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Introduction

Throughout its history, mankind has been searching for explanations of the phenomena that sur-
round it. The ancient Greeks already tried to find these explanations both in an intellectual and a
spiritual way: they searched for a mathematical understanding of the universe and they consulted
priestesses at oracles, the sanctuary at Delphi being one of the most famous ones.
The study of the universe and its fundamental structure has evolved enormously since then and
has resulted in the rise of a field of science that is called “particle physics”.
During the last century, particle physicists have constructed a theory, now called “Standard
Model”, that describes our current understanding of fundamental matter and its interactions.
This model has been extensively verified since its formulation, notably by experiments at accel-
erators probing the internal structure of matter. The higher the energy that can be achieved with
an accelerator, the deeper the level at which the structure can be probed.

For the analyses presented in this thesis, the data recorded by the DELPHI detector resulting
from collisions between electrons and positrons at the Large Electron Positron collider (LEP) at
the European Organisation for Nuclear Research (CERN) near Geneva have been used.
The DELPHI detector revealed “explanations” like from the priestesses in the ancient Greek days.

In this thesis, the singleW final state,Weνe, is analysed in order to test the Standard Model.
Firstly, the cross section of this process is measured and secondly, the self-couplings between
three gauge bosons, “trilinear gauge boson couplings” (TGCs) at theWWγ andWWZ vertices,
are studied by extracting from the data the couplings∆κγ, λγ and∆gZ

1 . These TGC parameters
are defined in such a way that they are all equal to zero in the Standard Model. A measurement
of non-zero values would therefore reveal deviations from the Standard Model predictions.

This thesis is organised as follows. Chapter 1 presents the necessary theoretical ingredients for
the analysis of the singleW final state. The first part of this chapter gives an introduction to the
Standard Model. The electroweak part of this model, describing the electromagnetic and weak
interactions, shows the existence of specific interactions between the gauge bosons (the “force
particles”W , γ andZ). If three of these “mediating” particles interact, the corresponding coup-
lings are called TGCs. The Standard Model can be interpreted as an effective low-energy limit of
any new physics theory beyond this model. This new physics might give rise to additional TGCs
or to deviations from the Standard Model couplings. The second part of chapter 1 is devoted to
the theory corresponding to the production of the singleW final state. This final state can be
obtained by involving three mediating particles that couple. The analyses of the cross section and
the TGCs of the singleW final state are described in chapters 4 and 5 respectively.
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Introduction

Chapter 2 gives an overview of the experimental setup, which includes the LEP collider and the
DELPHI detector. Out of the many recorded reaction products, the singleW final state has to be
selected for the analyses. The selection of events is explained in chapter 3. Finally in chapter 6,
both a comparison with the results from other experiments and an outlook is presented.
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CHAPTER 1

Theoretical Overview

This chapter gives an overview of the theoretical framework that is underlying the analysis pre-
sented in this thesis. The first section gives a short historical overview of the theory of weak
interactions that serves as starting point for the description of the Standard Model, the model that
describes our current understanding of fundamental matter and its interactions. The introduction
to this model is based on reference [1]. The part of the model that describes specific interac-
tions, called “trilinear gauge boson couplings”, is elaborated after this introduction. The chapter
ends with theory concerning the so-called “singleW ” final state which can be correlated to these
trilinear gauge boson couplings.

1.1 Weak interactions

Weak interactions have been described in a theoretical model for the first time by Fermi in 1934
[2]. He assumed that the interaction between leptons was a point interaction between two currents
of the form:

LF = −GF√
2
jλ†jλ, (1.1)

where the Fermi constantGF is approximately equal to 10−5/m2
p GeV−2 if mp represents the

proton mass in GeV/c2.
The form of the currentjλ has been changed in the course of years due to altering views, finally
resulting in [3]:

jλ = ψ̄eγ
λ(1 − γ5)ψνe + ψ̄µγ

λ(1 − γ5)ψνµ , (1.2)

whereγ5 = iγ0γ1γ2γ3 andγi (i = 0, 1, 2, 3) are the Diracγ-matrices.
The matrixγ5 has to be included, because of the discovery of parity1 violation for weak decays
in 1956 [4, 5]: ψ̄γλψ is a vector andψ̄γλγ5ψ is an axial vector, therefore calling the model
corresponding to equation (1.2) the “V-A model”.
This V-A model for the weak current (1.2) is not satisfactory at high energies as can be seen by
looking at the following process:

ν̄µµ
− → ν̄ee

−. (1.3)

1The parity operator P reflects the spatial components of a 4-vectorxµ: Pxµ = (x0,−�x).
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1.1 Weak interactions Theoretical Overview

The cross section for this process behaves like:

σ ∼ G2
F k2, (1.4)

wherek2 is the squared 4-momentum of the muon. This cross section violates ultimately the
conservation of probability (unitarity limit).
An alternative way to describe weak interactions is to make use of the exchange of vector parti-
cles, similar to electromagnetism, which means that for the beforementioned process the diagram
with the 4-fermion interaction is replaced by a diagram with the exchange of a charged vector
particle with interaction strength proportional to the dimensionless constantg (see figure 1.1).

ν̄µ

µ−

GF

e−

ν̄e ν̄µ

µ−

g g

e−

ν̄e

Figure 1.1:Diagrams for the process̄νµµ
− → ν̄ee

− in the V-A model (left) and in a model with
exchange of a vector particle (right).

In this way, the factorGF is replaced byg2 multiplied by the propagator of the field:

GF → g2

k2 − M2
, (1.5)

whereM is the mass of the vector particle.
At low energies, the momentumk can be neglected with respect toM , resulting in:

G2
F → g4

M4
, (1.6)

which gives the same result as the V-A model calculation for the decay in equation (1.3), where
low momenta are involved.
At energies much higher thanM , the cross section behaves like:

σ ∼ g4

k2
, (1.7)

thereby solving the problems for the V-A model at high energies.

Using the matrixγ5, one can construct two projection operators:

P± =
1

2
(1 ± γ5), (1.8)
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Theoretical Overview 1.2 The Standard Model

which can be used to form the left-chiral and right-chiral fermionsψL andψR:

ψL = P−ψ ; ψR = P+ψ. (1.9)

The electron part of the current (1.2) can thus be written as:

jλ = 2ψ̄e,Lγλψνe,L. (1.10)

The weak current thus only contains the left-handed part of the electron and neutrino. For the
electron, there must exist a right-handed part, since both parts contribute to the electromagnetic
current. The neutrino is only involved in weak interactions, which means that the right-handed
part does not manifest itself at microscopic scale.

1.2 The Standard Model

The present understanding of the fundamental building blocks of nature and their interactions
is based on the Standard Model (SM), describing the unification of electroweak and strong in-
teractions. Gravity, the fourth fundamental force, although being the most important force at
macroscopic scale, is not taken into account by the SM. This force is much weaker than the other
three forces at current energy scales and is therefore not discussed in this thesis.
The SM is a non-Abelian gauge theory with underlying symmetry groupSU(3)C ⊗ SU(2)I ⊗
U(1)Y . The theory of strong interactions, called “Quantum Chromo Dynamics” (QCD), is based
on the interaction between coloured quarks, mediated by eight gluons, and is invariant under local
SU(3)C transformations. QCD is outside the scope of this thesis and is therefore not discussed
in more detail.
The electroweak part of the Standard Model, describing electromagnetic and weak interactions,
has been constructed in the 1960s by Glashow, Weinberg and Salam [6, 7, 8], which resulted in a
theory called “GSW model”.SU(2)I ⊗ U(1)Y is the symmetry group associated with the GSW
model, where the indicesI andY refer to the quantum numbers weak isospinI and hypercharge
Y . The third component ofI, I3, being the third generator of the groupSU(2)I , is related to the
hyperchargeY and electric chargeQ via:

Q = I3 +
1

2
Y. (1.11)

The GSW model is discussed in more detail in section 1.2.1.

