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Abstract

This thesis reports on measurements of ete™ 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™! 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™! 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 vZ interference.
The results obtained are:

mz = 91190 & 3MeV,
I'; = 2502 £ 4MeV,
74 = —0.5013 4 0.0006,

7, = —0.0399 £ 0.0018,
jiot, = 0.19 4+ 0.17.

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



Zusammenfassung

Diese Doktorarbeit prisentiert Messungen der ete~ 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
Luminositdt von 23.7 pb™! 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~!. Die Messungen der Wirkungsquerschnitte und Vorwirts-Riickwirts-
Asymmetrien, zusammen mit weiteren Ergebnissen der Leptonpaar-Erzeugung,
werden verwendet, um Masse und Zerfallsbreite des Z Bosons, seine Kopplungen
an Leptonen sowie die vZ Wechselwirkung zu bestimmen. Die Resultate sind:

my = 91190 + 3MeV,
Ty = 2502 + 4MeV,
g4 = —0.5013 £ 0.0006,
7%, = —0.0399 = 0.0018,
i = 0.19 £ 0.17.

Die Ergebnisse aller Messungen stimmen gut mit den Vorhersagen des Standard-
modells iiberein.
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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 ete-collider and its four experiments, among them the L3 de-
tector, began operation. Omne 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 7 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 vZ 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 v7 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-

1



tons and the 7 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 QCD!?
[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)y,xU(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(1)-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);, part of the electroweak gauge symmetry describes transformations
in the space of weak isospin, 1. It takes into account that the weak isospin
current only couples to left-handed fermions. The second part, U(1)y, represents
a rotation in the space of weak hypercharge, Y. The weak hypercharge is defined
via the electric charge, @, and third component of the isospin, T°:

Y

Q=T°+"—.

2
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, Wj, couples with
strength g to the weak isospin current, J),, and a single vector field, B, couples
to the weak hypercharge current, j}f, with a strength ¢'/2. Gauge invariance

!Quantum chromodynamics



fermions
leptons | quarks

1. generation Ve ' e u d

q/e 0 -1 +2 —3

m <7.0eV 511 eV ~5 MeV ~10 MeV
2. generation Yy 7 C s

q/e 0 -1 +3 —3

m <0.17 MeV | 106 MeV ~1.3 GeV | =200 MeV
3. generation Vr T t b

q/e 0 -1 +2 -1

m <24 MeV 1.777 GeV | =180 GeV ~4.3 GeV

~ gauge bosons
SU(3) SU(2)xU(1)
g y Z W+
q/e 0 <6107 eV 0 +1
m 0 0 ~91.19 GeV | =80.33 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

1
we = /L wiew)

describe the massive charged W bosons. The two neutral fields Wg’ and B,, mix
in such a way that the mass eigenstates are:

Ay = Bycos Oy + Wisin Oy,

Zy = —Bysin Oy + Wicos by,
where fy is the weak mixing angle. The fields A, and Z, are identified with the
massless photon, v, and the massive boson Z. Corresponding to the gauge bosons
v, 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 @; to the photon field by means of the
electromagnetic current, J .., 1s based on the elementary charge, e:

1
e =e (Ji + 5]};) :
The elementary charge, e, is related to the coupling constants g and ¢’ as follows:
e = gsin By, = g'cos Oy .

4



leptons T|T31Y
Ve, Vi, v, % % -1
€, Mo 7D | 5 | T3 | L
e lpy T | 0| 0 | -2

quarks
ur,entn |5 g | g
dp, sp, by, | 5 | —3 %
URr, CRr, tR 0 0 3
dr, 5, br | 0| 0 | —2

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

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

!
tanHW = -g—
g

In the Standard Model the masses of the vector bosons are not fixed, but their
ratio is related to the Weinberg angle:

mMw
cosby = —.
my,

The charged weak current has a pure V-A structure while the neutral weak current
contains unequal vector and axial-vector couplings, g, and g,. Their values are:

g{; = T;' - 2QfSiIl2 ew,
gi; T]?.

I

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:

e clectromagnetic interaction (vy): —ieQ) py*
e charged current interaction (W¥): —i\%fy“%(l — %)
- . R . 1
e neutral current interaction (Z): —1 COSQHWWE(Q{, — ')

2.2  The process e"e ™ — utu~

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 ete™— ptu~ (figure 2.2). For center-of-mass

5
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(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 /s~ my the contribution from photon exchange is much smaller than
the one from Z exchange.
The differential cross section for the process ete™— ptu~ is given by [5]:
1 O (G4 (5)(1 + cos? ) + Gia(s) - cos 2.1
10 = 1, Gl Cos 3(8) - cos 6], (2.1)

taking into consideration that m?<s. The functions G;(s) are:

2 2
G1(s) = Q3 = 20504 QrRexals) + (o8 +9%) (98 + ) bro(s)?,
Gs(s) = —49595QsRexo(s) + 894949594 [xo(s)[*
The term of equation 2.1 containing G (s) characterises the photon and Z ex-
change, where the Q% of G1(s) belongs to the photon exchange. The interference
is described by the asymmetric terms containing Rexg(s), where the contribution

from G3(s) dominates. The scattering angle § is defined as the angle between the
incoming electron, €™, and the scattered muon, x~ (figure 2.3). The pole term

S

Xols) = s — mg+1imgly

contains the mass of the Z, mgz, and its width:
« 2 2
F%:Z§mz (9{/ +9A)-
f

The vector and axial-vector coupling constants are represented by g and g4,

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

0 .
Utot '

L do 4o’
0 —
oot (8) = /_1 dcosQ(S’e) deosf = o G1(s). (2.2)

On the 7 resonance (y/s= my) equation 2.2 simplifies to:

res _ 127,
tot m%l—‘oz2 ?
where I'; are the lepton widths:
« My, 2 2 .
I = ( L+ g ) with [ = .
b 19sin? Byycos? Oy, Jv T 9a “H

2.2.2 Forward-backward asymmetry

The differential cross section (equation 2.1) is characterised by a symmetric term,
oc(1+4cos?#), and an asymmetric part, occosf. The deviation from a symmetric
distribution is measured by the forward-backward charge asymmetry [7]:

Ap(s) = , (2.3)




- — ¥
Figure 2.3: Muon-pair production with the fermion, pu~, scattered into the for-
ward hemisphere with respect to the e”-beam direction (cos §>0).

with
0

L do do
of = 27 / — dcosf and o, =27 — dcos .
o df 1 dQ2

This gives for the asymmetry in lowest order:

o _ 3 Gs(s)
b7 8 G (s)

Due to the vZ 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 (|gy /gl 0.08). On the Z resonance (y/s= mg) 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:

A

(2.4)

12 12 2
9vg g
——VEA  ~ 3L (for gb < g4y). (2.5)

2 2
(gﬁf + glA) 74
Alternatively the differential cross section can also be parametrised using the

total cross section, oy, and the forward-backward asymmetry, Ag,(s):

do P do
dcosf 7rdQ

A =3

= Tt (8) E (1+ cos? ) + Ag(s)cos b . (2.6)

2.3 Radiative corrections

For precision measurements higher order contributions also have to be considered.
These radiative corrections to the process ete™ u™u~ lead to modifications of
o and AJ. The radiative (one-loop) corrections can be subdivided into two
sub-classes:

e weak corrections,
e QED? corrections.

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

2Quantum electrodynamics



(@)
(b) (¢)

() (e)

Figure 2.4: Radiative weak corrections to the process ete™— utu~. 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]:

e 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,
«, and the Z-width, respectively.

e 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, g, and g4, to effective cou-
plings, gy, and G4, respectively.

e Box corrections describe two gauge boson exchanges (figures 2.4de).

