regardless of

their location inside the fiducial volume. All muons in regions with an inhomo-

geneous electric or magnetic field, that is close to disconnected cells or chamber

edges, have to be rejected to reach the design value.

Including also events with radiative muons leads to a momentum resolution of

4.6% for barrel triplets. The momentum resolutions for all muons are given in

table 5.2 for all possible combinations of muon chambers. Also shown is the

fraction of muons of a certain category with respect to all selected muons. The

results for the data agree very well with the Monte Carlo simulation.

For barrel doublets the momentum resolution varies between 25.0% and 28.8%

depending on the combination of chamber segments used for the reconstruction.

In the S-region the momentum resolution is not constant but increases smoothly
from 43° to 36°. The ^-dependence is due to the decrease of the lever arm as a

function of 6:

^L
= ±^/(L6S)2 + (2S6Lf

Py. Lb v
(5.3)

The momentum resolutions of 8.7% for S-region triplets in non-radiative events

and 11.7% for all muons are determined regardless of the polar angle of the muon.

In the T-region Ap^/p^ is limited by multiple scattering in the 90 cm thick iron

door:

Ap„

P/*

QiMS

^bend
(5.4)
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Figure 5.3: The resolution of the muon momentum based on 1995 data for barrel

triplets and doublets and the two forward regions S and T. Only events with

non-radiative muons are considered.
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Figure 5.4: The efficiency of the MIP selection of the 1995 data (dots) and the

Monte Carlo simulation. The left side shows the dependence on the polar angle
9, on the right side the dependence on $ in the muon chamber sector.

where ccms is the average multiple scattering angle and abend the bending angle
due to the magnetic field. They are determined as follows:

abend

DB

pllKcos9^
(5.5)

Q!MS =
0.0136 D

Pp V -X"ocos 9
1 + 0.038 In

D

X0cos9;
(5.6)

with B the magnetic field, D the thickness of the door, p^ the muon momentum,

if=3.336 (unit conversion constant), Xq—1.7Q cm the radiation length of iron

and 9 the polar angle of the track [30]. For 5=1.2 T, £>=0.9 m, pM=45.6 GeV

and 0=30° this leads to an aus of 2.7 mrad and an abend of 8.3 mrad. Thus the

momentum resolution Ap^/p^ is 32.3%
.
This is in very good agreement with the

resolution for T-region triplets of 32.4% determined from data (table 5.2).

5.3 Efficiency of the MIP selection

The efficiency of the MIP selection is determined using the MM sample whose

selection criteria are based on the muon spectrometer and not the calorimeters.

For every event it is checked if it would also be selected by a selection based on

calorimeter information. The result is shown in figure 5.4. The left plot shows

the dependence of the MIP efficiency on the polar angle 9, the right plot the

dependence on $ in the coordinate system of the muon chamber sectors. There

is a very good agreement between data and Monte Carlo.

The inner part of the tracking chamber consists of 12 sectors, the outer part 24

sectors, each covering 30° and 15° in <&, respectively. Thus the wire planes of the
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MIP selection efficiency [%]
all barrel endcap

Data 1995

Monte Carlo

93.47±0.15 95.08±0.15 89.07±0.36

94.02±0.03 94.62±0.03 92.35±0.06

yi=130 GeV

Monte Carlo

92.1±2.2 92.2±2.6 91.8±4.0

94.2±0.2 94.5±0.2 93.2±0.3

^=136 GeV

Monte Carlo

93.2±2.3 96.6±2.0 83.9±6.6

94.7±0.2 95.2±0.2 93.5±0.4

x/s=161 GeV

Monte Carlo

91.7±2.3 91.3±2.8 92.7±4.1

93.5±0.1 94.3±0.1 91.4±0.3

Vs=172 GeV

Monte Carlo

85.5±3.2 92.9±2.8 69.2±7.4

91.8±0.1 92.5±0.2 90.2±0.3

Vs=183 GeV

Monte Carlo

91.0±1.2 93.8±1.3 85.5±2.6

94.8±0.1 95.4±0.1 93.3±0.2

Table 5.3: The efficiency of MIP selection for data and Monte Carlo simulation.

Efficiencies are given for the complete fiducial volume as well as for the barrel

and endcap region separately.

tracking chamber are located at 0°, 7.5°, 15° and 22.5° in the coordinate system

of the muon chamber sector. The loss of efficiency at these angles is clearly
visible. In addition, there are gaps between the hadron calorimeter modules at

the ends and the center of the sector. They also result in a reduced efficiency.
The efficiency of the MIP selection for data and Monte Carlo is shown in table

5.3. In general data and Monte Carlo simulation agree well within the errors. The

impact on the selection due to small discrepancies in the overall MIP efficiency
for some energy points is negligible. Only a small fraction of the selected events

relies on the MIP selection and most of the muons in the MX and XX sample are

already identified by means of muon singlets (section 6.5).

5.4 Efficiencies of the scintillators and RPCs

A muon-pair event is only selected if one of the muons has a scintillation counter

time within a window of ±5 ns around the beam crossing. The different combi¬

nations of scintillators and RPCs, with |tscin| <5 ns, belonging to a muon track

in the forward region are shown in figure 5.5 for the 1995 data. The fractions of

selected muons with a certain combination of matched scintillators and RPCs can

be seen in table 5.4. These muons have to have at least one endcap scintillator

or RPC time |£scin| <5 ns. An agreement between data and Monte Carlo is not

important for the combinations with two or three matched scintillators or RPCs.

For the categories with only one matched scintillator or RPC there is only a very
small discrepancy between data and Monte Carlo. The impact on the selection is

negligible since only one muon of a muon-pair is required to have a |tscin| <5 ns.

For the determination of the inefficiencies of the scintillation counters the com¬

plete sample of selected events is used. No MIPs are used for the determination
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Figure 5.5: The different combinations of scintillators and RPCs, with |£scm| <5

ns, belonging to a muon track in the forward region for the 1995 data. (SCB:
barrel scintillator; SCC: endcap scintillator)

Combination Data 1995 [%] MC [%]
SCC only 18.2±0.6 23.6±0.1

RPC only 5.0±0.3 3.6±0.1

SCB + SCC 3.3±0.3 2.4±0.1

SCB + RPC 18.3±0.6 17.7±0.1

SCC + RPC 48.5±0.7 50.3±0.1

SCB + SCC + RPC 6.7±0.4 2.4±0.1

Table 5.4: The fractions of different combinations of counters for muons that

have at least one endcap scintillator or RPC time [tscm[ <5 ns. (SCB: barrel

scintillator: SCC: endcap scintillator)
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Efficiency [%]
all z >0 z <0

Barrel Scintillator (Data)
Barrel Scintillator (M.C.)

85.9±0.2

87.6±0.0

Endcap Scintillator (Data)
Endcap Scintillator (M.C.)

88.5±0.5 88.3±0.7 88.7±0.7

86.5±0.1 87.2±0.1 85.8±0.1

RPC (Data)
RPC (M.C.)

74.2±0.7 76.3±1.0 72.0±1.1

69.1±0.2 71.1±0.2 67.0±0.2

Table 5.5: The efficiency of the scintillation counters and the RPC for the 1995

data and the Monte Carlo simulation. Here, efficiency refers to how often the

respective counters provide a time signal within a window of ±5 ns around the

beam crossing that is matched to a selected muon. Efficiencies are given for the

complete fiducial volume as well as for the barrel and endcap region separately.

of the RPC efficiency, since they do not reach the RPCs. It is counted how often

the track of a muon points to a counter with, N^, or without, NmiSS, timing
signal of |£scm| <5 ns. The efficiency is then calculated as:

M

e =
Slg

Nsie + K
(5.7)

'Slg miss

The efficiencies of the scintillation counters and the RPCs are shown in figure
5.6. Table 5.5 shows the overall efficiencies for the barrel and the endcap region.
There is a very good agreement between data and the Monte Carlo simulation.

The efficiencies of the barrel and endcap scintillators are high with almost 90%.

As figure 5.6 shows, all endcap scintillators contribute to the overall inefficiency
while the inefficiency of the barrel scintillators mainly arises from two counters.

The efficiency for the RPCs is low and due to the requirement |tSCin| <5 ns. The

RPCs have a time resolution of 2.9 ns, that is many RPC signals are not matched

because they exceed the cut value of 5 ns. In this analysis the RPC times are

only used as a backup for the endcap scintillator. As figure 5.5 and table 5.4

show, there are only few muons with a matched RPC and no scintillator signal.
As part of the forward-backward muon trigger, the RPCs have an efficiency of

more than 99% [36].
Due to the geometry of the counters there are gaps in $ every 11.25° in the

barrel and every 22.5° in the forward region. The azimuthal distributions of the

selected events for the scintillators and RPCs are shown in figure 5.7. The gaps
at 0° in $ for the barrel scintillation counters and on both edges of the endcap
scintillators and the RPC are clearly visible and well reproduced in the Monte

Carlo simulation.

5.5 Efficiency of the central tracking chamber

A muon-pair candidate has to have at least one TEC track with a distance of

closest approach (DCA) in the r-$-plane of less than 1 mm. Missing high voltage
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Figure 5.6: The efficiencies of scintillation counters and the RPCs for the 1995

data (dots) compared to the Monte Carlo simulation (solid line). Here, efficiency-
refers to how often the respective counters provide a time signal within a window

of ±5 ns around the beam crossing that is matched to a selected muon.
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Figure 5.7: The azimuthal distributions of the selected events for the scintillators

and RPCs for the 1995 data (dots) compared to the Monte Carlo simulation (solid
line). The entries of all counters are projected onto the angular coverage of one

counter.
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Probability [%]
all |cos0|<O.7 |cos0|>O.7

2 tracks: Data 1995

Monte Carlo

98.6±0.1 99.3±0.1 96.6±0.4

97.6±0.1 97.8±0.2 97.2±0.3

1 track only: Data 1995

Monte Carlo

1.4±0.1 0.7±0.1 3.4±0.4

2.4±0.1 2.2±0.2 2.8±0.3

Table 5.6: The probabilities to find two tracks or one track only in the inner

tracking chamber for data and Monte Carlo simulation. The probabilities are

given for the complete fiducial volume as well as for the barrel and the endcap
region separately.

in one or more sectors of the inner tracking chamber may lead to the loss of one

or both TEC tracks and thus the event might not be selected. The status of the

high voltage is, therefore, taken into account in the Monte Carlo simulation.