The fundamental constituents of matter are fermions (spin-1
2

particles), including quarks and lep-
tons. These fermions can be grouped into three generations of increasing mass and are listed in
table 1.1. Left-handed fermions appear in doublets in the SM, while right-handed fermions show
up as singlets. As already explained in the previous section, only left-handed neutrinos exist.
The fermions can interact with each other by means of the exchange of gauge bosons (spin-1
particles) that are shown in table 1.2. Both quarks and leptons are involved in electroweak inter-
actions, but only quarks interact via strong interactions.
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1.2 The Standard Model Theoretical Overview

Table 1.1:The fermions in the Standard Model.

fermions generations I3 Y Q

leptons

(
νe

e

)
L

(
νµ

µ

)
L

(
ντ

τ

)
L

+1/2
-1/2

-1
-1

0
-1

eR µR τR 0 -2 -1

quarks

(
u
d

)
L

(
c
s

)
L

(
t
b

)
L

+1/2
-1/2

+1/3
+1/3

+2/3
-1/3

uR cR tR 0 +4/3 +2/3
dR sR bR 0 -2/3 -1/3

Table 1.2:The gauge bosons in the Standard Model.

interaction bosons mass (GeV/c2)

electromagnetic γ 0
weak W+, W− 80.4
weak Z 91.2
strong gluon 0

Interactions between fermions occur in the SM, because of the fact that this theory is invariant
under local gauge transformations. The SM has the property that calculations of physically ob-
servable quantities yield finite results, which means that this theory is “renormalisable”. In the
beginning of the 1970s, ’t Hooft and Veltman have shown that every gauge theory with local
gauge invariance is renormalisable [9, 10].

1.2.1 The Electroweak Theory

The electroweak theory describes the electromagnetic and weak interactions in the SM and is
invariant under localSU(2)I ⊗ U(1)Y transformations, resulting in the introduction of three
gauge fields for the groupSU(2)I , Aa

µ (a = 1, 2, 3), and one gauge field for the groupU(1)Y , Bµ.
The first set of gauge fields couple with strengthg and the fieldBµ couples with strengthg′. To
facilitate the introduction of the electroweak theory, only the first lepton generation is considered.
The contribution of the kinetic terms for the electron, the electron neutrino and gauge fields and
their mutual interactions to the total electroweak Lagrangian densityLGSW can be expressed as:

Lkin.+int. = l̄LiγµDµlL + ēRiγµDµeR − 1

4
F a

µνF
µν
a − 1

4
GµνG

µν (a = 1, 2, 3), (1.12)

where the following notations are used:

lL =

(
νe

e

)
L

, DµlL = (∂µ − 1
2
igAa

µσa + 1
2
ig′Bµ)lL , DµeR = (∂µ + ig′Bµ)eR ,

F a
µν = ∂µA

a
ν − ∂νA

a
µ + gεabcA

b
µA

c
ν , Gµν = ∂µBν − ∂νBµ. (1.13)
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Theoretical Overview 1.2 The Standard Model

σa andεabc are the Pauli matrices and Levi-Civita tensor respectively.
These four gauge fields have to be transformed into the four gauge bosons of the electroweak part
of the SM:W+,W−, Z andγ. In section 1.1 it has already been shown that it is inevitable to
incorporate massive vector particles in the theory of weak interactions to describe correctly these
interactions at low and high energies. The particle that is exchanged in the right diagram of figure
1.1 is, of course, theW−-boson.
The fieldsA3

µ andBµ are linked to the photon fieldAµ and the weak neutral vector boson fieldZµ.
The neutrino does not couple to the photon, so the interaction between the fermions and photon
field has to result in:−eAµēγ

µe = −eAµēLγµeL − eAµēRγµeR, with e being the electric charge.
From the kinetic terms for the gauge fields in equation (1.12) a pure kinetic term for the photon
field (−1

4
FµνF

µν with Fµν = ∂µAν − ∂νAµ) and for theZ field (−1
4
ZµνZ

µν with Zµν = ∂µZν −
∂νZµ) must be constructed without any coupling between these fields, since photons do not couple
to neutral particles. In this case, the fieldsA3

µ andBµ and the fieldsAµ andZµ have to be related
by a rotation:

Bµ = cosθWAµ − sinθW Zµ,

A3
µ = sinθWAµ + cosθWZµ, (1.14)

whereθW is the Weinberg angle. From the abovementioned information, the following relations
betweeng, g′ ande andθW can be deduced:

g sinθW = g′cosθW = e. (1.15)

The physical fields describing theW±-bosons are obtained from the fieldsA1
µ andA2

µ by:

W±
µ =

1√
2
(A1

µ ∓ iA2
µ). (1.16)

Substituting equations (1.14) and (1.16) in the kinetic terms for the gauge fields in equation (1.12)
gives rise to pure kinetic terms for the gauge fieldsAµ, Zµ andW±

µ and to interactions between
these gauge fields, resulting in couplings between three gauge fields and between four gauge
fields. These self-couplings are discussed in more detail in the next section, with emphasis on the
first type of couplings, since these couplings are the subject of this thesis.
At this stage, all particles in the GSW model have no mass, although experiments have shown
the contrary. This means that theSU(2)I ⊗ U(1)Y symmetry has to be broken in order to give
mass to theW - andZ-bosons. However, theU(1)Q symmetry must be respected, since photons
are massless. Electroweak symmetry breaking can be achieved in two ways: either by adding
explicitly mass terms to the total Lagrangian densityLGSW for theW - andZ-bosons or by making
use of so-called local spontaneous symmetry breaking. The problem of the first method is that it
makes the model non-renormalisable. The second method, that does not violate renormalisability,
is more elegant and is known as the “Higgs mechanism” [11, 12, 13]. The idea of this mechanism
is to add the following term to the total Lagrangian density corresponding to the complex doublet

Φ =

(
φ+

φ0

)
with hyperchargeY (Φ) = 1:

LHiggs = (DµΦ)†(DµΦ) − V (Φ), (1.17)

7



1.2 The Standard Model Theoretical Overview

where the covariant derivativeDµ and the potentialV (Φ) are given by:

DµΦ = (∂µ − 1

2
igAa

µσa −
1

2
ig′Bµ)Φ ; V (Φ) = −µ2Φ†Φ + λ(Φ†Φ)2 with λ > 0. (1.18)

To break theSU(2)I ⊗ U(1)Y symmetry,µ2 in the potential has to be positive, giving rise to the
following minima (ground states) of the potential:

Φ†
0Φ0 =

µ2

2λ
≡ 1

2
v2, (1.19)

wherev is the vacuum expectation value. By choosing a specific solution out of the infinite
solutions that satisfy equation (1.19), theSU(2)I ⊗ U(1)Y symmetry is broken. One can take as

solutionΦ0 = 1√
2

(
0
v

)
that does not break theU(1)Q symmetry.

Instead of parametrisingΦ with the complex fieldsφ+ andφ0, one can make use of the “polar”
coordinatesη and
ξ and defineΦ by:

Φ =
1√
2
H

(
0

η + v

)
with H = ei�ξ·�σ/v. (1.20)

The idea is to redefine the fieldΦ and the gauge fields
Aµ in such a way by making use of the
matrixH, thus of the fields
ξ, that their redefinitionsΦ′ and 
A′

µ are invariant under localSU(2)I

transformations, which is called the “unitary gauge”. Substituting these redefinitions in equation
(1.17) results in the disappearance of the fields
ξ and the appearance of three massive vector fields
for theZ- andW -bosons, which is the consequence of the Goldstone theorem, stating that for
every spontaneously broken local symmetry a massive vector field appears [14]. The masses of
the weak gauge bosons are given by:

MW =
1

2
v

e

sinθW

; MZ =
1

2
v

e

sinθW cosθW

. (1.21)

The values of the Weinberg angleθW andv can thus be expressed in terms of the massesMW and
MZ and are known to high precision.
The abovementioned substitution also results in the appearance of a real scalar field, the Higgs
field η, with massMHiggs =

√
2µ. Since the value ofλ is not fixed, the Higgs mass is a free

parameter in the SM.
The Higgs particle does not only couple to theZ- andW -bosons, but also to the first generation
leptons via the Yukawa coupling with coupling strengthge:

LYukawa = gel̄LΦeR + h.c.. (1.22)

Applying the abovementioned redefinitions results in the following electron mass:

me = − 1√
2
gev. (1.23)

The extension of the first lepton generation to the first fermion generation and to three fermion