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 o, I'z, g4 and gy to their effective
values a(s), I'z(s), g4 and gy, 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



M (b)
() (d)

Figure 2.5: Radiative QED corrections to the process ete™— p"u~. Figures (a)
and (b) show the emission of an ISR and F'SR 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 14+-dqrp 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, /s, is lowered to an effective center-of-mass energy of the annihila-

tion process, v/s'. Using the energy of the emitted ISR photon, E,, the v/s" value
is given by:

s'=sz=15(1- \/E,;}Q) = s — 2B,/s. (2.7)

Taking all radiative weak and QED corrections into account, the cross section
Otot 15 then given by a convolution [6]:

oro(8) = | G(2) 0u(s2) dz, (2.8)

where the cross section including weak corrections is denoted by o,,. The radiator
function G(z) is the probability to emit an ISR photon, then leading to an effective

center-of-mass energy, v/s’. The integration ranges over all possible ISR photon
energies between the kinematic limit z; and 1.

10
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Chapter 3

The L3 experiment

The European nuciear research center CERN' 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 LEP? accelerator (figure 3.1).

F—— 1 km

Switzerland

France

Fig&re 3.1: Map of the LEP accelerator at CERN.

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

LConseil Eufopéen% pour la Recherche Nucléaire
*Large Electron Positron collider

11



Magnet Yoke L3
Magnet Coil

Forward Backward Muon Chambers

Muon Chambers

Fiéure 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 nﬁagnet 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 moufnted onto the iron doors [26]. One layer is situated on the
inside of the doors;j and two are on the outside. The two outer layers are covered
with resistive platé 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 deltectors for the muon-pair production analysis are described in
more detail. |

The coordinate sysz,tem of the L3 experiment is defined such that @ is the polar
and @ the azimuthal angle.

12
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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.ﬁ 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.i The electrons and positrons are each stored in four bunches.
In 1995 and 1996 évery 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
B4, |

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 resoniant 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 électrons in the polarised beam is directly related to the beam
energy:

‘ V:ge_2Ebeam
) 2 m,

3

where 14 is the number of spin precessions per revolution, (g.—2)/2 the anomalous
moment of the eledtron, Epeam the beam energy and m, the mass of the electron.
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An oscillating hori?ontal magnetic field is applied to the vertically polarised beam.
From the frequency of the oscillating field that de-polarises the beam the spin
precession frequen%cy and thus the beam energy is derived. It allows a relative
precision of the en;ergy measurement of 2.6 x 1075 for 1995 and of 3.5 x 10~* for
1996 [40].

3.2 Luminosity measurement

The luminosity is heﬁned as:

. Ilee— Ne+
N An'loyoy

L

b

with N- and N+ the number of electrons and positrons per bunch, respectively,
ny the number off bunches and 7' the time per revolution. oy and oy 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 detiermination:

L=—,
o€
where N is the bac%kground corrected number of selected events, o 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”™— eTe™(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 éne is a finely segmented and azimuthally symmetric array of
304 BGO?® 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 section?, e"e™— ete™ () events are simulated at a
fixed center-of-mass energy, /s, of 91.18 GeV using the event generator BHLUMI
[49]. For center-of-mass energies, /s, 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 1gletector (SMD®) [18] is mounted directly on the outside of the
beam pipe. It co.‘rhsists of two layers of silicon strip detectors. They allow the
position determinzittion of a track with a precision of 7 ym in the r-®-plane and
14 pm 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 mudn—pair events.

$Bismuth Germanjium Oxide

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

5Silicon Micro Vertex Detector
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Figﬁre 3.4: Sector of the central tracking chamber.

3.4 Central tracking chamber

The inner ring of the central tracking chamber (TEC®) [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 iambiguities in the position determination originating from the
two halves of each éector. The distance between the first and the last anode wire is
about 31.7 cm. Additiona] 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
ezpansion). The TEC is surrounded by two layers of multi-wire proportional
chambers with cathode strip read-out [20]. They measure the z-coordinate, i.e.
the polar angle, of the tracks. The resolution for the distance of closest approach
is 57.7 pm. Combined with the position determination of the SMD a resolution
for the transverse momentum 1/p; of 0.0147 GeV ™! is achieved [45].

3.5 Electromagnetic calorimeter

|
The electromagnetic calorimeter (ECAL) [21] consists of Bismuth Germanium
Oxide crystals (BisGezOyz). The central part covers the polar angular region of
42°< ¢ < 138°and contains 7680 crystals. Both endcaps cover the region between

$Time Expansion Chamber
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Figure 35 A BGO crystal of the electromagnetic calorimeter.

12° and 38° with ﬁespect to the beam axis and contain 1527 crystals each. The
crystals are 24 cm 1ong, 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 afngular resolution is of the order of 0.5°. The energy resolution

ranges from 5% for E=100 MeV to 1.4% for E=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 eTe -interaction and the mo-
ment the particle ?rosses 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, thﬁe 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 matejrial and multi-wire proportional chambers to measure the de-
posited energy. It covers the polar angular range of 5.5°< ¢ < 174.5° (figure 3.6).
The HCAL measures energy and direction of hadronic jets. Its material represents
about eight absorp?tion 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
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Fiéure 3.6: Side view of the hadron calorimeter.

also serves this pujrpose. 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 spec%trometer is composed of two components:

e the central dietector (barrel) muon chambers [25],

o the endcap (}corward%ackward) muon chambers [26)].

The barrel muon chambers are placed completely inside the solenoid magnet and
cover the polar angular region of 44°< # < 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 dutside 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 Harrel 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),
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Figure 3.7: Perspefctive view onto three quarters of the forward-backward muon
chambers. ‘

Figure 3.8: A forwérd—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 measﬁre the r-f-coordinates (z-chambers). They are built up of two
layers of 109 mm Wlde 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
~220 pm for p-chambers and 2500 pm 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:

Pl == (3.1)

8s’
with the lever arrr@, [, 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 tjhe 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- mechamcal alignment system [59].

3.8.2 The fbrward-backward muon chambers

All forward drift dhambers consist of three layers (Y, X,W). The W and X layers
that measure the fr—@—coordinate contain 18 and 19 four-wire cells, respectively
(figure 3.11). TheY 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 3.11: A cell of the forward-backward muon chamber.

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

In the S-region mu@ns 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 resolutioﬂ 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 momentujm 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 trijgger 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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is a chain of three iconsecutive levels. The decision has to be made within 22 us,
i.e. between two beam crossings, to prevent dead time in data taking for negative
trigger decisions. |

The level-1 triggeri [32] directly accesses the analog signals of the sub-detectors.
The following, indé;pendent sub-triggers are important for muon-pair events:

e The Muon Trigger [35] requires a positive decision from at least one out of
three sub-triggers:

a) Single rjnuon trigger: A muon track with a coincidence of all three
p—chambers and all four z-chambers in one octant.

b) Di—muofl 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.

¢) 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 presént (only in the region between 36°< 6 <44° with respect to
the beam axis).

e 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 m(j)mentum p:>600 MeV. Tracks crossing up to three adjacent ®-
bins have to have a p; of more than 150 MeV /c. For tracks at 25°<6<42° the
seven innermost wires are used and a transverse momentum larger than 100
MeV is required.
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e 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 élmost for the totality of the detected electromagnetic energy
and that there is no TEC track in coincidence with this deposit in the
r-$-pro jecti{)n (single-photon-trigger).

These sub—triggeré are combined by a logical OR. Their decisions are uncorre-
lated 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 ‘dhe 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 1n 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 obserﬁfed 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 generatéd according to the prediction of the Standard Model. Interac-
tions with the detector materials are simulated with the program package GEANT
[48]. Differences inithe 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 eventzs.

The following Morﬁte Carlo event generators are used to simulate the various
reactions: KORALZ [54] for ee™— ptpu~(7) and eTe™— 7777 (v), DIAG36 [50]
for ete™— eTe~ (), JETSET [51] for ete™— qq(y), KORALW [53] for the
process ete”— WHW(y) and PYTHIA [51] for ete™— qq(y) at 4/s>130 GeV,
for ete™— Zete™(y) and ete™— ZZ(v).
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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 #. 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<|cosf|< 0.9 . 'An example of a muon-pair detected by the L3 experiment is
shown in figure 42

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 matéhing of the track segments of at least two layers of chambers.
It is then possiblei 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,j due to non-functioning cells, have at most one reconstructed
muon chamber segjment.