The events of the MM sample are used to determine the track efficiency of the

TEC. The number of events with two TEC tracks is compared to the number of

events with only one track. The probabilities to find two tracks or one track only
in the inner tracking chamber is shown in table 5.6. There is good agreement
between data and the Monte Carlo simulation. The impact on the selection of the

small discrepancy in the probability of finding one track only can be neglected

(section 6.5).

5.6 Trigger efficiencies

The L3 trigger system consists of three different decision levels and is described

in section 3.9.

5.6.1 Level-2 and level-3 trigger

The level-2 and level-3 trigger reduce the amount of background such as detector

noise and cosmic radiation. A certain number of events which would be rejected
by the algorithms are nevertheless kept (pre-scaled events). The pre-scaling fac¬

tors, /ps, are 10 for the level-2 and 100 for the level-3 trigger. The efficiency,

eiev2,3, of the triggers is given by:

eiev2'3=iVsei+^/ps-i)' (5-8)

where iVsei is the number of selected events including the number of pre-scaled

events, iVpS. The error on the trigger efficiency is calculated as follows (see equa¬

tion A.2):

A _

/lev2,3 (1 - lev2,3)
ft, Qx

Aeiev2'3"V *£
• (5-9)
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In the data samples of 1995 through 1997, no event was found that had been

rejected by the level-2 or the level-3 trigger. Thus the level-2 and level-3 triggers
are 100% efficient for events originating from muon-pair production.

5.6.2 Level-1 trigger

A muon-pair event is triggered by either the muon trigger, the TEC trigger, the

energy trigger or by any combination of these triggers. The trigger referred to

as the muon trigger is either the barrel muon trigger [35], the forward muon

trigger [36] or both of these, depending on the polar angles of the muons. The

determination of the level-1 trigger efficiency is based on the fact that all three

possible trigger decisions are uncorrelated. The trigger efficiency determination

is performed in 18 bins for 0.0< cos# <0.9.

Two methods are used to determine the trigger efficiency. The first method

determines the trigger efficiency of each trigger according to:

« = %*, (5-10)

with number of selected events, iVjk, triggered by either trigger j or k and iVjk+i
the number of events triggered in addition by trigger i. The letters i, j and k

represent any permutation of the muon, TEC and energy trigger. The level-1

trigger efficiency, eiev-i is then given by:

6lev-i = 1 - (1 - £i)(l - 3)(1 - ek). (5.11)

The second method is based on Poisson statistics. It takes statistical fluctuations

in the data into account by fitting the three single trigger efficiencies. For the

fitting procedure the data sample is sub-divided into classes representing the

different combinations of the three triggers. Each trigger has two possible states

(yes/no), thus there are 23 = 8 classes. The eighth class would contain the events

that have no trigger at all. The number of expected events, m, for the class i is

calculated as:

3 k

with JVau the total number of events in all eight classes for each bin in cos 9. The

index j loops over all triggers the event is triggered by while k loops over all other

triggers. Poisson statistics are used to calculate for each class the probability,
P(^i)-^l)) to find Ni events while m are expected. The three single trigger
efficiencies and the total number of muon-pair events are obtained by maximising
the logarithm of the total likelihood to select Ni events while //j are expected
using the following log-likelihood function:

lnL = lnfJ P(/xi,ATi) = ^ln P(im,N{). (5.13)
i i

The total level-1 trigger efficiency is then determined using equation 5.11. Table

5.7 compares the results on the total level-1 trigger efficiencies obtained by the
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sfs [GeV] iev-i [%] (calculated) Ciev-l [%] (fit)
91.31 99.56±0.08 99.57±0.08

89.45 99.89±0.06 99.90±0.06

91.29 99.90±0.05 99.90±0.05

92.98 99.83±0.06 99.83±0.06

Table 5.7: The efficiencies of the level-1 trigger for the different data taking
periods of 1995 determined using two different methods.

V^ [GeV] Cmuon [%] CTEC [%] ^energy [%] Clev-l [%]
91.31

89.45

91.29

92.98

90.42±0.43 93.33±0.35 41.47±1.27

93.09±0.51 93.24±0.51 44.17±1.77

93.55±0.42 93.73±0.41 42.68±1.51

92.66±0.43 93.01±0.42 44.64±1.41

99.57±0.08

99.90±0.06

99.90±0.05

99.83±0.06

130.0

v7>110.5

98.8±0.5 87.6±2.8 50.5±6.4

98.8±0.72 88.7±3.6 47.1±9.5

99.9±0.1

99.9±0.1

135.9

\/i7>115.5

97.8±1.1 93.6±2.4 50.0±7.3

96.7±2.6 96.7±2.6 43.3±11.5

99.9±0.1

99.9±0.1

161.3

VP>137.1

93.6±1.8 91.5±2.7 41.7±6.9

98.5±1.2 88.5±5.9 34.3±10.5

99.7±0.1

99.9±0.1

172.1

v/s7>146.3

96.9±0.9 89.6±2.8 52.3±7.6

98.4±1.2 95.1±2.0 46.8±11.2

99.8±0.1

99.9±0.1

182.7

v/s7>155.3

97.01±0.94 79.70±2.63 43.96±4.98

97.42±1.30 87.24±3.03 45.85±7.29

99.84±0.21

99.97±0.13

Table 5.8: The efficiencies of the level-1 sub-triggers and the overall trigger effi¬

ciencies for the different data taking periods.

two different methods. They are in perfect agreement. For data at y/s>100
GeV, except for ^=183 GeV, the level-1 trigger efficiencies are only calculated

as explained above and no longer fitted since there is not at least one entry per

cos 0-bin and trigger combination.

The efficiencies of the different level-1 sub-triggers determined with the fit method

are shown in table 5.8. The efficiencies of the muon trigger are always, for the

TEC trigger almost always above 90% while the efficiencies of the energy trigger
are in the order of 40%. The trigger efficiencies are determined using all selected

events. However, most of the events in XX sample do not have the muon trigger.
It can be seen that for the data at y/s>100 GeV the muon trigger efficiency is

higher than for the data at y/s& mz, since for higher energies the XX sample
is no longer considered (section 4.3.2). Determining the muon trigger efficiency,

emuon, from the MM sample only, one obtains efficiencies higher than 99%.

Figure 5.8 shows the cos ^-dependence of the trigger inefficiencies for all three

single triggers and the combined trigger inefficiency. The inefficiency of the energy

trigger is flat in cos 9 while the largest inefficiencies of TEC and muon trigger are

at the outer and inner edge, respectively. This results in a combined inefficiency
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Figure 5.8: The cos ^-dependence of the trigger inefficiencies for the 1995 data.

Shown are the inefficiencies for the three single triggers and the combined trigger

inefficiency.

with its largest values around 0.0 and 0.9 in cos 0.

The combined trigger efficiency, etrig, is calculated from the trigger efficiencies of

the different levels to:

^trig — ^lev-1 X Clev-2 * eiev-3> (5.14)

Aetrig = ^/Ae2v_1 + Aefev_2 + Ae2
lev-3- (5.15)

The combined trigger efficiencies are for all analysed periods equal to the effi¬

ciencies of the level-1 trigger since no event was rejected by the level-2 or level-3

trigger. They are shown in table 5.8 for all data taking periods. Combining
three uncorrected triggers, two of these with a high trigger efficiency, leads to a

very high combined trigger efficiency which is known to high precision. A well

known trigger efficiency is one of the conditions that allow a precise cross section

measurement (see chapter 6).
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Chapter 6

Cross section

The cross section is defined as the ratio of the number of selected muon-pair

events, -/VseI, and the appropriate integrated luminosity £:

„. _

Nsel ~ M>kgd /a i \

fftot
=

r , (6.1)

where iVbkgd is the number of background events expected from the Monte Carlo

simulation and e^c and etrig take into account the limited detector acceptance
and trigger efficiency, respectively.

6.1 Luminosity determination

The integrated luminosity is determined using Bhabha events e+e~->- e+e~(7) at

small scattering angles (section 3.2). Their theoretical cross section does not de¬

pend on the Z parameters since the photon exchange in the t-channel is dominant

for small angles. The integrated luminosity, C, is calculated from:

£ = Wlunu-Wbkgd^ ^ y
"lumi

by correcting the number of luminosity events, N\nmi, for background events,

-Nbkgdj and dividing by the visible cross section, CTiumi, expected from theory.

The integrated luminosities for the different data taking periods and their errors

[64, 65, 66] are shown in table 6.1. The errors are sufficiently small to have a

negligible contribution to the systematic error (table 6.5).

6.2 Background

Selection cuts reduce the number of background events contaminating the sample
of selected muon-pair events as much as possible. The background processes

are given in section 4.2. At center-of-mass energies larger than 100 GeV, also

the process e+e~—> /J+/i-7isR has to be taken into account for the high energy

sample (y/s'>0.8by/s).
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Vs [GeV] JC [nb"1] AC/jC [%]
91.3088 5083.59 0.137

89.4516 7353.89 0.137

91.2921 3465.51 0.137

92.9833 7824.26 0.137

129.96 6112.70 0.3

135.92 5888.51 0.3

161.34 10904.95 0.6

172.13 10250.38 0.6

182.68 55490.66 0.5

Table 6.1: Integrated luminosities and their errors for the different data taking
periods.

6.2.1 Background from cosmic radiation

The number of background events with muons originating from cosmic radiation

is determined from the side bands of the distributions for d±a,nd £SCm (section
4.2.1). Assuming a flat distribution for cosmic muons, for both side-bands the

in a certain interval, Li, are counted and then extrapolated toentries, TV?

obtain the number of background events in the interval £data, w^n the selected

events:

Aji j\ji data

mt

^cos

AiV1
*-"

cos
= v^

-Ll
data

•^cos

(6.3)

The weighted average of the number of events obtained from the dj_and £SCjn dis¬

tributions yields the number of cosmic background events, NC0Sm[C, (see equations
A.5 and A.6).