8



Theoretical Overview 1.3 Trilinear Gauge Boson Couplings

generations is rather straightforward: for example, the number of kinetic and mass terms for the
leptons and quarks enhances. Equation (1.23) generalises to:

mf = − 1√
2
gfv, (1.24)

wheref represents all the massive fermions in table 1.1. There also appear interactions between
theW -bosons and quarks. The down type quarks (d, s andb) in table 1.1 are the eigenstates of
these quarks under weak interactions. These eigenstates are not the same as the mass eigenstates
of these quarks that are observed in bound-state in hadrons in nature. These eigenstates are related
via the unitary Cabibbo-Kobayashi-Maskawa (CKM) matrixVCKM as [15, 16]:


 d

s
b




weak

=


 Vud

Vcd

Vtd

Vus

Vcs

Vts

Vub

Vcb

Vtb





 d

s
b




mass

, (1.25)

making possible transitions between quarks of different generations. The current values of the
magnitudes of the elements of the complex matrixVCKM are [17]:

|VCKM| ∼


 0.975

0.222
0.009

0.223
0.974
0.039

0.004
0.040
0.999


 . (1.26)

1.3 Trilinear Gauge Boson Couplings

The fact that the GSW model is a non-Abelian theory results in the existence of interactions
between the gauge fields as has been explained in section 1.2.1. The contribution of these self-
couplings to the total Lagrangian densityLGSW is expressed as:

LTGC+QGC = ie(Aµ + cotθWZµ)(W+
µνW

−ν − W−
µνW

+ν)

+
ie

2
(F µν + cotθWZµν)(W+

µ W−
ν − W−

µ W+
ν )

+e2Aµ(AνW
+µW−ν − AµW+

ν W−ν)

+e2cot2θWZµ(ZνW
+µW−ν − ZµW+

ν W−ν) (1.27)

+e2cotθW [W+µW−ν(ZµAν + ZνAµ) − 2W+
µ W−µZνA

ν ]

+
e2

2sin2θW

W+
µ W−

ν (W+µW−ν − W−µW+ν),

containing couplings between three gauge bosons, “trilinear gauge boson couplings” (TGCs), at
theWWγ andWWZ vertices and between four gauge bosons, “quartic gauge boson couplings”
(QGCs), at theWWWW , WWZZ, WWγγ andWWZγ vertices. The following relation be-
tween field tensors and vectors has been used in equation (1.27):

Tµν (≡ Fµν , Zµν ,W
±
µν) = ∂µVν − ∂νVµ (Vµ ≡ Aµ, Zµ,W

±
µ resp.). (1.28)
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1.3 Trilinear Gauge Boson Couplings Theoretical Overview

Since TGCs are the subject of this thesis, the rest of this section is devoted to these couplings.
The TGC part of equation (1.27) can be written as:

LWWV = −igWWV [gV
1 V µ(W−

µνW
+ν − W+

µνW
−ν) + κV V µνW+

µ W−
ν ], (1.29)

where the following notations have been used:

V = γ or Z, V µ = Aµ or Zµ and V µν = F µν or Zµν . (1.30)

The overall couplingsgWWV are defined as:

gWWγ = e and gWWZ = e cotθW , (1.31)

while the couplingsgV
1 andκV are given by:

gγ
1 = gZ

1 = κγ = κZ = 1. (1.32)

The Lagrangian of equation (1.29) can be considered as an effective low-energy limit of any new
physics theory beyond the SM at higher energy scaleΛ. At this scaleΛ, the new physics will re-
veal itself in the form of new TGC vertices, leading to additional couplings, or as deviations from
the SM couplings in equation (1.32). To look for these possible new phenomena, an expansion
of the SM Lagrangian of equation (1.29) to a more general description of theWWV vertex is
required by adding all further possible Lorentz invariant terms [18, 19]:

Leff
WWV = −igWWV [gV

1 V µ(W−
µνW

+ν − W+
µνW

−ν) + κV V µνW+
µ W−

ν

+
λV

M2
W

V µνW+ρ
ν W−

ρµ

+igV
5 εµνρσ((∂ρW−µ)W+ν − W−µ(∂ρW+ν))V σ (1.33)

+igV
4 W−

µ W+
ν (∂µV ν + ∂νV µ)

− κ̃V

2
W−

µ W+
ν εµνρσVρσ − λ̃V

2M2
W

W−
ρµW

+µ
ν ενραβVαβ],

where the anti-symmetric tensorεµνρσ equals +1 (-1) if the indices are an even (odd) number of
permutations of 0, 1, 2 and 3 and is 0 otherwise. The couplingsgV

1 andκV satisfy equation (1.32)
at tree level in the SM, while the additional couplings vanish in this case. The couplingsgV

1 , κV

andλV conserve the operations of charge conjugation2 C and parity P separately,gV
5 conserves

CP, but violates C and P separately and the couplingsgV
4 , κ̃V and λ̃V are CP violating. Since

fourteen couplings are too many to be determined from the available data, this number has to be
reduced. A good choice is to ignore the C, P and CP violating couplings, since it is not likely that
these couplings have large impact at LEP2, the period of data-taking at the LEP collider that will
be discussed in the next chapter. From electromagnetic gauge invariance, the conditiongγ

1 = 1
can be imposed, leading to five couplings. It is convenient to make use of the following set of
parameters, since we would like to study possible deviations from the SM:

∆gZ
1 ≡ gZ

1 − 1, ∆κγ ≡ κγ − 1, ∆κZ ≡ κZ − 1, λZ and λγ . (1.34)

2The charge conjugation operator C changes a particle into its anti-particle.
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Theoretical Overview 1.4 SingleW production at LEP2

The number of parameters can be reduced even further if one takes into account the fact that the
SU(2) ⊗ U(1) symmetry has turned out to be a good symmetry at current energy scales, which
leads to the following relations between the parameters of the set in equation (1.34):

∆κZ = ∆gZ
1 − ∆κγtan2θW ,

λZ = λγ . (1.35)

If one knows the couplings∆κγ, λγ and∆gZ
1 , the other two parameters can easily be determined

using equation (1.35). This set (∆κγ, λγ and∆gZ
1 ) is called the “Baur set” and is the set that is

used in the rest of this thesis.

The couplingsgγ
1 , κγ andλγ, related to theWWγ vertex, correspond to the lowest order terms

in a multipole expansion of theWγ interaction and can therefore be used in expressions for the
electric chargeQW , the magnetic dipole momentµW and the electric quadrupole momentqW of
theW -boson:

QW = egγ
1 = e,

µW =
e

2MW

(gγ
1 + κγ + λγ) =

e

2MW

(1 + κγ + λγ), (1.36)

qW = − e

M2
W

(κγ − λγ).

In general, the magnetic momentµ of a particle is related to its spins through the gyromagnetic
ratiog via:

µ = gs
Q

2m
, (1.37)

whereQ and m are the charge and mass of the particle respectively. Hence, a simultaneous
measurement of∆κγ andλγ can be interpreted as a “g − 2” measurement of theW -boson.

1.4 SingleW production at LEP2

In this thesis, part of theWeνe final state is analysed. The decay modes of theW and their
corresponding theoretical branching ratios are summarised in table 1.3. Throughout the text,
generic symbols are used for the fundamental particles in order to comprise a particle and its
anti-particle in one symbol: e.g.Weνe includesW−e+νe andW+e−ν̄e.
Most attention is given to the 4-fermion final statesqq̄eνe, eνeeνe andµνµeνe in the rest of this
thesis.