A muon can also be identified as a minimum ionising particle (MIP). A track
in the central trac}king chamber has to be present. It is combined with energy
depositions in the électromagnetic and the hadron calorimeter that are typical for
a muon. If presenﬁ, 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 calorimeter$. For both the electromagnetic and hadron calorimeter, the
energy depositions in a 24° cone around the MIP candidate are summed. The
MIP candidate is ajssigned to be a muon if the electromagnetic energy is less than
2 GeV and the hadronic energy less than 7 GeV.

23



104 ® DATA 95 ® DATA 95
E [ IMCup [ IMC pup
NMC1r 103 NMC

Events

10 -
5 N

0 05 5

L ITET AT RSN ATIV S AN IR AAT iR

ii”z.s 3 35 4
Eycy [GeV]

tte| wL
1 :
05s

3 5,,‘6....7‘.‘. -
Eyca. [GeV]

Figure 4.1: The eﬁergy deposited by a muon in the electromagnetic calorimeter
and in the hadron jcalorimeter. Only muons of the MM sample whose selection is
not based on calorimetric information are shown.

The selected e+e‘§—> wtp () events are divided into three event samples that
are treated differently in the analysis (see also table B.1):

e MM sample:%two reconstructed muon chamber tracks (=82%)
e MX sample: ;one reconstructed muon chamber track and one MIP (x12%)

e XX sample: itwo minimum ionising particles (=6%)

4.2  Muon-pair selection

Events from the rfnuon—pair production ete™— pTu~ () have to be separated
from other processes with muons in the final state. These background processes
are: ‘

e ete ™ — TJFT"i§ (v),

o ctem— ete i (y),
o ete™— qq(q/j,

e Cosmic muons.

Feynman graphs for the muon-pair production and the most important back-
ground processes dre shown in figure 4.3. The contamination from the different
background proce%ses is determined from Monte Carlo simulations. For muon-
pair production at center-of-mass energies, E.ms, above the Z resonance, addi-
tional background jprocesses have to be taken into account:

o cTe™— W+W_ {(v),
24
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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 ﬁrom 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.

25



Figure 4.3: The muon-pair production ee™— 1~ (7) (upper left) and the back-
ground processes ete”— 7777 (y) (upper right), eTe™— ete~utu(y) (lower
left) and e*e™— W*W~(v) (lower right). For the 7-pair and W-pair production,
an example containing muons is shown since these events represent the majority
of the respective background.

o etem— ZeTe (v),
o ete— ZZ(y),
e ete™— ete 77 (v).

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 tgein<d ns cosmic muons
r-®-dca one d| <1 mm cosmic muons
acollinearity Emm<90°, Enx<40°, Exx<b® all background
muon momentum (MM,MX) Droax> %Ebeam all background
transverse momentum (XX) two p;>3 GeV ee — eeff
multiplicity clusters < 16 eTe™— qq(y)
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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 b mm < d; < 50 mm and a minimum scintillator counter time of 10 ns < t4uy <
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 ,~
Epeam 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 7 — pv,v, (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 acollinearity' than muon-pair events due to the
neutrino production in 7-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 < p;<6 GeV shows that additional background is present for p,<1 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

!The acollinearity, ¢, is the difference between the angle between the two muons and 180°.
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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 @ of the selected muons
and their azimuthal angles & within a muon chamber sector. The gap of the
muon spectrometer in # is located at cos#=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 /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, /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, v/s'. When /s’ is close to the Z mass,
myg, 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 v/s'<2 m,
(~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 /s values, the effective center-of-mass energy, +/s, in the total event
sample is required to be larger than 0.14/s. The high energy sample is defined
by requiring v/s'>0.85,/s. Assuming the emission of a single initial state photon,
msr, and using its energy, E., the Vs’ value is given by:

s’ =s—2E,\/s. (4.1)

If the photon is found in the detector it is required to have an energy, E,, 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,
01 and 05, of the outgoing muons:

B =3 lsin(01 + 05)|

sin 0 + sin 0z + [sin(é; + 62)|°

(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 v/s’. The impact of a possible wrong determination of v/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
Vs' for 130 GeV<,/s<183 GeV. The peaks at 91 GeV are due to muon-pairs
produced at /s~ my. It can be seen that for all energy points the high energy
sample (v/s'>0.85/5) comprises about 50% of the events.
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Figure 4.12: The cos 6- (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, v/s'.

/5 [GeV] | no yisr [%] | 1 ysr [%)] | 2 visw [%] | 3 Yisr [%)]
130.0 90.8+1.0 8.9+0.3 0.2£0.1 | 0.04+0.02
135.9 90.1£1.0 9.6+£0.3 0.34£0.1 | 0.00+0.01
161.3 90.2%0.7 9.540.2 0.340.1 | 0.0140.01
172.1 90.64+0.7 9.0+0.2 0.4+0.1 | 0.014+0.01
182.7 92.4+0.7 7.34+0.2 0.3£0.1 | 0.00£0.01

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, v/s', for the data taken at
130 GeV<4/s<183 GeV. The respective peaks at 91 GeV represent the radiative
returns to the Z with v/s'~ my.
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4.3.2 Event selection

For muon-pairs produced at \/?>0.85\/§, the event topology is similar to that
for events at /s~ myz. 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 /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 1/s=183 GeV.
Muon-pairs with v/s'a2,/s have an acollinearity £ <10° while events produced at
V/s'a my, peak at £=T70°.

For center-of-mass energies above 1/s=100 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,; pyax,
is set to a fixed value of 35 GeV to ensure high acceptance for events with hard

ISR photons. Figure 4.17 shows pya., normalised to the beam energy, Epeam, for
\/s=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, tgin, 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, tip- thottom. 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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agree within 2 ns, the event is identified as a cosmic muon and rejected.
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Chapter 5

Detector efliciencies

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 fatlure 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 € was determined by counting for each layer the number of recon-
structed segments, N, and the number of segments which are missing, Npis,
but should have been there according to geometry:

Nrec

©= Nrec'}‘NmiSS. (51)

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 | 90.840.2 | 90.140.2
MM | 91.840.2 | 91.0%0.2
MO | 93.940.2 | 92.840.2
Z(MI) | 76.7£0.3 | 87.4+0.2
Z(MO) | 69.3+£0.4 | 82.740.3
FI-Y | 92.7+0.4 | 96.2+0.3
FI-X | 87.8+0.5 | 89.8+0.4
FI-W | 84.740.5 | 89.1£0.4
FM-Y | 87.840.8 | 93.940.5
FM-X | 81.940.9 | 84.740.8
FM-W | 82.940.9 | 85.2:0.8
FO-Y | 82.940.9 | 85.240.8
FO-X | 81.940.9 | 84.74+0.8
FO-W | 87.8+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, p¢, 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 <i> x As = const. (5.2)

Dt

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 1/p; can
be determined by comparing the transverse momentum p,sin ¢, of the muon with
its expected value Epeamsin0,. 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 acollinearity
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 - - - - 1 29.1 288 6.5 6.0
3 MI - MO - - - 1282 278 6.3 6.5
4 - MM MO - - - 1254 250 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 - ¥F. FM - 24.6 25.1 1.5 1.5
9 MI - - FI FM - |604 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 | 441 477 0.1 0.3
13 - - - FI - FO} - - <0.1 0.1
14 MI - - FI FM FO |319 324 8.6 8.7
15 - - - FI FM FO |61.8 547 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 #:

Apu 1 2 2

—= = —/(LoS 2S0L)". :
. IS (L3S)" + (254 L) (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:

Apy _ oms (5.4)

3
pu Opend
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where ang is the average multiple scattering angle and apenq the bending angle
due to the magnetic field. They are determined as follows:

DB
puKcosf’

0.0136 D D
= 1+0.0381 .
s py V Xpcosf [ * . <X0cos 0>} ’ (5.6)

with B the magnetic field, D the thickness of the door, p, the muon momentum,
K=3.336 (unit conversion constant), Xo=1.76 cm the radiation length of iron
and 6 the polar angle of the track [30]. For B=1.2 T, D=0.9 m, p,=45.6 GeV
and #=30° this leads to an ayg of 2.7 mrad and an ayenq 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).