6.2.2 Background from events with ISR photons

For data taken at y/s> 100 GeV the sample referred to as the high energy sample,
i.e. with v/s>0.85v/s (section 4.3), contains events with a wrongly determined

effective center-of-mass energy, yfs1. The number of events from ISR background,

-^bkgd' is determined from the Monte Carlo simulation. The number of selected

events, iVf£cisr, with the calculated y/P larger and the generated yfs1 lower than

the threshold of 0.85-v/s, is compared to all selected MC events, Nffc'-

Afsel
TVisr _ ,

ivr
_

MCisr sr

iVbked
— eisr-Wsel — .„., ivsei,

*&
(6.4)

with JVsei the number of all selected data events. The error is (see also equations
A.7 and A.8):

A NiST
^vbkgd

= \JnIA4isr ' cisrA^-11'sel" (6.5)
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6.2.3 Background from e+e annihilation processes

The number of background events, iV£k d,
from other e+e~ annihilation processes

is determined from Monte Carlo simulation:

-^bkgd = -W2sd-^geir> (6-6)
JVMC

&K* =

nt (*ss - ^r)
N n£ ' (6'7)

where JV^ is the number of generated and N^gd the number of selected Monte

Carlo events, ctmc the theoretical prediction of the cross section for the process i

and £ the delivered luminosity (see also equations A.3 and A.4).

The number of background events among the selected events can then be calcu¬

lated as follows where the error is obtained by adding the errors on the single

processes in quadrature:

^bkgd = JVZk + JVSk + N$gd +N + N^d + A&zgd + Nj£# + AUmic,

(6.8)

AiVbkgd= ./]TAJV4d. (6.9)

6.2.4 Background determination

Table 6.2 shows the background contamination for each data taking period. The

contributions from different processes can be found in table B.2. The background
amounts to «1.2% for i/s= mz and wl.5% for y/s& raz±1.8 GeV. The largest
contribution arises from tau-pair production, with 67% from processes where both

taus decay into muons.

The simulation of the tau-pair background can be verified by means of events in

the momentum range of 0.5< Pmax/Ebeam <0.7 GeV. There the background from

tau-pair production is enriched to 38% . Comparing the distributions for the

acollinearity £ and the acoplanarity ( for data and Monte Carlo shows that the

process e+e~-» r+r~(j) is correctly simulated (figure 6.1). Since the distributions

are normalised to luminosity, also the rate of tau-pair background is correctly
simulated.

At center-of-mass energies y/i>100 GeV the dominating background arises from

the process e+e~-> e+e~/j,+fj,~(j) (table B.2). The large background for -^=183
GeV is caused by the lack of the toroidal magnetic field for most of the data

taking in 1997. The trajectories of the muons in the region O.8<|cos0|<O.9 are

not bent anymore and a very high momentum is measured even for low momentum

muons. Thus the cut on the highest muon momentum (section 4.2.2) does not

reject a large fraction of the e+e~-» e+e~n+(j,~(,y) background in this region.
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V^ [GeV] E background [%]
91.31

89.45

91.29

92.98

1.22±0.05

1.47±0.06

1.15±0.04

1.36±0.06

130.0

v/s7>110.5

4.4±0.6

10.7±1.5

135.9

v/s7>115.5

5.5±0.8

10.5±1.8

161.3

V/s7>137.1

9.5±1.0

11.1±1.5

172.1

Vsi> 146.3

14.7±1.6

13.0±1.8

182.7

V/s7>155.3

24.0±1.4

16.1±1.4

Table 6.2: Background contamination for the different data taking periods.

10

o-^Pm^Eb^0-7

• DATA 95

Dmchh NTr

0-5 <Pmaxf Ktxm< O-'

• DATA 95

Dmchh
^MCtc

Figure 6.1: The tau-pair background can be increased using events in the mo¬

mentum interval 0.5< pmax/Eheam <0.7 GeV. The comparison of the acoUinearity
£ and the acoplanarity C for data and Monte Carlo shows that the tau-pair events

are correctly simulated.
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Figure 6.2: The background from the process e+e~—> e+e"fj,+fi~(j) can be in¬

creased using events in the momentum interval 0.2< £>max/Ebeam <0.4 GeV. The

comparison of the acollinearity £ and the acoplanarity C for data and Monte Carlo

shows that rate and events of the process e+e~—> e+e~ jj,+fj,~(j) are correctly sim¬

ulated.

The lack of the toroidal magnetic field is taken into account in the Monte Carlo

simulation. The simulation of the e+e~/u+^~(7) background is verified similarly
to the tau-pair background. Taking events in the momentum range of 0.2<

Pmax/Ebeam <0-4 GeV enriches the background from e+e~^+/i~(7) production to

95% (figure 4.17). Comparing the distributions for the acollinearity £ and the

acoplanarity C for data and Monte Carlo at ^=183 GeV shows that the process

e+e~—» e4e~n+fi~'(7) is correctly simulated (figure 6.2). Again the distributions

are normalised to luminosity so that also the rate of e+e~/x+//_(7) background is

correct.

6.3 Selection efficiency and acceptance

The selection efficiency is determined using simulated events. They are generated
by the program KORALZ [54] according to the prediction of the Standard Model

for the appropriate center-of-mass energies. The radiation of soft and collinear

photons is calculated to all orders, hard initial and final state bremsstrahlung is

simulated to 0(a2).
The selection efficiency is determined from the generated number of muon-pair
events, N$q, and the number of these events that pass the selection, N^fc:

CMC — AeMc =

'^MC (1 ~ Mc)
(6.10)

The efficiencies of the selection in the full solid angle for the different data taking
periods are given in table 6.3. The selection efficiencies for the total event sample
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y/s [GeV] efficiency [%]
91.31

89.45

91.29

92.98

76.85±0.16

76.05±0.18

76.42±0.13

77.21±0.18

130.0

v/s7>110.5
135.9

v/s7>115.5
161.3

>/?>137.1
172.1

Vs>> 146.3

182.7

nA7>155.3

65.6±0.5

78.9±0.7

62.8±0.5

74.3±0.7

57.6±0.4

72.6±0.5

57.8±0.4

75.4±0.5

56.6±0.4

73.9±0.5

Table 6.3: The selection efficiencies for the different data taking periods with

respect to the full solid angle. The statistical error is due to the limited Monte

Carlo statistics.

at v/s>100 GeV are lower since about 50% of these events radiate an ISR photon.

Most of these photons are radiated along the beam axis (section 4.3) and thus the

muons are boosted in the opposite direction. Muon-pairs with at least one muon

close to the beam axis in the polar angular range of |cos0|>O.9 escape detection.

The cut on the acceptance at |cos#|<0.9 for both muons is an implicit cut on

the acollinearity for events close to the edge of the fiducial volume. The events

concerned are mainly events with large photon radiation which causes the muons

to be acollinear. Muons close to an edge of a muon chamber in $ or 6 may

still have a reconstructed track in the muon chambers or just be selected as a

MIP. However, the selection efficiency for MIPs is lower than for muons with

reconstructed muon tracks and also the cut on the acollinearity is different for

the three event samples MM, MX and XX. It is therefore important that the

edges of the muon chambers are described correctly in the simulation.

Figure 6.3 shows the variation of the cross section along the different edges of

the muon chambers for 1995. It can be seen that the cross section is stable

around both, the $-edges of the muon chamber sectors and the central gap at

|cos#|<0.07 .
In addition the cut on the acceptance at |cos0|=O.9 is varied and

does not have a large impact on the cross section. A systematic error of 0.3%

is assigned. However, it is the largest contribution to the part of the systematic

error that arises from the cut variations (section 6.5). It is due to an imperfect
simulation of the end of the fiducial volume. This variation of the acceptance is

also an indirect test for the parts of the detector that have their gaps at the same

angles like the scintillation counters and the RPCs.

62



da/a [%]
1

0.5 r

0

-0.5 r

++1

-J I I 1 I I I I

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

da/a [ % ] I cos® I

0.5

0

-0.5

L° ' i

i > Lj L_1___Y._..
-

-

;
i i

i i, , . ..
T T

.

'

i i _i i 1. .i i I

n

, 1 , .J, l-J 1

H

L_L_L...I 1 1 1 1 1 1. 1 1 1 1 1 1 1 1 1 1 > 1 I

0.7 0.725 0.75 0.775 0.8 0.825 0.85 0.875 0.9 0.925 0.95

I cos0 I
da/a [%]
0.4

0.2 E-

0

-0.2

-0.4

da/a

0.4

0.2

0

-0.2

-0.4

_! !_1 I 1 L_ _1 I 1 I < I i )

0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8

4> r°i

I ... I J 1 1 1 1 L_ , I I ... I

20.6 20.8 21 21.2 21.4 21.6 21.8 22 22.2 22.4

oct

Figure 6.3: The variation of the cross section along the edges of the muon chamber

sectors in $ and cos0. The cut on the acceptance at |cos0|=O.9 is represented

by the arrow. Shown are the results for -^=91.29 GeV.
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y/s [GeV] £ [nb"1] iVsel crtot±(stat.)±(syst.) [nb] o"sm [nb]
91.31

89.45

91.29

92.98

5083.59

7353.89

3465.51

7824.26

5772

2789

3967

4305

1.4657±0.0195±0.0065

0.4917±0.0094±0.0024

1.4818±0.0238±0.0061

0.7039±0.0109±0.0034

1.4868

0.5021

1.4873

0.7022

y/s [GeV] C [nb"1] iVSel crtot±(stat.)±(syst.) [pb] <7sm [pb]
130.0

v/F>110.5

6069.1

6069.1

95

43

22.8±2.5±0.6

8.0±1.4±0.2

22.3

8.2

135.9

v/?>115.5

5775.6

5775.6

78

34

20.4±2.4±0.5

7.1±1.4±0.2

19.0

7.1

161.3

Vsl> 137.1

10905.0

10905.0

95

40

13.7±1.6±0.4

4.5±0.8±0.1

11.2

4.4

172.1

V?>146.3

10250.4

10250.4

71

34

10.2±1.4±0.4

3.8±0.7±0.1

9.6

3.8

182.7

v/i7>155.3

55490.7

55490.7

353

157

8.6±0.7±0.3

3.2±0.3±0.1

8.2

3.3

Table 6.4: The cross sections for the different data taking periods and their

comparison with the Standard Model prediction. The results for center-of-mass

energies -v/i>100 GeV are given for two samples: \fP>Q.l\/s and \/s7>0.85-v/i.
The statistical and systematic errors on the cross section measurement are shown

separately.