1.4.1 Trilinear Gauge Boson Couplings

At LEP2 centre-of-mass energies between 161 and 209 GeV, 4-fermion final states are produced
with large cross sections. All the possible classes of 4-fermion production diagrams at tree level
at LEP2, with exception of Higgs graphs, are shown in figure 1.2, including the non-Abelian
classes that involve trilinear gauge boson couplings.
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1.4 SingleW production at LEP2 Theoretical Overview

Table 1.3:Decay modes and corresponding theoretical branching ratios (BRs) of theW -boson.

decay mode BR (%)

qq̄ 67.51
eνe 10.83
µνµ 10.83
τντ 10.82

Table 1.4:Contribution of each 4-fermion production class to the final statese−ν̄ee
+νe, µ−ν̄µe

+νe

andqq̄e+νe (with qq̄ = dū or sc̄).

class of diagram type of channel e−ν̄ee
+νe µ−ν̄µe

+νe qq̄e+νe

bremsstrahlung t-channel 22 4 4
multiperipheral t-channel 9 3 4
fusion t-channel 6 2 2
conversion s-channel 5 1 1
Abelian annihilation s-channel 12 6 7
non-Abelian annihilation s-channel 2 2 2
total 56 18 20

The contribution of each 4-fermion production class to the final statese−ν̄ee
+νe, µ−ν̄µe

+νe and
qq̄e+νe (with qq̄ = dū or sc̄) are listed in table 1.4.
Twelve diagrams contribute to theWeνe final state: nine single-resonant diagrams and three
double-resonant diagrams. One can argue that the latter group, containing one conversion and
two non-Abelian annihilation diagrams, the so-called “CC03 family”, does not really give rise to
a Weνe final state, since for this family thee andνe are not coming from the incominge+ and
e−, but from the secondW . The nine single-resonant diagrams contain three Abelian annihilation
diagrams, four bremsstrahlung diagrams and two fusion diagrams. These last six diagrams are
part of the so-called “singleW ” final state, thus only containing contributions fromt-channel
diagrams. These singleW diagrams are shown in figure 1.3 for theW−e+νe final state.
Both thet-channel ands-channel diagrams are TGC dependent via the fusion and the non-Abelian
annihilation diagrams. Figures 1.4, 1.5 and 1.6 show the dependence of the total cross section on
the couplings∆κγ, λγ and∆gZ

1 at
√

s = 189 GeV, including the contributions from thet-channel,
thes-channel and the interference between them, for the three decay channelseνeeνe, µνµeνe and
qq̄eνe respectively. Since the dominant contribution to the fusion diagrams in figure 1.3 arises
from theγ-exchange part at LEP2 energies, the singleW cross section is quite insensitive to
anomalousWWZ couplings at these energies, which explains the weak dependence of thet-
channel cross sections in figures 1.4 - 1.6 on the coupling∆gZ

1 .
These figures have been obtained using the generator GRC4F [20, 21]. Some features of it will
be discussed in chapter 3.
The interference does not play a role for theµνµeνe andqq̄eνe final states, but influences the cross
section of theeνeeνe final state.
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Theoretical Overview 1.4 SingleW production at LEP2

One can clearly see from these plots that the dependence of the total cross sections on∆κγ is
weaker than onλγ and∆gZ

1 , while the dependence of thet-channel cross sections, thus the single
W cross sections, on∆κγ is stronger than on the other two couplings, which makes it interesting
to analyse the singleW channel.

1.4.2 Cross section

Besides determining the anomalous couplings∆κγ, λγ and∆gZ
1 from the singleW diagrams,

one can measure its cross section. During the Crete LEP WW99 Workshop a proposal has been
made to reach a common signal definition for this cross section [22]. SingleW production is
defined by the completet-channel subset of diagrams contributing toe+e− → Weνe; W →
f f̄ ′, with additional cuts on kinematical variables at generator level. These cuts exclude regions
of phase space dominated by multiperipheral diagrams, where the cross section calculation is
affected by large uncertainties. In this way, a gauge invariant set of diagrams is obtained that has
small interference with thes-channel diagrams. The kinematical cuts used in the common signal
definition are the following:

• lνleνe: El > 20 GeV withl = µ or τ ,

• eνeeνe:

– W−e+νe; W− → e−ν̄e: |cosθe− | < 0.95 ;Ee− > 20 GeV ;|cosθe+| > 0.95,

– W+e−ν̄e; W+ → e+νe: |cosθe+ | < 0.95 ;Ee+ > 20 GeV ;|cosθe−| > 0.95,

• qq̄eνe: Mqq̄ > 45 GeV/c2.

Theeνeeνe final state is more complicated than theµνµeνe andqq̄eνe final states due to the pres-
ence of two charged fermions from the same generation. The generic nameeνeeνe only comprises
one final state, while bothµνµeνe andqq̄eνe contain two final states. Therefore, there are twice as
manye−ν̄ee

+νe final states contributing to singleW production asµ−ν̄µe
+νe andqq̄e+νe (with

qq̄ = dū or sc̄) final states, which means that eight bremsstrahlung and four fusion diagrams have
to contribute to singleW production for thee−ν̄ee

+νe final state as can be concluded from table
1.4 and figure 1.3. It is not sufficient to apply only an energy cut for theeνeeνe final state, since
this cut does not get rid of the fourteen bremsstrahlung and two fusion diagrams (see table 1.4)
that still would fit in the signal definition. The angular cuts are necessary to remove these sixteen
diagrams and get a clean signal.
The choice of the kinematical cuts is made plausible by means of the plots at generator level,
using the generator GRC4F, in figure 1.7 for theµνµeνe channel, in figure 1.8 for theeνeeνe chan-
nel and in figure 1.9 for theqq̄eνe final state.
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Figure 1.2:4-fermion production classes of diagrams, excluding Higgs graphs. The left column
showst-channel diagrams and the right column presentss-channel diagrams.

14



Theoretical Overview 1.4 SingleW production at LEP2

e+

W−

Z/γ

W−

e+

e− νe

fusion: two diagrams

e+

e−

Z/γ
W−

νe

e+

bremsstrahlung 1: two diagrams

e+

e−

W−
W−

νe

ν̄e

e+

bremsstrahlung 2: one diagram

e+

e−

Z

W−

νe

νe

e+

bremsstrahlung 3: one diagram

Figure 1.3:SingleW diagrams for theW−e+νe final state.
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Figure 1.4:The cross section of theeνeeνe fi-
nal state at

√
s = 189 GeV as a function

of ∆κγ (a)), λγ (b)) and ∆gZ
1 (c)). The

solid line indicates the total cross section, the
dotted line represents thes-channel contri-
bution, the dashed line shows thet-channel
contribution and the dashed-dotted line gives
the effect coming from the interference be-
tween thes-channel andt-channel contribu-
tions.
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Figure 1.5: The cross section of the
µνµeνe final state at

√
s = 189 GeV as a func-

tion of ∆κγ (a)), λγ (b)) and∆gZ
1 (c)). The

solid line indicates the total cross section, the
dotted line represents thes-channel contribu-
tion and the dashed line shows thet-channel
contribution and the dashed-dotted line gives
the effect coming from the interference be-
tween thes-channel andt-channel contribu-
tions.
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Figure 1.6:The cross section of theqq̄eνe fi-
nal state at

√
s = 189 GeV as a function of

∆κγ (a)), λγ (b)) and∆gZ
1 (c)). The solid

line indicates the total cross section, the dot-
ted line represents thes-channel contribution
and the dashed line shows thet-channel con-
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Figure 1.7: Distributions for muons from
the t-channelµνµeνe final state at

√
s = 189

GeV. Figure a) shows the muon energyEµ

versus the invariant mass of the muon and its
corresponding neutrinoMµνµ. The activity
in the bottom left corner of this plot comes
from the non-resonant multiperipheral dia-
grams. Figure b) shows the energy distribu-
tion of the muons and figure c) indicates the
invariant massMµνµ on a logarithmic scale,
where the solid line includes allt-channel
diagrams and the dashed line represents the
muons withEµ > 20 GeV. The dashed line
with arrow in figures a) and b) indicates the
Crete definition cut for this channel:Eµ >
20 GeV.
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Figure 1.8:Distributions for electrons from
the t-channele−ν̄ee

+νe (W−e+νe; W− →
e−ν̄e) final state at

√
s = 189 GeV. Figure

a) shows the electron energyEe− versus the
invariant mass of the electron and its corre-
sponding neutrinoMe−ν̄e

. The sample sat-
isfies the angular cuts|cosθe− | < 0.95 and
|cosθe+| > 0.95. The activity in the bottom
left corner of this plot mainly comes from the
non-resonant multiperipheral diagrams. Fig-
ure b) shows the energy distribution of the
electronsEe− and figure c) indicates the in-
variant massMe−ν̄e

on a logarithmic scale,
where the solid lines include allt-channel di-
agrams and the dashed lines take only the

events into account that satisfy the abovementioned angular cuts. The dotted line in figure c)
represents the electrons that also fulfill the kinematical cutEe− > 20 GeV. The dashed line with
arrow in figures a) and b) indicates the energy cut in the Crete definition for this channel:Ee− >
20 GeV.
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CHAPTER 2

Experimental Setup

The first part of this chapter will give an overview of the hardware that has been used for the
production, storage and acceleration of electrons and positrons. The second part will be devoted
to the detector that has been used for the reconstruction of the reaction products from the collisions
between these electrons and positrons: the DELPHI detector.