(hend ~ (55>

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 6, 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 | 93.474+0.15 95.08£0.15 89.07+0.36
Monte Carlo | 94.0240.03 94.6240.03 92.3540.06
V/s=130 GeV | 92.142.2 92.242.6 91.84+4.0
Monte Carlo | 94.240.2 94.54+0.2 93.240.3
V/s=136 GeV | 93.242.3 96.642.0 83.9+6.6
Monte Carlo | 94.740.2 95.240.2 93.54+0.4
V/s=161 GeV | 91.742.3 91.34+2.8 92.7+4.1
Monte Carlo | 93.540.1 94.34+0.1 91.44£0.3
Vs=172 GeV | 85.5+3.2 92.9+2.8 69.24+7.4
Monte Carlo | 91.840.1 92.540.2 90.240.3
/=183 GeV | 91.0£1.2 93.8+1.3 85.54+2.6
Monte Carlo | 94.840.1 95.4+0.1 93.340.2

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 |tsin| <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 |tgin| <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 |ts,| <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

48



600 -
S00- e
C $0RRLRN
; e
2400 E= G RIS
N F BRI LIRS
ot = PRI K RIERRRARAIK K
- 50.0.0.0’0‘0’0’0.0.0.0‘0.0.0‘0‘0.0.
2300 | SRl
E 300 - SClé only e "“’0”0:'0’0"::0’0‘0':::
r == scC only ] 25
- [T1T] RPC only
200 -y
LR SCB +SCC
- ) SCB + RPC
m SCC+RPC
100 r SCB + SCC + RPC
0 C T S R 2 1 TITTI s T THTT
0.7 072 0.74 0.76 0.78 0.8 0.82 0.84 0.86 0.88 0.9

|cosO|

Figure 5.5: The different combinations of scintillators and RPCs, with [tgein| <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 2.4140.1
SCB + RPC 18.3+0.6 17.740.1
SCC + RPC 48.54£0.7 50.3%0.1
SCB + SCC + RPC 6.74+0.4 2.44+0.1

Table 5.4: The fractions of different combinations of counters for muons that
have at least one endcap scintillator or RPC time [t <5 ns. (SCB: barrel
scintillator; SCC: endcap scintillator)
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T

Efficiency [%]
all z >0 z <0
Barrel Scintillator (Data) | 85.940.2 - -
Barrel Scintillator (M.C.) | 87.6+0.0 - -
Endcap Scintillator (Data) | 88.5+0.5 88.3+£0.7 88.7+0.7
Endcap Scintillator (M.C.) | 86.5+0.1 87.24+0.1 85.840.1
RPC (Data) 742407 76.3EL0 72.0+11
RPC (M.C.) 69.1£0.2 71.14+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, Ngg, or without, Ny, timing
signal of |tsn| <b ns. The efficiency is then calculated as:

N, sig

- = S 5.7
‘ Nsig +Nmiss ( )

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 |fs.in| <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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Probability [%]
all lcos 8]<0.7 |cosB]|>0.7
2 tracks: Data 1995 | 98.64+0.1 99.3+0.1 96.640.4
Monte Carlo | 97.64+0.1  97.840.2 97.240.3
1 track only:  Data 1995 1.440.1 0.740.1 3.44+0.4
Monte Carlo | 2.4+0.1 2.2+0.2 2.84:0.3

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, fos, are 10 for the level-2 and 100 for the level-3 trigger. The efficiency,
€leva,3, Of the triggers is given by:

Clovas = Nsel
3 3
& Nsel+Nps(fps — 1)

(5.8)

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

events, Nps. The error on the trigger efficiency is calculated as follows (see equa-
tion A.2):

(5.9)

A . €lev2,3 (1 - 61ev2,3)
€lev2,3 = N .
sel
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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:
Nikti

| = — 5.10

6l N]k ? ( )
with number of selected events, Nj, triggered by either trigger j or & and Ny
the number of events triggered in addition by trigger . The letters ¢, j and &
represent any permutation of the muon, TEC and energy trigger. The level-1
trigger efficiency, €e,—1 is then given by:

€lev—1 = 1 — (1 — &) (1 — ) (1 — ). (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, u;, for the class 7 is
calculated as:

i = NauHGj H(l — &), (5.12)
ik

with Ny the total number of events in all eight classes for each bin in cos@. The
index j loops over all triggers the event is triggered by while & loops over all other
triggers. Poisson statistics are used to calculate for each class the probability,
P(u, Vi), to find INV; events while u; 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 V; events while u; are expected
using the following log-likelihood function:

mL=In]] P, N)=> In P(u,N). (5.13)

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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V5 [GOV] | eiov1 (%] (caloulated) 6oy [%] (B)
91.31 99.56+0.08 99.57+0.08
89.45 99.89+0.06 99.904-0.06
91.29 99.9040.05 99.90+0.05
92.98 99.834+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.

\/g [GGV] €muon [%] €TEC [%] Eenergy [%] €lev—1 [%]
91.31 90.4240.43 93.33+0.35 41.47+1.27 | 99.5740.08
89.45 93.09+0.51 93.244+0.51 44.174£1.77 { 99.90+0.06
91.29 93.55+0.42 93.73+0.41 42.68+1.51 | 99.90+0.05
92.98 92.66+0.43 93.01£0.42 44.64-+1.41 | 99.8340.06
130.0 98.8+0.5 87.6+£2.8 50.546.4 99.9+0.1

Vs'>110.5 | 98.8+0.72 88.7£3.6 47.1£9.5 99.9+0.1
135.9 97.8+1.1 93.6+2.4 50.0£7.3 99.940.1

V§'>115.5 | 96.7+2.6 96.7+2.6 43.3+£11.5 99.940.1
161.3 93.6+1.8 91.54+2.7 41.7+6.9 99.7+0.1

V§'>137.1 | 98.5+1.2 88.5%5.9 34.3£10.5 99.940.1
172.1 96.9+0.9 89.6+2.8 52.3£7.6 99.840.1

V§'>146.3 | 98.4+1.2 95.1£2.0 46.84+11.2 99.9+0.1
182.7 97.01+£0.94 79.70+£2.63 43.96+4.98 | 99.844+0.21

Vs'>155.3 | 97.4241.30 87.24+3.03 45.85+7.29 | 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 /s>100
GeV, except for /s=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 #-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 1/s>100 GeV the muon trigger efficiency is
higher than for the data at y/s= my, since for higher energies the XX sample
is no longer considered (section 4.3.2). Determining the muon trigger efficiency,
€rmuon, from the MM sample only, one obtains efficiencies higher than 99%.

Figure 5.8 shows the cos f-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 6 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 cosf-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¥6.

The combined trigger efficiency, €q, is calculated from the trigger efficiencies of
the different levels to:

€trig = €lev—1 X €lev—2 X €lev—3, (514)

Aetrig = \/Aelzev—l + Aelzev—Q + AE12€3V—3' (515)

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 uncorrelated 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, Ny, and the appropriate integrated luminosity L:

Nset — Noigd

6.1
LencEtrig (6.1)

Otot =

where Npyga is the number of background events expected from the Monte Carlo
simulation and eyc and €y, take into account the limited detector acceptance
and trigger efliciency, respectively.

6.1 Luminosity determination

The integrated luminosity is determined using Bhabha events ete™— eTe™(v) 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 ¢-channel is dominant
for small angles. The integrated luminosity, £, is calculated from:

L= -Nlumi - kagd, (6.2)

Olumi
by correcting the number of luminosity events, Npui, for background events,
Nikga, and dividing by the visible cross section, o, 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 ete™— uTu vigr has to be taken into account for the high energy

sample (v/5'>0.85/5).
57



/5 [GeV] | L [mb- 1 [ AL/L [%]
01.3088 | 508350 | 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;and tg, (section
4.2.1). Assuming a flat distribution for cosmic muons, for both side-bands the
entries, Ni., in a certain interval, L! ., are counted and then extrapolated to
obtain the number of background events in the interval L., with the selected
events:

Nios = Nins 75 ANGs = o N 75 (63)
Ccos Ccos

The weighted average of the number of events obtained from the d, and ¢y, dis-
tributions yields the number of cosmic background events, Neosmic, (See equations

A.5 and A.6).