6.4 Results of the measurement

Table 6.4 shows the results of the cross section measurements for the different

data taking periods. The statistical error is determined according to:

Acrstat = /
sel

(6.11)

The error arising from systematic uncertainties is explained in section 6.5.

The program ZFITTER [55] was used for the theoretical prediction. For the

Z mass the value measured at LEP, mz=91.19 GeV, is taken [57]. Its determi¬

nation is dominated by the process e+e~—> qq(7). Other input parameters are

the top mass, mt=175 GeV, measured at Fermilab [58] and a Higgs mass of

mH=300 GeV.

The cross sections for muon-pair production are measured for nine different

center-of-mass energies between 89 and 183 GeV. For energies v/i>100 GeV the

cross sections are given for the total and the high energy sample (\/s'>0.85-v/s).
All measurements are in good agreement with the Standard Model. The cross

sections are determined with a precision of about 1.5% for center-of-mass energies
around the Z mass and to about 10% for higher y/s. For all measurements the

statistical error dominates the error arising from systematic uncertainties.

The comparison with the standard model can be seen in figure 6.4. The mea¬

surements for effective center-of-mass energies \/s7>0.85v^ are included in the
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Figure 6.4: Comparison of the standard model predictions for the process

e+e~-> /i+/i~(7) to the cross sections measured at nine different center-of-mass

energies. The solid and dashed lines are the Standard Model predictions for

V/s7>0.1v/s and V/s7>0.85iv/s, respectively. The solid and open symbols repre¬

sent the respective measurements. The measurements at center-of-mass energies
around the Z resonance have been corrected to correspond to \/s'>Q.l^/s. The

ratios of the measured and the predicted cross sections are shown below.
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figure. The lower figure shows the ratios of the measured and the predicted

cross sections. A good agreement between measurements and Standard Model

predictions is found. Further L3 cross section measurements of the muon-pair

production at center-of-mass energies around the Z resonance are published in

[63, 64]. The results presented here are in excellent agreement with these previous

measurements.

6.5 Systematic errors

The measurement of the total cross section contains systematic uncertainties.

They originate from the limited knowledge of efficiency, acceptance and back¬

ground corrections. Also the uncertainty from the placement of the selection cuts

contributes to the systematic error:

A^st = ^A<d + MS2 + A«i + AoSSr + ^f
(6.12)

The single contributions to the systematic error are derived in equations A.9 to

A. 14. The different contributions to the overall systematic errors assigned to the

different data taking periods are listed in table 6.5. The systematic uncertainty

arising from the luminosity measurement is taken from table 6.1. The systematic

error on the trigger efficiency is obtained as described in section 5.6.

The systematic error due to the selection cuts is the result from the impact of the

variation of the different cuts on the cross section. Figure 6.5 shows the change
of the cross section for the variation of the selection cuts for -^=91.29 GeV. The

results for the other data taking periods are similar. The largest contribution to

the systematic error arises from the selection cuts. They are again dominated by
the error due to the cut on the acceptance in cos0 (see section 6.3).

The probability to select a muon-pair independently from the muon chambers is

93.5% for the 1995 data (table 5.3). This is 0.5% lower than in the simulation.

Most of the muons in the MX and XX sample are already identified by means of

muon singlets (one p chamber segment). Therefore the contribution of the MIP

selection to the systematic error is negligible. Taking the errors into account

there is a difference of «3% for the MIP efficiency between the simulation and

the data at y/s=172.1 GeV. This difference, applied to 13% of the selected events

that are based on the MIP selection (table B.l), yields a negligible contribution

to the systematic error on the cross section measurement.

For the data of 1995 the probability to have only one TEC track is 1.4% for data

and 2.4% for Monte Carlo (table 5.6). Thus the probability to lose both TEC

tracks is 0.020% for data and 0.058% for Monte Carlo. The contribution of the

difference of 0.038% between data and Monte Carlo to the systematic error is

negligible.
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Figure 6.5: The change of the cross section for variations of the selection cuts.

First the cuts on the acoUinearity for the different samples are shown. Below

are the cuts on the number of clusters in the calorimeters, on the maximum

momentum of the muon for the MM and MX sample and the cut on the transverse

momentum for the XX sample. The placement of the cut is marked by an arrow.

The dashed line represents the systematic error assigned for each cut. Shown are

the results for ^=91 29 GeV.
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v^ [GeV] systematic error [%]
sel. trigger bkgd. MC £

cuts eff. subtr. stat. meas. £

91.31

89.45

91.29

92.98

0.37 0.09 0.05 0.20 0.14 0.45

0.38 0.06 0.06 0.24 0.14 0.48

0.34 0.05 0.04 0.17 0.14 0.41

0.38 0.06 0.06 0.24 0.14 0.48

130.0

v/s7>110.5
135.9

V/s7>115.5
161.3

V/s7>137.1
172.1

v/i7>146.3
182.7

V/s7>155.3

2.2 0.1 0.4 0.8 0.3 2.4

2.2 0.1 1.5 0.9 0.3 2.9

2.1 0.1 0.6 0.8 0.3 2.4

1.8 0.1 1.5 1.0 0.3 2.7

2.3 0.1 1.1 0.6 0.6 2.7

2.6 0.1 1.6 0.7 0.6 3.2

3.4 0.1 1.7 0.6 0.6 3.9

2.3 0.1 1.8 0.7 0.6 3.1

3.2 0.2 1.8 0.6 0.5 3.8

3.2 0.1 1.6 0.7 0.5 3.7

Table 6.5: The contributions to the overall systematic errors for the different

data taking periods. They arise from the selection cuts, the trigger efficiency, the

background subtraction, the Monte Carlo statistics and the luminosity measure¬

ment.
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Chapter 7

Forward-backward asymmetry

The forward-backward asymmetry, Aft>, is defined as:

A»-*i^, (T.l)

where <7f(tfb) is the cross section for events with the fermion, n~, scattered into

the hemisphere which is forward (backward) with respect to the e~-beam direc¬

tion (figure 2.3). Events with hard initial state photons are removed from the

sample by requiring that the acollinearity angle of the event is less than 15°. The

differential cross section in the angular region |cos#|<0.9 can be approximated

by the lowest order angular dependence to sufficient precision:

oc - (1 + cos2 9) + Afrcos 9, (7.2)
dcos 9 8

with cos 9 being the polar angle of the final state fermion with respect to the

e~-beam direction.

For each data set the forward-backward asymmetry is determined from a max¬

imum likelihood fit where the likelihood function is defined as the product over

the selected events i of the differential cross section evaluated at their respective

scattering angle cos^:

L = Y[ (| (1 + cos2 9i) + (1 - 2«i) Afbcos $A . (7.3)

The probability of charge confusion for a specific event, «j, is included in the fit.

The determination of «j is explained in the following section.

7.1 Charge Assignment

The bending direction of the trajectory in the muon chambers yields the charge
of the muon. Besides its dependence on the transverse momentum the charge
measurement strongly depends on the number of muon chamber segments used

in the reconstruction. If both muons of the MM sample are assigned the same

charge but have a different number of muon chamber segments, the charge of the

muon with the lower number of used segments is flipped and the event can be
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PCCM (triplets) %]
barrel S-region T-region

Data 1995 0.31±0.21 3.24±1.71 5.91±2.15

PCCM (doublets) [%]
barrel endcap

Data 1995 0.99±1.04 16.13±5.51

barrel

PccM
endcap

Data 1995 4.32±0.35 5.42±0.79

Table 7.1: The charge confusion for triplets and doublets and for muons identified

as MIPs. The charge confusions are given for different polar angular regions.

classified as either forward or backward. The fraction of events where both muons

are assigned the same charge and have the same number of segment is used to

determine the probability, PCCM, that one muon is assigned the wrong charge [61].
This is performed separately for triplets and doublets in different polar angular

regions (table 7.1):

pi _

x -*
cc

CCM 2jV^>
(7.4)

where N^ are all events of a certain category (e.g. barrel triplets) and iV*c is

the corresponding number of events where both muons were assigned the same

charge.

For muons without a muon chamber track, the measured curvature in the muon

chambers cannot be used to determine the charge. Therefore the orientation of

the event is determined by means of the inner tracking chamber [62]. A straight
line is fitted to each of the two tracks. The quantity A$= sin($i - $2) is then

obtained using the azimuthal angles, $j, of these straight lines. The sign of A$ is

equal the charge of the first track. The reliability of the method is verified taking
events of the MM sample with an acollinearity £ <5°, in accordance with the

£-cut on the XX sample. In addition both muons have to be triplets and have to

have opposite charges. Figure 7.1 shows A$ for this sub-sample. It can be seen

that the muon charges are well separated. The charges for this MM sub-sample
are well known, since the charge confusion for triplets is sufficiently small. The

fraction of events with a different event orientation given by the two methods,
Ncc, can be used to determine the probability, PCCx, that one muon is assigned
the wrong charge:

P -1N«
CCX~2N^

(7.5)

The probability, that one muon of the XX category is assigned the wrong charge
is shown in table 7.1. In the barrel the probability of charge confusion for triplets
is about seven times smaller than for muons identified as MIPs with the charge
determined using A$. In the T-region the A$ method is more precise than the
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Figure 7.1: The separation of muon charges using A$ of the inner tracking
chamber.

charge determination from the curvature of the trajectory in the muon chambers.

This is due to the multiple scattering in the iron door.

Figure 7.2 shows the dependence of the charge confusion of an event on its position
in the inner tracking chamber. For events that are closer to the wire planes A$ has

a higher probability for charge confusion.