2.1 The LEP collider

The Large Electron-Positron collider (LEP) [23] is1 the world’s largeste+e− storage ring and part
of the accelerator complex of CERN, the European Organisation for Nuclear Research, near the
city of Geneva. The ring is about 26.7 km in circumference and is located in a tunnel between 50
and 150 meters below the surface. The LEP ring is not circular, but consists of eight short straight
sections (about 500 m long) connected by curved ones. In the middle of four of these straight
sections thee+ ande− beams are focused and collided head-on. Around these points detectors
are located: ALEPH [24], DELPHI [25], L3 [26] and OPAL [27].
LEP is the last step in the process of producing, storing and accelerating the electrons and
positrons for which other accelerators at CERN serve as an injector system.

Injector chain

Electrons are produced using an electron gun and accelerated by a linear accelerator (LINAC;
LIL-I) to an energy of 200 MeV, while the positrons are produced by bombarding a tungsten
target with this electron beam. Subsequently, both the electron and positron beam are acceler-
ated by a second LINAC (LIL-II) to 600 MeV and stored (in bunches) in the Electron-Positron-
Accumulator ring (EPA). Finally, two further acceleration steps are applied in the Proton Syn-
chrotron (PS) and the Super Proton Synchrotron (SPS), where the bunches are accelerated to
energies of 3.5 and 22 GeV respectively before being injected into the LEP ring. (As a proton
anti-proton collider in the 1980s, the SPS provided CERN with the first observations of theW -
andZ-bosons [28, 29, 30, 31].) An overview of the full accelerator chain is given in figure 2.1.

1It is better to use “was”, since LEP and its detectors are not active anymore since the end of 2000. LEP will be
replaced by LHC (Large Hadron Collider) in which protons will be accelerated to 7.0 TeV, starting in 2007.
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Figure 2.1:An overview of the full CERN acceleration chain for the electrons and positrons.

LEP as storage ring and accelerator

Guiding the beams through the vacuum pipe of LEP requires a complex electromagnetic field con-
figuration consisting of dipoles, quadrupoles, sextupoles and both horizontal and vertical dipole
correctors. The dipole magnets bend the electrons and positrons along a circular trajectory. The
quadrupoles act as magnetic lenses and focus the beam to contain it within the vacuum chamber,
while the sextupoles compensate for the dependence of the focusing strength on the beam energy.
The dipole correctors steer the beam through the centre of the vacuum pipe.
Electrostatic separators separate thee− from thee+ beam, thereby avoiding collisions between
them when they are still being accelerated. The acceleration of the electrons and positrons is per-
formed by (super-conducting) Radio-Frequency (RF) cavities located in the straight sections. In
addition, these cavities compensate for the energy loss of the electrons and positrons after every
revolution, since a charged particle of energyE moving along a circle with radiusr radiates en-
ergy proportional toE4/r (synchrotron radiation). For an electron following a circular trajectory
the size of LEP this energy loss is given by:

∆E = 2.1 × 10−8 E4
beam GeV per revolution, (2.1)

where the beam energyEbeam is given in GeV, indicating that it looses more than 2% of its energy
per revolution ifEbeam = 100 GeV.
Positioning the four detectors in straight sections of the LEP ring protects them from this radia-
tion.
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The operation of LEP can be divided into two periods: during the first one (LEP1; 1989 - 1995),
LEP operated at centre-of-mass energies close to 91.2 GeV in order to study accurately the prop-
erties of theZ-boson. In that period about four millionZ-events were collected by each of the
four experiments. The second period (LEP2; 1996 - 2000) is characterised by centre-of-mass
energies above the threshold forW -boson pair production with centre-of-mass energies from 161
up to 209 GeV.

Luminosity

Eache− ande+ beam consists of four bunches each containing about 3×1011 particles that collide
head-on at the four points where the detectors are located. The interaction ratedNproc

dt
for a specific

process depends on its cross sectionσproc and the instantaneous luminosity L(t), which is the
number of particles that traverse the interaction region per second per unit area:

dNproc

dt
= L(t)σproc =

Ne−Ne+nbfb

A
σproc, (2.2)

whereNe− andNe+ are the number ofe− ande+ particles per bunch,nb is the number of bunches,
fb is the bunch revolution frequency in LEP andA is the area of the interaction region. This re-
gion is elliptically shaped and has typical values of 150µm and 10µm in the horizontal and
vertical plane respectively.

The total number of events from a specific process can be calculated by integrating the collected
instantaneous luminosity over a certain period of data-taking with constant energy and multiply-
ing it with the cross section of the corresponding process:

Nproc = σproc

∫
L(t)dt = σproc L. (2.3)

This integrated luminosityL is obtained by measuring the rate of small angle Bhabha scattering
(e+e− → e+e−), since this is a process with a clear experimental signature and a large and accu-
rately known cross section.
In this thesis, the data from the years 1998 - 2000 have been analysed. The integrated luminosities
collected by the DELPHI detector at the various centre-of-mass energies during these years are
given in table 2.1.
After September 1st 2000, DELPHI had to be operated without one twelfth of the main central
tracking detector TPC (see section 2.2.1) which was no longer working properly. The period that
the complete TPC was operational is referred to as “C-period”, while the period that one twelfth
of the TPC was not operational is labelled as “S-period”.
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Table 2.1: Integrated luminosities collected by the DELPHI detector at various centre-of-mass
energies during the period 1998 - 2000. The “C” and “S” indicate the periods that the complete
TPC was and one twelfth of the TPC was not operational respectively. (note:1 pb≡ 10 −40 m2)

year 1998 1999 2000√
s (GeV) 189 192 196 200 202 <205.5 ≥205.5

L (pb−1) 158 25.8 76.9 84.3 41.1 76.7(C) 6.6(S) 87.8(C) 54.3(S)

2.2 The DELPHI detector

The DELPHI detector (DEtector with Lepton, Photon and Hadron Identification) is one of the
four detectors at LEP. It is designed as a general purpose detector fore+e− physics with coverage
of almost the full solid angle.
In the standard DELPHI coordinate system the origin coincides with the nominal centre of the
detector. Thez-axis points along the electron direction, thex-axis points towards the centre of
LEP and they-axis points upwards. These Cartesian coordinates are related to the cylindrical
coordinates (R, θ, φ) in the following way: the polar angleθ defines the angle from thez-axis, the
azimuthal angleφ defines the angle from thex-axis in thexy-plane andR =

√
x2 + y2 as can be

seen in figure 2.2.

z
e(0,0,0) − direction

θ
R

y

xφ

from centre of LEP

to surface

(x,y,z)

Figure 2.2:The DELPHI coordinate system in Cartesian and spherical coordinates.

The centre-of-mass system of the electrons and positrons coincides with the laboratory system of
LEP, resulting in an optimal detector design that is symmetric in the interaction point. Both the
diameter and the total length of the detector are about 10 m. It consists of a cylindrical central part
(“barrel”) covering polar angles between 40◦ and 140◦ and two parts (“endcaps”) that cover the
regions between 2◦ and 40◦ (“forward” region) and between 140◦ and 178◦ (“backward” region)
respectively. All three parts consist of various subdetectors as can be seen in the layout of the
detector in figure 2.3.

The subdetectors can be divided into two types: tracking detectors and calorimeters. The first
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Figure 2.3:Layout of the DELPHI detector. The barrel and one endcap are shown.

class of detectors reconstructs the three-dimensional trajectories and momenta of charged parti-
cles, while the second type measures the energy deposit in its system. In the next sections both
classes and their characteristics will be discussed briefly. A more detailed description of the
performance of the DELPHI detector and its subdetectors can be found in [25] and [32].

2.2.1 Tracking detectors

Most of the tracking system is located inside a uniform magnetic field of 1.23 T parallel to the
z-axis that bends the trajectory of each charged particle into a spiral with a radius proportional
to the momentum of the particle. The field is provided by a large superconducting solenoid with
a radius of 2.6 m. The muon chambers are farthest from the interaction point, located outside
this magnetic field, since muons are the only charged particles that can traverse the detector
completely. The specifications and performance of the tracking detectors described below are
summarised in table 2.2.