6.2.2 Background from events with ISR photons

For data taken at /s>100 GeV the sample referred to as the high energy sample,
i.e. with +/s>0.854/s (section 4.3), contains events with a wrongly determined
effective center-of-mass energy, v/s'. The number of events from ISR background,
Néskrgd, is determined from the Monte Carlo simulation. The number of selected

events, N5 with the calculated +/s' larger and the generated v/s' lower than
the threshold of 0.85./s, is compared to all selected MC events, N5tk:

sel
N MCisr
sel
Mic

Nlijslfgd = €isrNsel = Nsels (64)

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

AN, = /NG A, + AN, (6.5)
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6.2.3 Background from e"e annihilation processes

The number of background events, Nﬁkgw from other ete~annihilation processes
is determined from Monte Carlo simulation:

: Lo
g bkgd MC
kagd = Nselg Ngen ’ (6'6)

sel sel

Ngen Y

bkgd gen bkgd
NoxE (N -

ANgkgd = (6.7)

where Ny is the number of generated and N2 the number of selected Monte
Carlo events, oy the theoretical prediction of the cross section for the process 4
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:

Nokgd = Nijga + Nogga + Nge begd T Novgs + Ny + Niaa + Niga + Ncosmic(:, )
6.8

ANpga =, [> AN (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 /s= mz and ~1.5% for /s~ mz+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/Epeam <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”—» 7777 (v) 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 1/s>100 GeV the dominating background arises from
the process ete™— eTe uTu~(v) (table B.2). The large background for /s=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 0.8<|cos#|<0.9 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 ete™— eTe™ Ty () background in this region.
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Vs [GeV] | X background [%]
91.31 1.22+0.05
89.45 1.4740.06
91.29 1.15+0.04
92.98 1.36-0.06
130.0 4.4+0.6

Vs'>110.5 10.7+1.5
135.9 5.5+0.8

V/s>115.5 10.54+1.8
161.3 9.5+1.0

Vs'>137.1 11.1£1.5
172.1 14.7+1.6

Vs'>146.3 13.0+1.8
182.7 24.0+1.4

V/s'>155.3 16.1+1.4

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

0.5 <P ac/ Epeamy < 0.7 i 0.5 <Ppae/ Epeam < 07
=
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Figure 6.1: The tau-pair background can be increased using events in the mo-
mentum interval 0.5< pmax/Epeam <0.7 GeV. The comparison of the acollinearity
¢ and the acoplanarity ¢ 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 ete™— ete uTu~(7) can be in-
creased using events in the momentum interval 0.2< ppay/Epeam <0.4 GeV. The
comparison of the acollinearity £ and the acoplanarity ¢ for data and Monte Carlo
shows that rate and events of the process eTe™— ete ™1~ (7) are correctly sim-
ulated.

The lack of the toroidal magnetic field is taken into account in the Monte Carlo
simulation. The simulation of the ete™ut ™ () 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™p?p~(7) production to
95% (figure 4.17). Comparing the distributions for the acollinearity ¢ and the
acoplanarity ¢ for data and Monte Carlo at 1/s=183 GeV shows that the process
ee”— ete~uT () is correctly simulated (figure 6.2). Again the distributions
are normalised to luminosity so that also the rate of e*e~u* = (v) 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 O(a?).

The selection efficiency is determined from the generated number of muon-pair

events, Nyp¢;, and the number of these events that pass the selection, N5k

NEg emc (1 —¢
eMe = NTxog, Aenc = \/“I\%OEMC) (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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Vs [GeV] | efficiency [%]
91.31 76.85+0.16
89.45 76.0540.18
91.29 76.4240.13
92.98 77.2140.18
130.0 65.6+0.5

Vs'>1105 |  78.94+0.7
135.9 62.840.5

Vs'>115.5 |  74.340.7
161.3 57.6+0.4

VE>137.1 | 72.64+0.5
172.1 57.840.4

V§>146.3 | 75.440.5
182.7 56.6-+0.4

Vs§'>155.3 |  73.94+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 /5>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 |cos #|>0.9 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 § 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 |cos §|=0.9 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.
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Figure 6.3: The variation of the cross section along the edges of the muon chamber
sectors in @ and cosf. The cut on the acceptance at |cos6|=0.9 is represented
by the arrow. Shown are the results for 1/s=91.29 GeV.
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Vs [GeV] | L[nb™ | Ny | oserE(stat.) £ (syst.) [nb] | ogm [nb]
91.31 5083.59 | 5772 | 1.465740.0195+0.0065 1.4868
89.45 7353.89 | 2789 | 0.491740.0094£0.0024 0.5021
91.29 3465.51 | 3967 | 1.4818+0.0238+0.0061 1.4873
92.98 7824.26 | 4305 | 0.7039+0.0109-+0.0034 | 0.7022

V5 [GeV] | £ [nb™"] | Ny | oyesE(stat.)E(syst.) [pb] | ogm [pb]
130.0 6069.1 95 22.84£2.540.6 22.3

Vs'>110.5 | 6069.1 43 8.04+1.440.2 8.2
135.9 5775.6 78 20.442.440.5 19.0

Vs'>115.5 | 5775.6 34 7.1+1.4+0.2 7.1
161.3 - 10905.0 95 13.7£1.6+0.4 11.2

Vs'>137.1 | 10905.0 | 40 4.5+0.8+0.1 4.4
172.1 10250.4 71 10.24+1.4+0.4 9.6

V/s'>146.3 | 10250.4 | 34 3.8+0.740.1 3.8
182.7 55490.7 | 353 8.6+0.7+0.3 8.2

Vs'>155.3 | 55490.7 | 157 3.240.3+0.1 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 /s>100 GeV are given for two samples: v/s'>0.1,/s and v/s'>0.85,/.
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:

N, sel

Ao.stat —
*CEMCEtrig

(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 ete™— qq(y). Other input parameters are

the top mass, m;=175 GeV, measured at Fermilab [58] and a Higgs mass of
mH:3OO GeV.

The cross sections for muon-pair production are measured for nine different
center-of-mass energies between 89 and 183 GeV. For energies \/s>100 GeV the
cross sections are given for the total and the high energy sample (v/s>0.85./5).
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 +/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 /s'>0.85,/5 are included in the
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Figure 6.4: Comparison of the standard model predictions for the process
ete™— uTu~(v) to the cross sections measured at nine different center-of-mass
energies. The solid and dashed lines are the Standard Model predictions for
v's'>0.14/s and v/s'>0.85/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 Vs >0.14/s. The
ratios of the measured and the predicted cross sections are shown below.