The probability, Pcc, that both measurements are wrong, but are consistent with

each other can be derived from the product of the single probabilities:

p -pt.pj (7.6)

The fraction of charge confused events, k, is calculated from the probability, Pcc,
that both measurements are wrong, divided by the fraction of events remaining
for the measurement:

k =
cc

pi pj
x cc* cc

!_$;,. i_(P4 + p;c)
(7.7)

In the case where both muons of an event are from the same category, e.g. both

are barrel triplets, equation 7.7 reduces to:

2

(7.8)
cc

K = —

pi
1

C(

1 - 2P1

The probability of mis-assignment of the event orientation, «;*, is then calculated

for the different event samples:

«MM =

pi pj
*

CCM CCm

1
_

p*
_

PJ
x x

CCM
x
CCM

(7.9)

«MX =

P* P3
x
CCM ccx

1
—

Pl
_ P3

x x
CCm CCx

(7.10)
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Figure 7.2: The dependence of the charge confusion on the position of the event

in the inner tracking chamber. Shown is the probability for charge confusion

with respect to the next cathode wire plane. The largest probability for charge

confusion is close the cathode wire planes.

«xx =

p% pj
*
CCx ccx

\
—

Pl
— P3

x *
ccx ccx

(7.11)

The probability for charge confusion of a specific event is given in table 7.2 for dif¬

ferent event categories. They are determined from the data of 1995. The charge

confusion increases for the data taken at \/i>100 GeV. Due to the higher momen¬

tum of the muon, its trajectory is less bent and thus the probability for charge

confusion is much larger than for center-of-mass energies around the Z mass. Still

it is only of the order of 0.04±0.03% at y/sm <z and about 0.5±1.0% at v^>100
GeV.

7.2 Background subtraction

The background contribution of other processes to the muon-pair selection has

been discussed in section 6.2. Due to the tighter acollinearity cut at 15° the

contributions of the different processes are partially changed. The background
from the process e+e~-> e+e~/i+yu-(7) and from cosmic muons is reduced by

« 50% .
Cosmic muons generally do not traverse the detector at z=0 and thus

appear to be kinked in the r-0-plane. The major fraction of the background
arises from tau-pair production. The forward-backward asymmetry of tau-pairs

has been measured to be the same as for muon-pairs [63], in agreement with lepton

universality. However, the tau-pair events passing the selection for muon-pairs

have a slightly different forward-backward asymmetry. The asymmetries of the

background were determined using the same fitting procedure as for muon-pairs.

The asymmetry for muon-pairs obtained from the fit, Ajfc, is combined with the

forward-backward asymmetries, A^gd', of the different background processes and
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probability of charge confusion, k [%]
Data 1995 barrel S-region T-region
MM triplets <0.01 0.11±0.09 0.40±0.22

MM doublets 0.01±0.02 3.84±2.30

MX triplet 0.01±0.01 0.19±0.11 | 0.36±0.15

XX 0.20±0.02 0.33±0.07

v^ [GeV] charge confusion [%]
91.31 0.04±0.03

89.45 0.08±0.04

91.29 0.05±0.03

92.98 0.05±0.04

130.0 0.4±0.7

v/s7>110.5 0.4±0.7

135.9 0.4±0.7

Vs7>115.5 0.8±1.4

161.3 0.6±1.2

Vs7>137.1 0.3±0.6

172.1 1.0±1.8

V/s7>146.3 1.4±2.6

182.7 0.4±0.8

v/s7>155.3 0.4±0.8

Table 7.2: Above: The probability of charge confusion for a specific event in the

different polar angular regions for the data of 1995. Below: The overall charge
confusion per data taking period.
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V^ [GeV] Cbkgd Cex

91.31 0.998±0.010 -

89.45 1.009±0.002 -

91.29 1.001±0.008 -

92.98 1.001±0.002 -

130.0 1.03±0.02 0.839±0.012

Vs7>110.5 1.10±0.02 -

135.9 1.07±0.02 0.838±0.012

V/s7>115.5 1.07±0.02 -

161.3 1.07±0.06 0.828±0.012

v/s7>137.1 1.11±0.05 -

172.1 1.18±0.19 0.817±0.012

V?> 146.3 1.17±0.11 -

182.7 1.31±0.08 0.826±0.013

\/?>155.3 1.15±0.03 -

Table 7.3: The background correction factors for the different data taking periods
and the extrapolation factors for the total event sample at </s>100 GeV. The

extrapolation factor correct for a distortion of the differential cross section due

to events with hard initial state photons.

their weight, a>j. The background-corrected forward-backward asymmetry is then

calculated as:

jBgC _ ^fb ~ IZt^*Abg
(7.12)

The error is derived in equation A. 19. The ratio of the background-corrected

asymmetry, A^c, and the fitted asymmetry, A^, yields the background correc¬

tion factor:

^6C
/i — "^fb
^bkgd =

—

<
(7.13)

This factor is not used for any calculation but to illustrate the impact of the

background on the asymmetry and to compare the background corrections of

different energy points. The background correction factors for the different data

taking periods are shown in table 7.3. The background correction for v^~ m% is

almost negligible, for v/s>100 GeV it is of the order of 1.1±0.1
.

7.3 Afb for muon-pairs at y/s >100 GeV

The determination of the forward-backward asymmetry for muon pairs at x/s>100
GeV follows the procedure described in the sections above. However, as with the

cross section measurement, the forward-backward asymmetry is calculated for

both the total and the high energy sample. The cut of 15° on the acoUinearity of

the event is not applied since events with hard initial state photons are already
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rejected in the high energy sample requiring the effective center-of-mass energy,

-v/57, to be higher than 0.85i/s-
For energies of >/s7>0.85v/s also the background originating from events with

ISR photons has to be taken into consideration. This background asymmetry,

A$, is determined by counting events in the forward, iVf, and backward, NgT,
hemispheres (see also equation A.18) is:

jyisr _ jyisr
^fb — 7vrisr , jvrisr' (7-14)

NiSTNLST

For the total event sample the differential cross section (equation 7.2) is distorted

by hard ISR photons. For the high energy sample the measured and background-
corrected quantity, A^c, directly gives the forward-backward asymmetry for the

full solid angle, A^. To extract A& for the total event sample a correction,

Cex=Afb/A^sCw0.83±0.01, obtained from Monte Carlo is applied. The exact

correction factors are given table 7.3.

7.4 Results of the measurement

The method used to extract the forward-backward asymmetry, A^, from the data

is a likelihood fit of the angular distribution in first order Born approximation

(equation 7.2). The likelihood for a single event is defined as:

P{ = - (1 + cos2 6t) + A^cos Ot.
o

The likelihood function L is then given as the product of the single probabilities.
In the fitting procedure the logarithm of the likelihood function is formed to

determine the value of the A^ for which In L reaches its maximum:

InL = J] InPi{A%) = 1> (| (1 + cos2 0.) + A%cos 0t\
t=l i=l

^ '

A limited detector acceptance and charge confusion change the likelihood func¬

tion. It can be corrected for these effects by using:

InL = £ ± In ((1 - KiWAg) + *P,(-i4g)),
x=l

U

with a the acceptance and /c* the probability of charge confusion for the event.

An acceptance correction is not necessary in the case of a symmetric or charge-
independent acceptance ei(qcos6) = Cj(—qcosO) .

The likelihood function is then

given by equation 7.3.
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Figure 7.3: The comparison of the standard model predictions for the process

e+e--* /i+/i~(7) to the forward-backward asymmetries measured at nine different

center-of-mass energies. The solid and dashed lines are the Standard Model

predictions for v/s7>0.1v/s and v/s7>0.85-v/s, respectively. The solid and open

symbols represent the respective measurements. The measurements at center-

of-mass energies around the Z resonance have been corrected to correspond to

\/s'>0.1\/i. The differences between the measured and the predicted forward-

backward asymmetries are shown below.
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>/i [GeV] JVf Nh Afb±(stat.)±(syst.)
4SM

^fb

91.31

89.45

91.29

92.98

2904 2739

1130 1556

2004 1854

2311 1882

0.0224+^±0.0007
-0.1752iHi88±0-0012
0.0300±g-gig}d=0.0009
0.1042lJSU±0.0026

0.0086

-0.1623

0.0076

0.1099

130.0

v/i7>110.5
135.9

V/s7>115.5
161.3

V?>137.1

172.1

^>146.3

182.7

>/?> 155.3

64 30

39 5

51 25

29 5

56 33

28 11

39 30

20 13

230 105

113 36

0.3031S±0.016
0.682±g-?g±0.036
0.338J:g;lS±0.014
0.726±g-;§|±0.036
0.264±g;J^±0.020
0.552iJ:lg±0.042
0.146lJ:lg±0.028
0.265i8;12±0.035
0.387±g:UJ=b0.029
0.559t8;8Si±0.022

0.297

0.716

0.297

0.696

0.286

0.628

0.286

0.609

0.287

0.594

Table 7.4: The forward-backward asymmetries for the different data taking pe¬

riods and their comparison with the Standard Model prediction. N{ and Nb are

the number of events in the forward and backward hemisphere, respectively.

The number of events in the forward and backward directions and the measured

forward-backward asymmetries are given in table 7.4.

The forward-backward charge asymmetries of the muon-pair production are mea¬

sured for nine different center-of-mass energies between 89 and 183 GeV. For en¬

ergies v/s>100 GeV the asymmetries are given for the total and the high energy

sample (\/~P>0.85y/s). All measurements are in good agreement with the Stan¬

dard Model. The forward-backward asymmetries are determined with a precision
better than 0.02 for center-of-mass energies around the Z mass and to about 0.15

for higher y/s. For all measurements the statistical error dominates the error

arising from systematic uncertainties.

A comparison with the standard model can be seen in figure 7.3. The measure¬

ments for effective center-of-mass energies \/s'>0.85v/s are included in the figure.
The lower figure shows the difference between the measured and the predicted
forward-backward asymmetries. A good agreement between measurements and

Standard Model predictions is found. Further L3 forward-backward asymmetry

measurements of the muon-pair production at center-of-mass energies around the

Z resonance are published in [63, 64]. The results presented here are in excellent

agreement with these previous measurements.