• Micro-vertex Detector
The micro-vertex detector is the detector that is located closest to the interaction point. It
contains a barrel part and endcap parts, called Silicon Barrel (VD) and Very Forward Track-
ers (VFTs) respectively.
The VD consists of three coaxial cylindrical layers of micro-strip silicon detectors located
at average radii of 6.6, 9.2 and 10.6 cm. Each layer providesRφ measurements and covers
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Table 2.2:Specifications and performance of the tracking detectors.

acceptance max. no. points resolution
detector R (cm) |z| (cm) θ (◦) along track per point (mm)

VD 6.6/9.2/10.6 ≤ 24 25 - 155 Rφ: 3 Rφ: 0.008
z: 2 z: 0.010

VFT 11 - 25; 155 - 169 4 x, y: 0.1
ID jet 11.8 - 22.3 ≤ 60 15 - 165 24 Rφ: 0.085
ID straws 23 - 28 ≤ 105 15 - 165 5 Rφ: ∼ 0.3
TPC 35 - 111 ≤ 134 20 - 160 Rφ, z: 16 Rφ: 0.25

Rφ: 192 z: 0.88
OD 197 - 206 ≤ 232 42 - 138 Rφ: 5 Rφ: 0.11

z: 3 z: 35
FCA 30 - 103 155 - 165 11 - 32; 148 - 169 6 x: 0.29

y: 0.24
FCB 53 - 195 267 - 283 11 - 36; 144 - 169 12 x, y: 0.15
MUB ∼ 445 ≤ 385 52 - 128 6 Rφ: 1.5

z: 10
MUF 70 - 460 463/500 9 - 43; 137 - 171 x, y: 4 x, y: 1.0
MUS ∼ 550 ∼ 487 42 - 53; 127 - 138 2 10×10

the full azimuthal angle in 24 sectors with overlaps between adjacent sectors. The inner
and outer layers are equipped with double-sided silicon detectors, having strips orthogonal
to each other, giving also measurements in thez-direction. The VFTs were fully oper-
ational from 1997 onwards, extending track reconstruction to polar angles in the ranges
11◦ - 25◦ and 155◦ - 169◦. Each of the VFTs consists of two layers of silicon pixel detec-
tors and two layers of micro-strip detectors.

• Inner Detector (ID)
The ID consists of two parts: an inner drift chamber, surrounded by five concentric layers of
straw tubes. The drift chamber has a jet chamber geometry with 24 azimuthal sectors, each
providing up to 24Rφ points per track. The straw tubes provide additionalRφ measure-
ments, mainly used in triggering, and are used to resolve the left-right ambiguities inherent
in the jet chamber.

• Time Projection Chamber (TPC)
The TPC is the principal tracking device of DELPHI. The detector consists of two drift
volumes separated by a high voltage (20 kV) plane atz = 0, producing an electric field
parallel to the beam axis. A charged particle, crossing the TPC, produces by ionisation
electrons that drift under influence of the electric field in the direction of the endplates of the
TPC. Both endplates are divided into six azimuthal sectors, each with 192 sense wires and
sixteen circular pad rows with constant spacing, thus resulting in up to sixteen space points
per particle trajectory. The sense wires also provide up to 192 ionisation measurements per
track in order to help in charged particle identification by measuring the dE/dx, the specific
ionisation energy loss per unit length.
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The inclusion of the Ring Imaging Cherenkov detectors (see section 2.2.3) has limited the size of
the TPC. To improve the momentum resolution, the following three track chambers (OD, FCA
and FCB) have been added.

• Outer Detector (OD)
The OD consists of five layers of drift tubes subdivided in 24 sectors. All layers provide
Rφ measurements and three also give information about thez-coordinate. This detector is
important for fast triggering and clearly improves the momentum resolution as can be seen
in table 2.3.

• Forward Chambers (FCA and FCB)
The forward chambers provide powerful tracking and triggering down to 11◦.
Chambers A are mounted on either end of the TPC. Both sides consist of three modules,
each with two staggered layers and split into half-discs with an outer radius of 103 cm. The
modules are rotated by 120◦ with respect to each other, thus providing six coordinates.
Chambers B are drift chambers, consisting of four independent modules, two on each end-
cap. Each module contains twelve readout wire planes, four for each of the three wire
orientations, rotated by 120◦ with respect to each other.

The momentum resolution of a track is determined by the resolutions of the detectors that have
been traversed by the particle. The momentum precision of the tracking system can be illustrated
by the resolution of muons produced byZ → µ+µ−. Table 2.3 summarises the momentum preci-
sion for these dimuons in different polar angle regions and with different detector configurations.
As can be seen from the table, the precision deteriorates when less detectors are included and
when regions with smaller polar angle are traversed. The latter is caused by the fact that the in-
fluence of multiple scattering increases and the number of hits and detectors that provide tracking
information decreases.

Table 2.3:Momentum resolution for 45.6 GeV/c muons in different detector configurations.

θ (◦) configuration σ(1/p) (GeV/c)−1

42 - 138 VD+ID+TPC+OD 0.6×10−3

ID+TPC+OD 1.1×10−3

VD+ID+TPC 1.7×10−3

≤ 36;≥ 144 VD+FCB included 1.3×10−3

25 - 30; 150 - 155 FCB included 1.5×10−3

< 25;> 155 FCB included 2.7×10−3

• Muon Chambers (MUC)

• Barrel Muon Chambers (MUB)
The MUB consists of three layers of modules and is divided into 24 azimuthal sectors.
The inner layer is embedded 20 cm inside the iron of the barrel hadron calorimeter
and the two outer layers lie outside the iron. The modules in the outermost layer cover
the holes in the coverage of the other modules in adjoining sectors. Each module is
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built up of a number of drift chambers arranged in two active planes. The inner layer
contains a third plane that is regarded as spare. The chambers within each plane are
staggered, thus resolving the left-right ambiguities of the drift chambers.

• Forward Muon Chambers (MUF)
The MUF consists of two sets of planes of chambers for each endcap. The first is
located 20 cm inside the iron of the forward hadron calorimeter, while the second lies
outside this calorimeter. Each plane is composed of four quadrants, each measuring
4.4×4.4 m2. A quadrant consists of two orthogonal layers of 22 drift chambers.

• Surround Muon Chambers (MUS)
The MUS covers the gap between the MUB and MUF at polar angles of around
45◦ and 135◦. The eight chambers are installed on the top and sides of the endcaps
and are inclined at 45◦ in order to obtain maximum angular coverage. Each chamber
is comprised of two staggered layers of streamer tubes.

2.2.2 Calorimetry

Calorimeters measure the energy that has been deposited by interacting neutral and charged par-
ticles by using layers of high density material such as lead or iron. Subsequent interactions of
an incoming particle with these layers give rise to a typical “shower”, specific for every particle.
Different showering characteristics of electrons and photons with respect to hadrons have resulted
in a separate electromagnetic and hadronic calorimeter system in order to optimally reconstruct
the energy deposit.

Electromagnetic calorimeters

Electromagnetic calorimeters measure the energies of incident electrons and photons. These par-
ticles develop electromagnetic showers mainly through bremsstrahlung ande+e− pair production
respectively, resulting in secondary particles that are again mainly electrons, positrons and pho-
tons. This process continues and can be characterised by the material dependent radiation length
X0, which is a measure of the length of material that is needed to reduce by bremsstrahlung the
energy of an electron by a factor of e. To contain the cascade completely, calorimeters consist of
several radiation lengths. Hadrons traverse the electromagnetic calorimeters hardly affected. The
DELPHI electromagnetic calorimeter system covers almost the full solid angle using detectors of
which the main characteristics are given table 2.4. A short description of each of them follows
hereafter.