65



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 7 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:

syst __ syst? syst? syst? syst? syst?
Aot = \/ AGiga T A0 + Adyicer T A0Tpeg + A0

lumi cuts

(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 efliciency 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 \/s=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 cos @ (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 \/s=172.1 GeV. This difference, applied to 13% of the selected events
that are based on the MIP selection (table B.1), 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 acollinearity 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 1/s=91.29 GeV.
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Vs [GeV] systematic error [%]

sel.  trigger bkgd. MC L

cuts eff. subtr. stat. meas. X
91.31 0.37 0.09 0.05 020 0.4 045
89.45 0.38 0.06 0.06 024 0.14 048
91.29 0.34 0.05 0.04 017 0.14 041
92.98 0.38 0.06 0.06 024 0.14 048
130.0 22 0.1 04 08 03 24

Vs'>1105 | 2.2 0.1 1.5 09 03 29
135.9 21 0.1 06 08 03 24

Vs'>1155 | 1.8 0.1 1.5 1.0 03 27
161.3 23 0.1 1.1 06 06 27

Vs'>137.1 | 2.6 0.1 1.6 07 06 3.2
172.1 3.4 0.1 1.7 0.6 06 3.9

Vs'>146.3 | 2.3 0.1 1.8 07 06 3.1
182.7 32 0.2 18 06 05 38

Vs'>155.3 | 3.2 0.1 16 07 05 37

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, Ag,, is defined as:

Of — Op

Ag, = P (7.1)
where o¢(0y,) is the cross section for events with the fermion, p~, 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:

do 3 9
Toosd < 8 (1 + cos®0) + Amcos b, (7.2)

with cosf 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 ¢ of the differential cross section evaluated at their respective
scattering angle cos@;:

L= H (g (14 cos?6;) + (1 — 2k;) Apcos 01-) : (7.3)

The probability of charge confusion for a specific event, «;, is included in the fit.
The determination of x; 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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P, (triplets) [%)]
barrel S-region | T-region
Data 1995 | 0.314+0.21 | 3.24£1.71 | 5.91+2.15
Py, (doublets) [%]
barrel endcap
Data 1995 | 0.99+1.04 16.13+5.51
P [%]
barrel endcap
Data 1995 | 4.3240.35 0.4240.79

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, P, that one muon is assigned the wrong charge [61].
This is performed separately

regions (table 7.1):

for triplets and doublets in di

/L UL iU Us Gl v uiSuls

A — 1Ngc
o = 2Ny’

where N are all events of a certain category (e.g. barrel triplets) and Ni_ 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(®; — ®5) is then
obtained using the azimuthal angles, ®;, 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,
Nee, can be used to determine the probability, P..,, that one muon is assigned
the wrong charge:

1 Nec

P — —ilec .
“X 9 Nay (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, Pe., that both measurements are wrong, but are consistent with
each other can be derived from the product of the single probabilities:

P =Pl .Pi, (7.6)

The fraction of charge confused events, &, is calculated from the probability, P,
that both measurements are wrong, divided by the fraction of events remaining
for the measurement:

PCC PéCPgC
— - : . 7.7
- DNe  1-(PL+PI) (r-1)
Nall

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
Pcc

ST

(7.8)
The probability of mis-assignment of the event orientation, x;, is then calculated
for the different event samples:
PCiCM chM
EvMm = 1 — PI _ Pj ’ (79)

cCMm CCM

P P
_ cep” cex
RMx = 1 PZ — Pj ’ (710)

cem cex
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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.

P PpPi
K/XX — CC.X CCx — (711)
1-P: —PJ

CCxR CCx

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 /s>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 /s~ myz and about 0.5£1.0% at /s>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 ete™— ete utp~(vy) 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, ABt is combined with the
forward-backward asymmetries, Alf:’é{gdl, of the different background processes and
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probability of charge confusion, x [%)]
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 | 0.0140.01 | 0.19£0.11 | 0.3640.15
XX 0.2040.02 0.3340.07
Vs [GeV] | charge confusion [%]
91.31 0.04+0.03
89.45 0.084-0.04
91.29 0.0540.03
92.98 0.0540.04
130.0 0.4+0.7
Vs'>110.5 0.440.7
135.9 0.440.7
Vs'>115.5 0.841.4
161.3 0.64+1.2
Vs'>137.1 0.340.6
172.1 1.041.8
Vs'>146.3 1.442.6
182.7 0.440.8
Vs'>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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Vs [GeV] Chigd Cex
91.31 0.998+0.010 -
89.45 1.0094-0.002 -
91.29 1.0014-0.008 -
92.98 1.00140.002 -

130.0 1.03+£0.02 | 0.839+0.012

Vs>1105 | 1.10+0.02 -
135.9 1.074£0.02 | 0.838+0.012

Vs'>115.5 | 1.07-40.02 -
161.3 1.07+0.06 | 0.828+0.012

VE>137.1 | 1.1140.05 -
172.1 1.1840.19 | 0.81740.012

Vs'>146.3 | 1.1740.11 -
182.7 1.3140.08 | 0.826+0.013

V§>155.3 | 1.1540.03 .

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, w;. The background-corrected forward-backward asymmetry is then
calculated as:

Al ~ ZiwiAFé( o
1= 2w

The error is derived in equation A.19. The ratio of the background-corrected
asymmetry, A]fBbgC, and the fitted asymmetry, A& yields the background correc-
tion factor:

BgC _
Ags™ =

(7.12)

BgC
Afb

i (7.13)

Cbkgd =
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 /s~ mg is
almost negligible, for 1/s>100 GeV it is of the order of 1.14-0.1 .

7.3  Ap for muon-pairs at /s >100 GeV

The determination of the forward-backward asymmetry for muon pairs at /s>100
GeV follows the procedure described in the sections above. However, ag 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 acollinearity 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,
Vs, to be higher than 0.85,/s.

For energies of v/s' >0.85+/s also the background originating from events with
ISR photons has to be taken into consideration. This background asymmetry,
AR’ is determined by counting events in the forward, N}, and backward, Ni,
hemispheres (see also equation A.18) is:

isr isr

isr _ *'f
Afb - Nfi-sr + N}i)sr? (714)
) Nisr pisr
AAET =9,/ L b 7.15
: ¢(me T o

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 eC directly gives the forward-backward asymmetry for the
full solid angle, Ag. To extract Ag, for the total event sample a correction,
CeX_Afb/ABgC 0.8340.01, 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, AR, 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:

Pi:§(1+60829)+f1 cos 6;.

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 AR for which In L reaches its maximum:

InL = Zln P;(Af) Zln < (1+ cos?8;) + Altcos 9i>
i=1

A limited detector acceptance and charge confusion change the likelihood func-
tion. It can be corrected for these effects by using:

InL = Zc—ln (1 — k) Pi(ARY) + w; P(— ALY,

i=1

with €; the acceptance and k; the probability of charge confusion for the event.
An acceptance correction is not necessary in the case of a symmetric or charge-
independent acceptance ¢;(gcos ) = €;(—qcos ) . 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
ete™— ut () 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/s'>0.1y/5s and v/s'>0.85/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
v/s'>0.14/s. The differences between the measured and the predicted forward-
backward asymmetries are shown below.
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Vs [GeV] | Ny Ny Ap £ (stat.) % (syst.) ASM
91.31 [ 2904 2739 | 0.02247001%34+0.0007 | 0.0086
89.45 | 1130 1556 | -0.175275:312040.0012 | -0.1623
91.29 | 2004 1854 | 0.0300*0918140.0009 | 0.0076
92.98 2311 1882 0.1042230;80222&0.0026 0.1099
130.0 64 30 0.30370092+0.016 | 0.297

Vs'>110.5| 39 5 0.682j§f§§§i0.036 0.716
135.9 51 25 0.33810-1974-0.014 0.297

Vs'>1155| 29 5 0.7261095540.036 0.696
161.3 56 33 | 0.264101910020 | 0.286

Vs'>137.1 | 28 11 0.55270141.0.042 | 0.628
172.1 39 30 0.14675:18940.028 0.286

Vs'>146.3 | 20 13 0.2657014340.035 0.609
182.7 230 105 | 0.3877911%4+0.029 0.287

Vs'>155.3 | 113 36 0.55970:05; £0.022 0.594

Table 7.4: The forward-backward asymmetries for the different data taking pe-
riods and their comparison with the Standard Model prediction. Ny and N, 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 /s>100 GeV the asymmetries are given for the total and the high energy
sample (v/s/>0.85./5). 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 1/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 Vs >0.85\/§ 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, Chigq, and on the extrap-
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background  charge detector momentum | systematic
Vs [GeV] | correction confusion acceptance reconstruction error
91.31 0.0002 0.00002 0.0007 0.00002 0.0007
89.45 0.0004 0.00028 0.0011 0.00018 0.0012
91.29 0.0002 0.00003 0.0009 0.00002 0.0009
92.98 0.0002 0.00010 0.0026 0.00010 0.0026
130.0 0.007 0.003 0.013 0.003 0.016
Vs'>110.5 0.013 0.005 0.029 0.015 0.036
135.9 0.009 0.003 0.008 0.006 0.014
Vs'>115.5 0.014 0.011 0.009 0.030 0.036
161.3 0.018 0.004 0.006 0.006 0.020
Vs'>137.1 0.026 0.003 0.017 0.028 0.042
172.1 0.026 0.003 0.009 0.003 0.028
Vs'>146.3 0.026 0.006 0.020 0.011 0.035
182.7 0.028 0.003 0.003 0.004 0.029
Vs'>155.3 0.015 0.004 0.007 0.015 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, Ce (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 2548 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§. 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 0.4<pp..< %Ebem 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 0.2740.08% (backward) of all selected events in the MM and MX samples,
i.e. the samples where the cut on pyay is applied. Since both numbers agree
within their statistical error, the influence of the pupa.-cut on the asymmetry is
restricted to 0.0008 Ag,.