7.5 Systematic errors

The uncertainties of the trigger efficiency, the selection cuts and of the luminos¬

ity determination have no influence on the measurement of the forward-backward

asymmetry. The systematic uncertainty of the background correction is obtained

from the errors on the background correction factor, Cbkgd> and on the extrap-
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y/s [GeV]
background charge detector momentum

correction confusion acceptance reconstruction

systematic
error

91.31

89.45

91.29

92.98

0.0002 0.00002 0.0007 0.00002

0.0004 0.00028 0.0011 0.00018

0.0002 0.00003 0.0009 0.00002

0.0002 0.00010 0.0026 0.00010

0.0007

0.0012

0.0009

0.0026

130.0

v/s7>110.5
135.9

V/?>115.5
161.3

aA7>137.1
172.1

v/s7> 146.3
182.7

\/7>155.3

0.007 0.003 0.013 0.003

0.013 0.005 0.029 0.015

0.009 0.003 0.008 0.006

0.014 0.011 0.009 0.030

0.018 0.004 0.006 0.006

0.026 0.003 0.017 0.028

0.026 0.003 0.009 0.003

0.026 0.006 0.020 0.011

0.028 0.003 0.003 0.004

0.015 0.004 0.007 0.015

0.016

0.036

0.014

0.036

0.020

0.042

0.028

0.035

0.029

0.022

Table 7.5: The contributions to the systematic error on the measurement of the

forward-backward asymmetry for all data taking periods.

olation factor, Cex (table 7.3). For center-of-mass energies around the Z mass,

this contribution amounts to about 0.0003
.
The probability of charge confusion

for an event amounts to « 0.05% for the peak of the scan in 1995 (table 7.2).
The correction of the asymmetry is 2kA^ and yields an systematic uncertainty

of 0.00003
.

The event orientation of the charge confused MM events is determined using

the inner tracking chamber as for the XX sample. For the peak of the scan in

1995 an asymmetry of 0.1089±0.0888 is measured which is compatible with the

determined asymmetry in table 7.4. Thus the charge confused events do not

prefer a certain polar angular range and the detector acceptance is symmetric in

cos 9. The uncertainty due to the detector acceptance is estimated to be half of

the error weighted with the number of charge confused events. For the peak of

the scan in 1995 this yields a systematic uncertainty of 0.0009
.

The influence of the reconstruction of the muon momentum on the asymmetry is

checked using the MM-class events with a momentum of 0A<pmax< |Ebeam and

an acollinearity of less than 2° to reject the background from tau-pair production.
For the peak of the scan in 1995, these events represent 0.24±0.08% (forward)
and 0.27±0.08% (backward) of all selected events in the MM and MX samples,
i.e. the samples where the cut on pmax is applied. Since both numbers agree

within their statistical error, the influence of the pmax-cut on the asymmetry is

restricted to 0.0008^.

The different contributions to the systematic error on the forward-backward

asymmetry are listed in table 7.5 for all data taking periods. For all data points
at -v/s« mz the systematic error of <0.01 is smaller than the statistical error of

about 0.015. Also for center-of-mass energies larger than 100 GeV the systematic
error is much smaller than the statistical error.
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7.6 Differential cross section

The differential cross section da/dcos 6 can be determined taking the scattering

angles 9 of all selected events. For center-of-mass energies, s/s, around the mass

of the Z, events with hard initial state photons are removed from the sample by

requiring that the acollinearity angle of the event is less than 15°. The background
subtraction and the acceptance correction, e, are applied separately for each bin

in cos 6. Only not charge confused events are taken for the measurement. The

necessary acceptance correction is determined from the data. The differential

cross section in a certain cos 0-bin i is given by:

*0S* ^ IcOS^-COsCnl

N*
— Nl i

W) =

* bl*d
•

-r-[, (7.16)

where cos 0^ and cos 9lmin are the borders of the cos 0-bin, A^el and A^kgd are

the number of selected events and background events per bin, respectively.

The contributions to the systematic error arise from the muon-pair selection

(0.6%), the luminosity measurement (0.1%) and the limited number of Monte

Carlo events per cos#-bin (1.5%). The systematic error per bin is estimated to

be 1.6% .
The statistical error depends on the number of selected events per

cos 0-bin and is of the order of 8%. The differential cross sections are given in

table 7.6 and their comparison with the Standard Model prediction is shown in

figure 7.4. The measurements for the center-of-mass energies -^=91.31 GeV

and y/s=91.29 GeV are combined. There is good agreement between data and

the Standard Model prediction. The Standard Model prediction was determined

using the program ZFITTER [55] with the theory parameters raz=91.19 GeV,

mt=175 GeV and as=0.123 .
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Figure 7.4: The differential cross section at center-of-mass energies around the

Z mass for the process e+e--^ /i+/x~(7) and comparison with the Standard Model.
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differential cross section [nb]
y/s= 89.452 GeV y/s= 91.302 GeV y/s= 92.983 GeV

-O.9<cos0<-O.8 0.414±0.029 0.916±0.0366 0.399±0.028

-O.8<cos0<-O.7 0.359±0.026 0.831±0.0335 0.319±0.024

-O.7<cos0<-O.6 0.335±0.025 0.778±0.0326 0.321±0.024

-O.6<cos0<-O.5 0.279±0.022 0.685±0.0310 0.316±0.024

-O.5<cos0<-O.4 0.233±0.020 0.641±0.0297 0.272±0.022

-O.4<cos0<-O.3 0.213±0.019 0.650±0.0296 0.298±0.023

-0.3<cos#<-0.2 0.233±0.020 0.554±0.0279 0.248±0.021

-O.2<cos0<-O.l 0.193±0.018 0.524±0.0265 0.272±0.022

-O.Kcos0<O.O 0.153±0.016 0.454±0.0240 0.233±0.020

O.O<cos0<O.l 0.182±0.019 0.595±0.0300 0.290±0.024

O.Kcos0<O.2 0.170±0.017 0.597±0.0281 0.298±0.023

O.2<cos0<O.3 0.159±0.017 0.577±0.0282 0.342±0.025

O.3<cos0<O.4 0.178±0.017 0.637±0.0301 0.291±0.022

0.4<cos#<0.5 0.189±0.018 0.659±0.0302 0.321±0.026

O.5<cos0<O.6 0.187±0.018 0.727±0.0316 0.356±0.025

O.6<cos0<O.7 0.171±0.017 0.773±0.0329 0.422±0.028

0.7<cos#<0.8 0.239±0.021 0.889±0.0351 0.467±0.029

O.8<cos0<O.9 0.237±0.021 0.997±0.0383 0.486±0.031

Table 7.6: The differential cross sections for the center-of-mass energies around

the mass of the Z. The measurements at y/s=91.Sl GeV and •v/s= 91.29 GeV

are combined. The errors contain the statistical error and an systematic error of

1.6%.
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Chapter 8

Determination of electroweak

parameters

The measurements of all visible Z decay channels are used to calculate the elec¬

troweak parameters. For the determination of mass and width of the Z boson

the measurement of the hadron cross section is the most sensitive one since its

statistical and systematic uncertainties are the smallest of all decays. The deter¬

mination of the electroweak parameters is based on the measurements of the cross

sections and forward-backward asymmetries for the processes e+e-—> e+e~(7),
e+e-—>• h+/j,~(j), e+e~-> r+r~(7) and e+e~—> qq(7) (cross sections only). The

results are taken from [63, 64, 65, 66, 67]. The cross sections and forward-

backward asymmetries for the muon-pair production since 1995 are taken from

sections 6.4 and 7.4.

For the theoretical calculations the program ZFITTER [55] is used. It takes both

the electroweak and the QED radiative corrections into account. The fitting of

the theory parameters to the data is carried out with the EWAPIC program [60].
The x2 minimization is achieved using the package MINUIT [52]. The Standard

Model predictions are calculated with the following parameters: mt=175 GeV

[58], mH=300 GeV, as=0.123 [22] and a=l/128.896 [9].

The theoretical values for cross sections and forward-backward asymmetries ob¬

tained with any given set of electroweak parameters are first corrected for the

effect of the LEP beam spread. The average beam spread is about 55±5 MeV

[60]. The vector A then contains all differences between the measurements and

the theoretical predictions and the x2 value is given as:

X2 = A^A, (8.1)

where the covariance matrix C takes all correlations into account. Finally the x2
is minimized with MINUIT. The electroweak parameters are the set of parameters
that yield the smallest x2-
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parameter L3 L3 (muon channel) Standard Model

mz [MeV]
Tz [MeV]
rhad [MeV]
ri [MeV]

91190±3

2502±4

1748±4

84.07±0.19

91198±13

2491±20

83.71±0.64

2496

1743

83.92

X2 1 DoF 89/96 26/22

Table 8.1: Result on the fitting of the widths assuming lepton universality.

8.1 Mass and width of the Z boson

The Z-contribution to the total cross section is described by a Breit-Wigner func¬

tion:

tftot(s) = 127T
rerf

m\ (s - ml)2 + s2rl/ m\
(8.2)

The free parameters to be determined from the measured cross section are the

mass of the Z, mz, its total width, rz, and the partial widths Te, TM, TT and

Thad- This ansatz sets the photon exchange as well as the interference between 7

and Z exchange to their Standard Model values.

Table 8.1 shows mass, width and the partial decay widths of the Z boson, obtained

first using the cross section measurements of all four processes and then using the

cross sections of the muon-pair production only. In the second case, it is possible
to derive the lepton decay width of the Z boson, T\, from the product Tel^ of

equation 8.2 by assuming lepton universality. The parameters, obtained using
the muon channel only, are:

mz = 91198 ±13MeV,

Tz = 2491 ± 20MeV,

Ti = 83.71 ± 0.64MeV.

The errors contain both statistical and systematic uncertainties. The results

obtained using the data of the muon channel are in good agreement with the

general L3 results. Both agree well with the Standard Model prediction.

The partial decay width 1^ can also be fitted without the assumption of lepton
universality. The partial widths for this case are shown in table 8.2. All three

partial widths agree within their statistical errors and thus support the hypothesis
of lepton universality of the electroweak neutral current.