• High density Projection Chamber (HPC)
The HPC is mounted on the inside of the solenoid. It consists of 144 independent modules,
arranged in six rings of 24 modules each. Each module is a trapezoidal box with a width
ranging from 52 to 64 cm, a height of 47 cm and a length of 90 cm, except for modules
in the first and last rings that are smaller. The box is filled with 41 layers of lead of total
thickness of 18X0 separated by gas gaps of 8 mm. An electromagnetic particle that passes
the HPC showers in the lead and ionises the gas. The charge drifts to one end of the box,
where it is collected by a proportional chamber with pad readout.
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Table 2.4:Characteristics of the DELPHI electromagnetic calorimeter system.

acceptance depth resolutionσE/E
detector R (cm) |z| (cm) θ (◦) (E in GeV)

HPC 208 - 260 ≤ 254 43 - 137 18X0 0.043⊕ 0.32/
√

E

FEMC 46 - 240 284 - 340 10.0 - 36.5; 143.5 - 170.0 20X0 0.03⊕ 0.12/
√

E
⊕ 0.11/E

STIC 6.4 - 41 218 - 249 1.7 - 10.6 ; 169.4 - 178.3 27X0 0.0152⊕ 0.135/
√

E
VSAT 6 - 9 770 5 - 7 mrad; 3.135 - 3.137 rad24X0 5% at 45.6 GeV

• Forward Electromagnetic Calorimeter (FEMC)
The FEMC consists of two arrays, one in each endcap. Each array is made of 4532
Cherenkov lead glass blocks that are truncated pyramids with depths of 40 cm, corre-
sponding to 20X0. Each block points to the interaction region with a tilt angle of about
1◦ in order to avoid any particle escaping undetected in the insensitive regions between the
blocks. Charged particles inside the electromagnetic shower emit Cherenkov photons that
are detected by a photomultiplier at the end of each block.

• Small Angle Tile Calorimeter (STIC) and Very Small Angle Taggers (VSAT)
The STIC and VSAT are important in the measurement of the luminosity for which small
angle Bhabha scattering is used.
The STIC is a sampling lead-scintillator calorimeter, formed by two cylindrical detectors
placed on either side of the interaction region, and covers polar angles below those of the
FEMC.
The VSAT is a calorimeter that is active at even smaller polar angles, between 5 and 7 mrad.

Hadron calorimeters

The hadronic showering process is dominated by a succession of inelastic hadronic interactions,
characterised by multiparticle production. The produced charged particles in the shower are de-
tected using scintillators or gaseous detectors inside the converting material. The interaction
lengthλ in a material is defined as the mean free path of a particle between inelastic interactions.
The main characteristics of the hadron calorimeters are given in table 2.5.

Table 2.5:Characteristics of the DELPHI hadron calorimeter system.

acceptance depth resolutionσE/E
detector R (cm) |z| (cm) θ (◦) (E in GeV)

HCAL barrel
HCAL forward

320 - 479
65 - 460

< 380
340 - 489

} 10 - 170 6λ 0.21⊕ 1.12/
√

E

• Hadron Calorimeter (HCAL)
The hadron calorimeter is a sampling gas detector incorporated in the magnet yoke. It is
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made of two endcaps, each consisting of twelve sectors, and a barrel section that consists of
24 modules. 19,032 limited streamer tubes are installed in the 18 mm wide slots between
the 50 mm thick iron plates. These tubes are connected to readout boards covering a fixed
angular region of∆θ = 2.96◦ and∆φ = 3.75◦ consisting of up to 64 pads.

Scintillators

The HPC consists of modules arranged in six rings as has been described before. The gaps be-
tween the modules are about 1 cm inφ andz, except atz = 0, between the third and fourth rings,
where there is a gap of 7.5 cm. This centralz-gap and all theφ-cracks point straight back to the
interaction point and make it possible for particles to escape without being detected. There are
also large holes in the coverage of the HPC and the FEMC aroundθ = 40◦ andθ = 140◦ that also
point towards the interaction region. In order to achieve complete hermeticity for high energy
photon detection, lead scintillators have been installed in these “blind” regions: the 90◦-taggers,
the 40◦-taggers and theφ-taggers. Part of a shower that is produced by a photon in the 40◦-taggers
can be detected by the FCB, which is called the “Smoking Gun”.

In addition, the DELPHI detector contains in the barrel part, between the solenoid and its return
yoke, a cylinder of scintillator counters, the Time of Flight counter (TOF), that provides a fast
event triggering. In the forward part, in between the two detection planes of the MUF, the Forward
Hodoscope (HOF) serves the same purpose.

2.2.3 Particle identification

Adequate particle identification is crucial, especially when only one muon or electron can be
detected as is the case for the leptonic analysis that will be discussed in the next chapter. The Ring
Imaging Cherenkov detectors (see next page) and muon chambers have mainly been included in
the DELPHI detector for this purpose, while other detectors perform particle identification as a
secondary task.

Electron identification

Electron identification in DELPHI is performed using two independent and complementary mea-
surements: the dE/dx measurement of the TPC and the energy deposition in the HPC and FEMC.
The dE/dx information is used in the barrel part to a larger extent than in the forward part. The
comparison of the energyE in the calorimeters with the independently measured momentump
from the tracking devices provides a powerful tool for electron identification. The distribution
of the ratioE/p, which is expected to be close to unity independent of the electron energy, is
parametrised and converted into a probability for the electron hypothesis. Two different levels
of tagging are provided that classify electrons above a momentum of 2 GeV/c. Their typical ef-
ficiencies and misidentification probabilities (measured withK0

S → π+π−) are shown in table
2.6.
The efficiencies for electrons above a momentum of 20 GeV/c are almost independent of the
momentum and the polar angleθ.
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Table 2.6:Efficiencies and misidentification probabilities for electrons (p > 3 GeV/c) in multi-
hadronic events.

tag efficiency (%) misident. prob. (%)

loose 80 
 1.6
tight 45 
 0.2

Muon identification

The iron of the HCAL provides a filter that gives a first level of separation between muons and
hadrons. Most hadrons are stopped by the iron, whereas most of the muons of momenta above
2 GeV/c are expected to reach the muon chambers. But there remains a residual activity in the
MUC arising from hadronic tracks: punch-throughs from hadronic showers, decays in flight and
particles traversing the HCAL contribute to this background. The information about charged
particle tracks, reconstructed in the central detectors, is combined with the hits in the MUC. Four
different levels of tagging are defined that classify muons above a momentum of 3 GeV/c. Their
typical efficiencies and misidentification probabilities (measured withZ → τ+τ−; τ → 3πντ )
are shown in table 2.7.

Table 2.7:Efficiencies and misidentification probabilities for 45.6 GeV/c muons as determined
from Z → µ+µ−.

tag efficiency (%) misident. prob. (%)

very loose 95.9± 0.1 5.4± 0.2
loose 94.8± 0.1 1.5± 0.1
standard 86.1± 0.2 0.7± 0.1
tight 76.0± 0.2 0.4± 0.1

The efficiencies are depending on the muon momentum and the polar angleθ.

Ring Imaging Cherenkov (RICH) detectors

The RICH detectors provide charged particle identification (mainly pions, kaons and protons) in
both the barrel and forward regions using liquid and gas radiators. The liquid radiators are used
for particle identification in the momentum range from 0.7 to 8 GeV/c, while the gas radiators are
used from 2.5 to 25 GeV/c. The RICH technique is based on the reconstruction of the Cherenkov
photons emitted by charged particles. The RICH is not used in the analyses presented in this
thesis.
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2.2.4 Trigger system and off-line processing

Trigger system

To cope with high luminosities and large background rates, a trigger system has been designed of
four successive levels of increasing selectivity. A detailed description of this system can be found
in [33, 34]. The first two levels (T1 and T2) are hardware triggers synchronous with the beam
crossings (BCOs) (beams cross every 22µs), making their decisions to either select or reject the
event after 3.5µs and 39µs respectively. For these decisions, signals from different detectors and
combinations of them are used. The last two levels (T3 and T4) are software filters performed
asynchronously with respect to the BCO. T3 halves the background passing T2, while T4 rejects
about half of the background events remaining after T3.

DELANA

Events that pass the trigger system are collected and stored on magnetic tapes by the Data Ac-
quisition System (DAS). This raw information is not directly useful for physics analyses and has
to be processed by the DELPHI off-line system which is done by the DELPHI reconstruction
programme DELANA [35]. This programme reconstructs particles by applying pattern recog-
nition and track fitting by combining information from different subdetectors. The output from
DELANA is stored on magnetic Data Summary Tapes (DSTs) that are accessible for users for
physics analyses that can rely on software packages like SKELANA [36].