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 /s~ my 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 do/dcos@ can be determined taking the scattering
angles ¢ of all selected events. For center-of-mass energies, 1/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 §. 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 cosf-bin 4 is given by:

Niy — Nékgd _ 1

1 S
(cosf) = 4 .
L ‘cos 0. ax — COS Qﬁnin|

(7.16)

where cos#y,,, and cosf;, are the borders of the cos §-bin, N¢; and N}’;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 f-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 \/s=91.31 GeV
and /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 mz=91.19 GeV,
my=175 GeV and ag=0.123 .
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® DATA Vs =91.3 GeV
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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™— 1~ (7y) and comparison with the Standard Model.
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differential cross section [nb]
/5= 89.452 GeV | /5= 91.302 GeV | /s= 92.983 GeV
-0.9<cos 6<-0.8 0.414£0.029 0.916+0.0366 0.399+0.028
-0.8<cos 0<-0.7 0.359%0.026 0.83110.0335 0.31940.024
-0.7<cos 0<-0.6 0.335£0.025 0.778+0.0326 0.321£0.024
-0.6<cos 0<-0.5 0.27940.022 0.685+0.0310 0.316+0.024
-0.5<cos 0<-0.4 0.233+0.020 0.641+0.0297 0.27240.022
-0.4<cos0<-0.3 0.21340.019 0.650+0.0296 0.298+0.023
-0.3<cos0<-0.2 0.233+0.020 0.554£0.0279 0.24840.021
-0.2<cos §<-0.1 0.1934+0.018 0.52440.0265 0.27240.022
-0.1<cos0<0.0 0.153+0.016 0.454+0.0240 0.233+£0.020
0.0<cos<0.1 0.18240.019 0.595+0.0300 0.290-+£0.024
0.1<cos0<0.2 0.170£0.017 0.597+0.0281 0.298+0.023
0.2<cos 0<0.3 0.1594+0.017 0.57740.0282 0.342+£0.025
0.3<cos0<0.4 0.178%0.017 0.63710.0301 0.291+0.022
0.4<cos#<0.5 0.189+40.018 0.659+0.0302 0.32140.026
0.5<cos 6<0.6 0.187£0.018 0.7271+0.0316 0.35640.025
0.6<cos 0<0.7 0.171£0.017 0.77340.0329 0.42240.028
0.7<cos0<0.8 0.239+£0.021 0.889£0.0351 0.4674+0.029
0.8<cos#<0.9 0.237+0.021 0.997+0.0383 0.4864-0.031

Table 7.6: The differential cross sections for the center-of-mass energies around
the mass of the Z. The measurements at /s=91.31 GeV and /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 eTe™— ete™(v),
ete”— utu(y), ete”— 777 () and eTe”™— qq(7y) (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 x? minimization is achieved using the package MINUIT [52]. The Standard
Model predictions are calculated with the following parameters: m;=175 GeV
[58], mu=300 GeV, ag=0.123 [22] and a=1/128.896 [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
160]. The vector A then contains all differences between the measurements and
the theoretical predictions and the x? value is given as:

2 = ATCIA, (8.1)

where the covariance matrix C takes all correlations into account. Finally the 2
is minimized with MINUIT. The electroweak parameters are the set of parameters
that yield the smallest 2.
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parameter L3 L3 (muon channel) || Standard Model
myz [MeV] | 9119043 91198+13 -

I'z, [MeV] 2502+4 2491420 2496

Thag [MeV] | 174844 i 1743

I} [MeV] | 84.0740.19 83.71+0.64 83.92

x> / 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:
PeFf S

my (s = mi)P + T3 3

Orot(8) = 127 (8.2)
The free parameters to be determined from the measured cross section are the
mass of the Z, my, its total width, I'z, and the partial widths I's, T',, T, and
['haq- This ansatz sets the photon exchange as well as the interference between ~
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, I}, from the product T'.I', of
equation 8.2 by assuming lepton universality. The parameters, obtained using
the muon channel only, are:

my = 91198 + 13MeV,
Tz = 2491 4 20MeV,
I'' = 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 I', 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 m% —M2 —M2
L, = e (gv +gA) (14 Sqzn), (8.3)
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parameter L3 Standard Model
I [MeV] | 84.0540.24 83.92

L', [MeV] | 83.93£0.45 83.92

[, [MeV] | 84.244-0.61 83.73

x* / 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 -
I'z [MeV] 250244 2488420 2496
Ihad [MeV] 174844 - 1743

a4 -0.5013%0.0006 -0.4999+0.0019 -0.5012

7. -0.039940.0018 -0.0395+0.0020 -0.0360
X2/ DoF | 145 /171 2748

Table 8.3: Result on the fitting of the couplings assuming lepton universality.

where g, and gy are the effective vector and axial-vector coupling, respectively,
and Gy is the Fermi coupling constant [3]. Having introduced the effective cou-

plings, the forward-backward asymmetries can be calculated and included in the
fit:

950% 9vda

__p2 _ .2 2 2"
9v +34 gy + 94

Ap =3 (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:

gl = —0.4999 + 0.0019,
g, = —0.0395 % 0.0022.

To determine the couplings separately for all leptons, the results of the process
ete”— eTe (y) have to be included since not only the Zuu vertex but also the
Zee vertex contributes to the muon-pair production ete™— ptp~ (7). Table 8.4
shows the couplings for the different leptons disregarding lepton universality. In
the case of the 7-lepton, the 7-polarization is taken into account to determine the
vector coupling gi,. The values used are 4,=0.152+0.012 and A,=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 g4-gy-plane 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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Figure 8.1: Contours in the §,-gy-plane 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.

Table 8.4: Result on the fitting of the couplings assuming no lepton universality.

parameter L3 Standard Model
7% -0.5012-+0.0007 -0.5012
T -0.5007£0.0015 -0.5012
gy -0.5024+0.0018 -0.5012
gy -0.0400+£0.0030 -0.0360
7 -0.0409+£0.0076 -0.0360
7% -0.0395+0.0029 -0.0360
x° / DoF 144 / 167
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8.3 Determination of yZ 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 ZEITTER [55] are used for the theoretical predictions and QED
radiative corrections of cross sections and forward-backward asymmetries.

The lowest-order total cross section, ofy, and forward-backward asymmetry, AS,
for ete™— ff [10] are:

0(5):4 o2 g_?+ jt(s — m7) +1fs

O, —T —5 for a = tot, fb
3 § (s~ m3)%+ myly
3 o (s)

Ain<S> = Zaé)fbt(s)

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]: mz= mz+34.1 MeV and
['z=T'z+0.9 MeV. In the following the fit results are quoted after applying these
transformations. The S-matrix parameters r¢, j¢ and g scale the Z exchange,
77 interference and  exchange contributions. Here the v exchange contributions
are fixed to their QED predictions.

The S-matrix parameters are determined in a x? fit to all 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 vZ interference term is:

jiot = 0.19 + 0.17,

which agrees with the Standard Model prediction of 0.22 . The fitted value for
My, i8:

my = 91189 4+ 4MeV.

Figure 8.2 shows the 68% confidence level contours in the mg-ji%-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 ji°% which is shown as the horizontal band.