8.2 Vector and axial-vector couplings

A second ansatz parametrizes the leptonic decay widths of the Z boson by means

of its couplings to the leptons:

Gf rnz /_M2

6tt\/2 (^2+^2)(1 + <5qed),
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parameter L3 Standard Model

Te [MeV]
T, [MeV]
TT [MeV]

84.05±0.24

83.93±0.45

84.24±0.61

83.92

83.92

83.73

X2 / DoF 89/94

Table 8.2: Result on the fitting of the partial leptonic decay widths assuming no

lepton universality.

parameter L3 L3 (muon channel) Standard Model

mz [MeV] 91190±3 91196±13 -

Tz [MeV] 2502±4 2488±20 2496

Thad [MeV] 1748±4 - 1743

91a -0.5013±0.0006 -0.4999±0.0019 -0.5012

tv -0.0399±0.0018 -0.0395±0.0020 -0.0360

X2 1 DoF 145 / 171 42/48

Table 8.3: Result on the fitting of the couplings assuming lepton universality.

where g~A and ~gv are the effective vector and axial-vector coupling, respectively,
and Gp is the Fermi coupling constant [3]. Having introduced the effective cou¬

plings, the forward-backward asymmetries can be calculated and included in the

fit:

A{b = o 9v9a 9v9a

Fv+Tlgtf+gi
(8.4)

Table 8.3 shows the vector and axial-vector couplings assuming lepton univer¬

sality, obtained using first the measurements of all four processes and then the

results of the muon-pair production only. The couplings, determined from muon-

pair production only, are:

glA = -0.4999 ± 0.0019,

fv = -0.0395 ± 0.0022.

To determine the couplings separately for all leptons, the results of the process

e+e~(7) have to be included since not only the Z/i/z vertex but also thee+e -

Zee vertex contributes to the muon-pair production e+e~—> /j.+fj,~(7). Table 8.4

shows the couplings for the different leptons disregarding lepton universality. In

the case of the r-lepton, the r-polarization is taken into account to determine the

vector coupling g~y. The values used are A=0.152±0.012 and .4e=0.158±0.014

[12]. All results are in good agreement with each other and the Standard Model

prediction.

Figure 8.1 shows the 68% confidence level contours in the g~A-gv-pl&ne at 68%

confidence level for electrons, muons and taus. The contours for the three different

leptons agree well and support the hypothesis of lepton universality.
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-0.504 -0.502 -0.5 -0.498

9a

Figure 8.1: Contours in the g~A-g~v-pla.ne at 68% confidence level for electrons,
muons and taus, obtained from a fit to total cross sections, forward-backward

and tau polarisation asymmetries. The solid line shows the contour assuming

lepton universality and the solid circle indicates the central value.

parameter L3 Standard Model

Ta -0.5012±0.0007 -0.5012

rA -0.5007±0.0015 -0.5012

9a -0.5024±0.0018 -0.5012

Tv -0.0400±0.0030 -0.0360

tv -0.0409±0.0076 -0.0360

Tv -0.0395±0.0029 -0.0360

Xz 1 DoF 144 / 167

Table 8.4: Result on the fitting of the couplings assuming no lepton universality.
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8.3 Determination of 7Z interference

The data are interpreted in the framework of an S-matrix ansatz [10, 66], which

makes a minimum of theoretical assumptions. The programs SMATASY [56]
together with ZFITTER [55] are used for the theoretical predictions and QED
radiative corrections of cross sections and forward-backward asymmetries.

The lowest-order total cross section, ofot, and forward-backward asymmetry, A^,
for e+e~-> ff [10] are:

4
cr°(s) = -ita2 g|

+
J£0- m|)+rfas

(s - m\Y + m2zr2z.
for a = tot, fb

<(*) =

7

3 a°M

44W

The S-matrix ansatz defines the Z resonance using a Breit-Wigner denominator

with s-independent width. In other approaches usually a Breit-Wigner denomi¬

nator with s-dependent width is used which implies the following transformation

of the values of the Z boson mass and width [10]: m%= mz+34.1 MeV and

Tz= rz+0.9 MeV. In the following the fit results are quoted after applying these

transformations. The S-matrix parameters rf, jf and gf scale the Z exchange,

7Z interference and 7 exchange contributions. Here the 7 exchange contributions

are fixed to their QED predictions.

The S-matrix parameters are determined in a x2 fit to a^ measurements from

[63, 64, 65, 66, 67]. The cross sections and forward-backward asymmetries for

the muon-pair production since 1995 are taken from sections 6.4 and 7.4. The

fitted S-matrix parameters for electrons, muons, taus and hadrons are listed in

table 8.5. The fits are performed with and without the assumption of lepton

universality. The parameters obtained for the individual leptons are compatible
with each other and support this assumption. Under the assumption of lepton

universality the fitted hadronic 7Z interference term is:

j^ = 0.19 ±0.17,

which agrees with the Standard Model prediction of 0.22
.
The fitted value for

rriz is:

mz = 91189 ± 4MeV.

Figure 8.2 shows the 68% confidence level contours in the mz-jj^-plane, under

the assumption of lepton universality, for the data taken at center-of-mass energies
around the Z pole (dashed line) and after including the measurements at ^/s>100
GeV (solid line). The improvement arising from the high energy measurements

is clearly visible. Both contours are in good agreement with the Standard Model

prediction for j^ which is shown as the horizontal band.

All cross section and forward-backward asymmetry measurements as well as the

measurement of jj^j, ~gA and ~gv are in agreement with the respective Standard

Model predictions and support the hypothesis of lepton universality of the elec-

troweak neutral current.
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parameter Non-universality Universality Standard Model

raz [MeV] 91189±4 91189±4 -

Tz [MeV] 2501±4 2501±4 2497

-tot

rhad 2.979±0.010 2.978±0.010 2.967

-tot 0.1428±0.0008 -

-tot

1n
0.1428±0.0008 -

-tot 0.1437±0.0011 -

-tot

Tl
- 0.1429±0.0006 0.1426

:tot

Jhad 0.18±0.17 0.19±0.17 0.22

:tot

Je -0.034±0.045 -

:tot 0.035±0.031 -

;tot

Jt 0.060±0.036 -

:tot

il
- 0.029±0.021 0.004

rfb 0.0022±0.0012 _

-fb 0.0036±0.0006 -

_fb 0.0043±0.0009 -

-fb
Tl

- 0.00351±0.00048 0.00267

J? 0.690±0.081 _

3? 0.826±0.041 -

J? 0.765±0.052 -

jf - 0.786±0.030 0.799

X2 / DoF 160 / 200 167 / 208

Table 8.5: Results of the fits in the S-matrix framework with and without the

assumption of lepton universality.
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Figure 8.2: Contours in the mz-j^j-plane at 68% confidence level under the

assumption of lepton universality. The dashed line shows the Z data only. The

solid line is obtained by including the results from 130 GeV through 172 GeV.

The Standard Model prediction for jj^ is shown as the horizontal band.
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Chapter 9

Conclusion

The cross sections and forward-backward asymmetries of muon-pair production
from e+e" annihilation are measured at center-of-mass energies, y/s, around the

Z mass and at energies between 130 GeV and 183 GeV. The collected luminosities

of 23.7 pb_1 and 88.5 pb_1 correspond to 16833 and 692 selected muon pairs in

the two energy ranges, respectively. For the high energies, the cross sections

and forward-backward asymmetries are measured for two effective center-of-mass

energies, v/F>0.1v/s and ^/s'>0.8b^/s. The results of all measurements are in

agreement with the Standard Model predictions.

Combining these results with the L3 results for hadron, electron and tau-pair pro¬

duction, the mass and width of the Z boson are determined under the assumption
of lepton universality. The results obtained are:

mz = 91190 ± 3MeV,

Tz = 2502 ± 4MeV.

In addition, without assumption of lepton universality, the partial leptonic decay
widths of the Z are calculated. Furthermore, by parametrizing the leptonic decay
widths of the Z by means of its couplings to leptons, the effective vector and

axial-vector couplings are obtained:

fA = -0.5013 ± 0.0006,

glv = -0.0399 ± 0.0018.

Interpreting the data in the framework of an S-matrix ansatz, the 7Z interference

term is determined under the assumption of lepton universality:

j& = 0.19 ±0.17.

All results agree with Standard Model predictions and support the hypothesis
of lepton universality for the electroweak neutral current. The measurements

provide an improved determination of mass and width of the Z boson and the

7Z interference term with respect to a previous L3 publication [66].
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Appendix A

Formulae

A.l Variable definitions

Luminosity:
Cross section:

MC cross section prediction:
Selected data events:

Background events in data sample:

Signal events:

Generated MC events:

Total number of MC events:

Selected MC events:

Selected MC background events:

Selection efficiency:
Selected MC ISR background events:

Cosmics per side band interval:

Cosmics per selection interval:

Events in interval (SCN)
Pre-scaled trigger events:

Level-2,3 trigger efficiency:

Trigger efficiency:

Syst. error from cut variation:

Charge confused events:

ISR events in forward direction:

ISR events in backward direction:

Aftof the ISR events:

^of the fit for muon-pairs:

Background fraction:

Sum of all background fractions

^4fbof the background processes:

Background corrected A^:
Background correction factor:

a

CMC

Nsel AA^Sei =: V^sel

-Wbkgd AiVbkgd = y/Nbkgd
-'*sig=: -''sel' -^bkgd
Kc ^Kc -- y/Kc
Kh A^m°c == v^c
N$c AiV^ == y/**&

;\£igd AN^d = \/<igd
eMC

^MCisr
-;vint

^os
AJVg*^?N = V«N

JVps AJVps = y/K
elev2,3

trig

ACT

"cc

JVfr AATfr = ViVfr
jyisr AiV^ =Vkt
KT
*%
Ui

^bkgd ^bkgd=
.