All cross section and forward-backward asymmetry measurements as well as the
measurement of ji%, 7, and g, 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
mz [MeV] 9118944 9118944 -
Iy [MeV] 2501+4 250144 2497

rfl‘:a 2.979+0.010 2.978-+0.010 2.967

rtot 0.142840.0008 -

rfj’t 0.14284-0.0008 -

rtot 0.143740.0011 -

rfet - 0.14294:0.0006 0.1426

jiot, 0.1840.17 0.1940.17 0.22

jeot -0.0340.045 -

i 0.035+0.031 -

jhot 0.060+0.036 -

jhet - 0.02940.021 0.004

rfb 0.002240.0012 -

i 0.0036£0.0006 -

rib 0.004340.0009 -

rfb - 0.00351+0.00048 0.00267

jie 0.690£0.081 -

i 0.826:£0.041 -

it 0.76540.052 -

jlfb - 0.786+0.030 0.799
2 / 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 mgz-ji%-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 ji 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, /s, around the
Z mass and at energies between 130 GeV and 183 GeV. The collected luminosities
of 23.7 pb~! and 88.5 pb~! 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, +/s'>0.1/s and +/s'>0.85y/5. 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:

my = 91190 & 3MeV,
Ty = 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:

74 = —0.5013 + 0.00086,
7, = —0.0399 £ 0.0018.

Interpreting the data in the framework of an S-matrix ansatz, the vZ interference
term is determined under the assumption of lepton universality:

jiot = 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
~Z interference term with respect to a previous L3 publication [66].
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Appendix A

Formulae

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:
Agof the ISR events:

Agpyof the fit for muon-pairs:
Background fraction:

Sum of all background fractions

Ag,of the background processes:

Background corrected AL
Background correction factor:
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Ctrig
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A.2

Error on ey¢

sel tot sel
Nito (NMC“NMC>

tot sel?
NMC_NMC

Formulae for cross section measurement

sel artot sel?
NMCNMC _NMC

tot tot 2
Aerren — Nyre B Nyic B Nio%,
MC — AJtot - ATtot A ATtot
“YMC 1YMC \ YMC
1 sel?
QO Z
e NEE Jemc—edie | Jemc (1 - enc)
- tot - tot - tot
NMC NMC NMC
Error on €y 3
2
\/_NPS (Nsel ~Nps) \/Npstel—Ngs NpsNset—Nps
A€o o — Nsel — Nsel — A Nsel
e Nsel Nsel \J Nsel
(A.2)
€ — €2 1
lev2,3 lev—2,3  [€lev2,3 ( - 61ev2,3)
Nsel Nsel
Number of background events and error on N?
g bkgd
i _ abked pMC _ abked £ abkgd £ bkgd £LOMC
kagd - Nsel fscal - Nsel »CMC  “Vsel Nl%fé - Nsel NI%/FS (A3)
OMC
bkgd gen bkgd
Nsel NMC“Nsel
gen bkgd gen _ arbkgd
i _ argen \ NMC Nsel (NMC Nsel
MC MC (A4_)
Number of Cosmics, Ncogmic; and ANeosmic
SCN DCA
NCOS = NCOS >
SCN DCA
AN, AN,
Ncosmic - clos clos (A5)
SCN? DCA?
A]\TCOS A‘ZVVCOS
1
A Neosmic = (AG)

cos
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Error on €
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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.
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£€MC€trig
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A.3 Formulae for Ag, measurement

Error on F

/ all
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“ Nan (A.15)
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In the case that both muons of an event are from the same category, i.e. i = 7, equation
A.16 reduces to:
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Appendix B

Tables

Data [%] Monte Carlo [%]
J5[GeV] | MM MX XX | MM MX XX
91.31 83.0£1.2 11.6+0.4 5.440.3 | 82.0£0.4 12.1+0.1 5.940.1
89.45 81.9+1.7 12.6+0.7 5.5%0.4 | 81.6+£0.4 12.44+0.2 6.040.1
91.29 82.9+1.4 11.0£0.5 6.1£0.4 | 81.6+£0.3 12.44+0.1 6.0+0.1
92.98 82.2+1.4 11.3+0.5 6.5+0.4 | 81.0+0.4 12.940.2 6.1£0.1
average 82.44+1.4 11.84£0.5 5.8+0.4 | 81.5+0.4 12.5+0.2 6.0£0.1
1300 | 800192 200+46 - | 844tl2 156105 -
Vs'>110.5 | 93.0+14.7 7.0+4.0 - 87.6£1.8 12.440.7 -
135.9 75.6+£9.8 24.445.6 - 82.8+1.2 17.2+0.6 -
Vs'>115.5 | 76.5+15.0 23.548.3 - 85.9+1.8 14.1+0.7 -
161.3 75.84£8.9 24.2%5.0 - 83.7£0.9 16.3£0.4 -
Vs'>137.1 | 85.0+£14.6 15.0£6.1 - 87.6+t1.3 12.440.5 -
172.1 87.3+11.1 12.7+4.2 - 85.24+0.9 14.8404 -
Vs'>146.3 | 91.2+16.4 8.8+5.1 - 88.9+1.3 11.1+£0.5 -
182.7 78.5+4.7 21.542.5 - 85.740.9 14.34+0.4 -
Vs'>155.3 | 85.4+7.4 14.7+3.1 - 89.0x£1.3 11.0+0.4 -

Table B.1: 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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efe™— 1rr7(y) [etem—efe puTu™(v) | etem— qqly)
Vs [GeV] background [%) background [%) background [%]
91.31 1.05+0.05 0.05-0.01 0.03+0.02
89.45 1.0940.04 0.14:0.02 0.05-:0.02
91.29 1.0340.04 0.04=0.01 0.0340.02
92.98 1.08+0.04 0.10-0.02 0.06-0.02
130.0 1.3£0.1 2.0+0.4 -
Vs'>110.5 0.6+0.1 1.040.4 -
135.9 1.240.1 3.140.6 -
Vs'>115.5 0.620.1 0.940.5 .
161.3 1.640.1 6.8+1.0 -
Vs'>137.1 0.940.1 3.6+1.1 -
1721 1.820.1 9.1£1.5 N
Vs'>146.3 1.040.1 3.9+1.4 -
182.7 1.7+0.1 18.0£1.3 -
Vs'>155.3 1.0£0.1 7.0+1.3 -
ete™— WTW~(v) cosmic radiation ete"— ptu sk
V8 [GeV] background [%] background [%] background [%)]
91.31 - 0.09+0.02 -
89.45 - 0.18-:0.03 -
91.29 - 0.03+0.01 -
92.98 - 0.1140.02 -
130.0 - 0.8£0.4 N
Vs'>110.5 - 0.9£0.7 8.0+0.5
135.9 - 1.0+0.5 -
Vs'>115.5 - 2.4+1.2 6.6+£0.5
161.3 0.34+0.1 0.4+0.2 -
Vs'>137.1 0.240.1 0.840.4 5.540.3
172.1 1.520.2 1.8+0.5 -
Vs'>146.3 1.040.2 1.840.7 5.240.3
182.7 2.1+0.1 1.140.3 -
Vs'>155.3 1.940.2 1.340.4 4.440.3
efe— ZeTe (y) | eTe — ZZ(y) | eTe — eTe T (y)
V5 [GeV] | background [%)] | background [%] background [%)]
130.0 0.14+0.02 0.05+0.01 N
Vs'>110.5 0.0240.01 0.0420.01 -
135.9 0.15-0.02 0.05+0.01 -
Vs'>115.5 0.040.02 0.0340.01 -
161.3 0.24+0.02 0.09+0.01 -
Vs'>137.1 0.060.02 0.060.01 -
172.1 0.38+0.03 0.11+0.01 -
Vs'>146.3 0.11+0.03 0.070.01 -
182.7 0.46£0.03 0.19+0.01 0.3£0.2
Vs'>155.3 0.1120.03 0.1840.01 0.240.2

Table B.2: The background contamination for all background sources and all
data taking periods.
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