E^i
^bkgd*

^fb

C*bkgd
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A.2 Formulae for cross section measurement

Error on eMC

AeMC
N&c

lNtfr.Ntih-Ntfr,
ivMC

*Sc \
Kg
TWtOt

ivMC

^

N& N$
AjU>t
ivMC *2?c ffMC-fMC

_

/eMC (1 - gMc)

*& JVjfe <°c

(A.l)

Error on eiev2,3

Aeiev2,3 =

Nps(Nsei-Nps) NpsNseX-Nl

"N,
m

sel

Nsel Nsel \

JVpsiVSel-iVp2s

NSe\

N
sel 'eiev2,3 -elev_2,3

iVsel Nsel

'eiev2,3 (1 — lev2,3)
^sel

(A.2)

Number of background events and error on iV£k d

\ri
- !Vbk8d fMC _ jybkgd

£
_ jybkgd

£
_

^-bkgd^MC
,* o\

^bkgd
~

^sel /seal
-

^sel £mq
~

^sel ^
" ^sel

^en
(*<>)

CMC

AN4gd = JVgg x
N
<?gdKc-^gd)

iVMC

JvgS \
^gdKc-^elgd)

*SS (A.4)

Number of Cosmics, iVcosmiC, and AiVc
cosmic

ivrSCN A/DCA
_il£2S _l_ _±IciJS
A]VSCN:! ^ ajvdca*

AT
.

"""'COS """COS
''cosmic

—

J l (A.5)

AiVC(

^
+

aN^^aNB

(A.6)
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Error on e;

^cWc-Agc) ^LrNtfc-N^.

Aeisr =
JVMC

MCisr-'vMq--'vMniSr
rsel

MC

*$3 *ft ^

NMCisrNMC,-NMC,iKr

*gg
*tfc

\

Arsel Afsel2
flMCitt

_
lIMCist (A.7)

JVS1,
MC

MC
_

;eisr-eisr
_

V *&
/isr (1 ~ gisr)

Error on Ng{%d

a AT-isr _

niVbkgd
-

(A.8)

= ^\NselAeisT\2 + |eisrAiVsel|2 = ^AeL + 4AA&

Systematic error contributions

The contributions to the systematic error on the cross section arising from the back¬

ground subtraction, the luminosity measurement, the selection and trigger efficiency
determinations and from the selection cut variations.

AiVbkgd
jCeMC^trig

V^MCetrig g

(A.9)

MS-te^'- ~Nsi* &c)2
r2 /
*- eMC^trig /

i\TsieA£ A£
— s

= a-—

£ MCCtrig

^.-/(S^-l/^H1
_

NsigAeMC
_

AeMC

^eMCetng
= a-

£MC

(A.10)

(A.11)

A4£ff =

Q°
A

_

-^sigAetrig
_

Atrig

^eMC^rfg etrig

-N,

{ s'g

A V^^rig^rig
Ac;trig

(A.12)

A*2E = a x ACT- [%

AC- = ^/ACxSc + ACg£ + ACgg + ACg£ + ACj£ + ACJ
'var

Pt

(A.13)

(A.14)
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A.3 Formulae for A& measurement

Error on Pf
cc

APcc =

JV2c(Wall-JVy
as

N&n
(A.15)

Error on n

-^AP* I +
dPL

cc

9k

dPl
API

\

- Pic)

(1 - P,?c - P£)2

1

APc'c +
V-*cc *

cc /

(i - p,?c - PLY
API

(1 - J» - PL)2 ^(Pic
- Pi?)* AP*J + (P*c - Pclc2)2 AP42

(A.16)

In the case that both muons of an event are from the same category, i.e. i = j, equation

A.16 reduces to:

Ak =

9k
a „,

I
APl =

apt ^-^cc

\
2f»(l-2/^)-(-2)J»

opi OP1
*•*

cc ^•'cc a pt

*-"cc

(1 " 2Pclc)2

(1 " 2Pclc)2

2P<!C2(1-P<?C)AP<

cc

APC'C

31

CC

(1-2PC'C)2 P(
= «2(l-^c):

APL (A.17)
cc

pi
x
cc

Error on AHE.

AAZ =

dA)
•fb

dN?
AN? +

f)AisT

aivbsr

2iVbsr

(iVf
r
+ iVbsr)2

AiVflsr +
-2ATfr

(2VJ»r + iVbsr)
2AiVbSr

ANg^Nf*
+

4iVfls^iVbsr /4ATbsriVfr(iVbsr + jVfr) (A.18)

(iVfr + iVbsr)4 (iVflsr + Wbsr)4

= 2
l_J*tN?L
(iVfisr + iVbsr)3

(iVfr + JVbsr)4

Error on A^gC

BgC_
A^

=

^

&£gl

Mg
s-^S
fb

+
a^c
f^A(E^ibkgd*)

s(E^<kgd')
+

M2*
fb

0(5>O
A(E^)

AAg (A(E^<ksd'))2
,
(£,MT - A%)> (A-19)

N d-E^)2
+

(i-E^)2
+

(i - E^)4
(A(I>l))
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with

A(£^<kgd") = JY, \M"»<°*) (A.20)

A^A^) =

\
djUjA**')^^
dAh*d'

\

A^
,
AA*W

«? ^kgd-2

,2
4A.21)

A(Ei^) = ,/ElAo^ (A.22)

Error on Gbkgd

ACbkgd = ^bkgd

= Wbkgd

^
^Cbkgd -BgC

<6C
A^6 +

^bkgd A^fit

2

d*$
~ *

\
—AABgC +

_jBgC
^fb A A fit

.fit* AAfb

(A.23)

= ^bkgd'

a^°2 a2«*aa2?xfb

N <2
H "773 — WbkgdCbkgd-i
<

A^C2
^
AA$?

+

\ 4bgC2 ^
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Appendix B

Tables

y/Z [GeV]

Data [%]
MM MX XX

Monte Carlo [%]
MM MX XX

91.31

89.45

91.29

92.98

83.0±1.2 11.6±0.4 5.4±0.3

81.9±1.7 12.6±0.7 5.5±0.4

82.9±1.4 11.0±0.5 6.1±0.4

82.2±1.4 11.3±0.5 6.5±0.4

82.0±0.4 12.1±0.1 5.9±0.1

81.6±0.4 12.4±0.2 6.0±0.1

81.6±0.3 12.4±0.1 6.0±0.1

81.0±0.4 12.9±0.2 6.1±0.1

average 82.4±1.4 11.8±0.5 5.8±0.4 81.5±0.4 12.5±0.2 6.0±0.1

130.0

v/s7>110.5
135.9

v/s7>115.5
161.3

\A7> 137.1

172.1

y/P> 146.3

182.7

\/s7>155.3

80.0±9.2 20.0±4.6

93.0±14.7 7.0±4.0

75.6±9.8 24.4±5.6

76.5±15.0 23.5±8.3

75.8±8.9 24.2±5.0

85.0±14.6 15.0±6.1

87.3±11.1 12.7±4.2

91.2=1=16.4 8.8=1=5.1

78.5±4.7 21.5±2.5

85.4±7.4 14.7±3.1

84.4±1.2 15.6±0.5

87.6±1.8 12.4±0.7

82.8=1=1.2 17.2±0.6

85.9±1.8 14.1±0.7

83.7±0.9 16.3±0.4

87.6±1.3 12.4±0.5

85.2±0.9 14.8±0.4

88.9±1.3 11.1±0.5

85.7±0.9 14.3±0.4

89.0±1.3 11.0±0.4

Table B.l: The ratio of events in the MM, MX and XX samples for data and the

Monte Carlo prediction for all data taking periods. The average is weighted with

respect to luminosity.
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V* [GeV]

e+e -» r+r (7)
background [%]

e+e -¥ e+e n+n (7)

background [%]

e+e -»• qq(7)
background [%}

91.31

89.45

91.29

92.98

1.05±0.05

1.09±0.04

1.03±0.04

1.08±0.04

0.05±0.01

0.14±0.02

0.04±0.01

0.10±0.02

0.03±0.02

0.05±0.02

0.03±0.02

0.06±0.02

130.0

v/?>110.5

1.3±0.1

0.6±0.1

2.0±0.4

1.0±0.4 -

135.9

Vsi>115.5

1.2±0.1

0.6±0.1

3.1±0.6

0.9±0.5 _

161.3

y/?> 137.1

1.6±0.1

0.9±0.1

6.8±1.0

3.6±1.1 _

172.1

\/57>146.3

1.8±0.1

1.0±0.1

9.1±1.5

3.9±1.4

~

182.7

V?>155.3

1.7±0.1

1.0±0.1

18.0±1.3

7.0±1.3

~

V^ [GeV]

e+e"-)- W+W"(7)
background [%]

cosmic radiation

background [%]

e+e--* m+A*_7isr
background [%]

91.31

89.45

91.29

92.98

-

0.09±0.02

0.18±0.03

0.03±0.01

0.11±0.02

-

130.0

V/?>110.5

- 0.8±0.4

0.9±0.7 8.0±0.5

135.9

V?>115.5

- 1.0±0.5

2.4±1.2 6.6±0.5

161.3

V?>137.1

0.3±0.1

0.2±0.1

0.4±0.2

0.8±0.4 5.5±0.3

172.1

\/?>146.3

1.5±0.2

1.0±0.2

1.8±0.5

1.8±0.7 5.2±0.3

182.7

\/?>155.3

2.1±0.1

1.9±0.2

1.1±0.3

1.3±0.4 4.4±0.3

yfl [GeV]

e+e~~-> Ze+e~(7)
background [%]

e+e--*- ZZ(7)
background [%]

e+e ->• e+e t+t (7)
background [%]

130.0

v/i7>110.5

0.14±0.02

0.02±0.01

0.05±0.01

0.04±0.01
:

135.9

V/i7>115.5

0.15±0.02

0.04±0.02

0.05±0.01

0.03±0.01

*

161.3

\fs'> 137.1

0.24±0.02

0.06±0.02

0.09±0.01

0.06±0.01

-

172.1

%/?>146.3

0.38±0.03

0.11±0.03

0.11±0.01

0.07±0.01

-

182.7

Vs7>155.3

0.46±0.03

0.11±0.03

0.19±0.01

0.18±0.01

0.3±0.2

0.2±0.2

Table B.2: The background contamination for all background sources and all

data taking periods.
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