DELSIM

To compare the data with expectations, the response of the DELPHI detector is simulated using
the DELPHI simulation programme DELSIM [37]. This programme simulates very precisely
the response of the DELPHI detector for all particles traversing the detector. The output from
DELSIM is subsequently analysed by DELANA and finally written to a DST, analogously to the
data.
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CHAPTER 3

Event Selection

In this chapter, the selection criteria for the leptonic and hadronic analyses are explained. Before
applying such criteria, it is important that the behaviour of the signal, background and data are
well-understood. The first part of this chapter shows how this is achieved, while the second part
is devoted to the selection of the different singleW final states.

3.1 Run quality selection

The data are stored on the DSTs if at least a minimum number of relevant detectors is performing
well. To be sure that only data pass the event selections that have been reconstructed with well-
operating subdetectors that are indispensable for the analyses described in this thesis, a run quality
selection is applied. The following criteria are imposed for the final stateWeνe; W → qq̄:

• the TPC data-taking efficiency must be, together with the data-taking efficiency from the
VD, ID or OD, larger than 90%.

• the DELANA status flags for the TPC are checked every event to be sure that the high
voltages were on and the TPC was fully operational for the DAS.

• the FCA, FCB or VFT data-taking efficiency must be larger than 90%.

• the HCAL, HPC and FEMC data-taking efficiencies must be larger than 80%.

• the STIC and hermeticity data-taking efficiencies must be larger than 95%.

During the data-taking period in 2000 when one twelfth of the TPC was not working properly,
the S-period, the TPC data-taking efficiency is required to be larger than 80%.
For the final stateWeνe; W → lνl with l = e or µ, the following additional criteria are applied:

• the HPC and FEMC data-taking efficiencies must be larger than 90%.

• the MUC data-taking efficiency must be larger than 80% and the HCAL data-taking effi-
ciency must be larger than 90%.

Imposing this run quality selection reduces the integrated luminosities that are listed in table
2.1 and gives rise to the integrated luminosities that are presented in table 3.1. These luminosi-
ties have typical uncertainties of 6�. Besides these luminosities, the corresponding luminosity
weighted centre-of-mass energies during the period 1998 - 2000 are also indicated in table 3.1.
In this thesis only the data are analysed that include a fully operational TPC, the C-period.
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The energies in the second and fourth column of the table, corresponding to a fully operational
TPC, are referred to as 189, 192, 196, 200, 202, 205 and 206.7 GeV respectively throughout the
rest of this thesis.

Table 3.1:Luminosity weighted centre-of-mass energies and corresponding integrated luminosi-
ties collected by the DELPHI detector during the period 1998 - 2000 after the run quality selection
for the final statesWeνe; W → qq̄ andW → lνl with l = e or µ has been applied. The “C” and
“S” indicate the periods that the complete TPC was and one twelfth of the TPC was not opera-
tional respectively.

Weνe; W → qq̄ Weνe; W → lνl

year
√

s (GeV) L (pb−1)
√

s (GeV) L (pb−1)

1998 188.63 154.35 188.63 153.81

1999

191.58 25.16 191.58 24.51
195.51 76.08 195.51 71.99
199.51 82.79 199.51 81.82
201.64 40.31 201.63 39.70

2000

204.78(C) 76.25(C) 204.84(C) 69.09(C)
205.14(S) 6.51(S) 205.14(S) 5.97(S)
206.61(C) 84.62(C) 206.60(C) 79.82(C)
206.45(S) 51.46(S) 206.46(S) 44.07(S)

3.2 Event simulation

In order to comprehend well the behaviour of a certain final state, one has to simulate it using a
suitable event generator that is capable producing it. In this way, this final state can be studied
with a luminosity many orders of magnitude higher than can be observed in the full LEP2 data set.
The next two subsections give an overview of the generators that are used to study the selection
of the singleW final states out of the data set for the years 1998 - 2000.

3.2.1 DELPHI simulation

The most recent event simulations performed by the DELPHI collaboration at LEP2 energies,
relevant for the analyses presented in this thesis, can be classified in three main categories:

(a) 4-fermion final states

(b) 2-fermion final states

(c) 2/3-photon final states

For the simulation of events in category (a), DELPHI has chosen WPHACT 2.0 [38] as general
4-fermion generator. One of its features is that it calculates fully massive matrix elements over
the whole phase space for all the 4-fermion processes. In general, all these final states can be
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divided into three classes: the charged current (CC) final states that are produced viaW -pairs,
the neutral current (NC) final states that are produced via a pair of neutral vector bosons and the
mixed current (MIX) final states that can be produced by both possibilities.
DELPHI has created simulation sets that include both CC and MIX final states (“wphactcc sets”)
and files that contain both NC and MIX final states (“wphactnc sets”).
4-fermion final states can overlap with theγγ processes as is the case foreēf f̄ . The simulation
of theseeēf f̄ final states by DELPHI depends on the phase space one is dealing with:

• “4-fermion like” region: the multiperipheral contribution (see figure 1.2) is not dominant;
wphactcc sets and wphactnc sets are used.

• “γγ like” region: the multiperipheral contribution starts to be dominant;
WPHACT with constituent masses for light quarks are used (“wphactncgg sets”).

• pureγγ region: the resolved photon component starts to be important.

– BDK [39] is used for theeēeē final state.
– BDKRC [40] is used for theeēµµ̄ andeēτ τ̄ final states.
– PYTHIA [41] is used for theeēqq̄ final state.

The simulation of events belonging to category (b) is split in the following way:

• BHWIDE [42] is used for Bhabha events (e+e−(γ))
• TEEGG [43] is used for Compton events (eγ(e))
• KK2F [44] is used forµ+µ−(γ) andqq̄(γ)
• KORALZ [45] is used forτ+τ−(γ) andνν̄(γ)

The 2/3-photon final states, thus category (c) events, are simulated using the generator QEDBK
[46].

Table 3.2 gives an overview of the cross sections of the final states that have just been described,
while table 3.3 shows the corresponding luminosities that are used for the analyses.
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Table 3.2:Contributing MC generators for the analyses and their cross sections (in pb) for the
various centre-of-mass energies. The cross sections have statistical uncertainties of the order of
0.1 - 0.3%.

√
s (GeV)

MC generator 189 192 196 200 202 205 206.7

wphactcc 18.74 19.16 19.57 19.85 19.97 20.10 20.14
wphactnc 8.15 8.14 8.08 8.03 8.01 7.93 7.90
wphactncgg 58.50 57.21 55.84 55.07 55.31 55.50 55.26
BDK 1826 1834 1838 1848 1856 1857 1867
BDKRC (eēµµ̄) 1709 1714 1724 1731 1740 1748 1749
BDKRC (eēτ τ̄ ) 436.7 441.3 445.9 451.8 454.0 457.7 459.9
PYTHIA 13240 13382 13571 13760 13856 13999 14080
BHWIDE 1205 1169 1121 1080 1056 1022 1008
TEEGG 53.4 51.8 49.6 47.7 46.9 45.5 44.7
KK2F (µ+µ−(γ)) 9.2 8.9 8.5 8.2 8.0 7.7 7.6
KK2F (qq̄(γ)) 100.1 96.1 91.3 86.7 84.6 81.2 79.8
KORALZ (τ+τ−(γ)) 8.2 7.9 7.6 7.2 7.0 6.8 6.7
KORALZ (νν̄(γ)) 11.1 10.9 10.5 10.1 9.9 9.8 9.7
QEDBK 10.7 10.3 9.7 9.4 9.3 8.9 8.7

Table 3.3:Contributing MC generators for the analyses and their luminosities (in fb−1) for the
various centre-of-mass energies. At some places in the table, two numbers are quoted: the first
number corresponds with the luminosity for the hadronic analysis, while the second indicates the
luminosity for the leptonic analysis.

√
s (GeV)

MC generator 189 192 196 200 202 205 206.7

wphactcc 26.60 26.01 25.42 25.10 9.13 24.73 23.61
wphactnc 58.06 57.45 67.49 37.12 60.51 62.91 59.94
wphactncgg 16.82 17.07 17.53 17.59 17.39 18.20 17.86
BDK 0.27 0.27 0.10 0.11 0.11 0.54/0.27 0.53/0.27
BDKRC (eēµµ̄) 0.29 0.29 0.11 0.11 0.11 0.57/0.29 0.57/0.29
BDKRC (eēτ τ̄ ) 1.14 1.15 1.15 4.44/2.52 1.10 2.18 2.20
PYTHIA 0.06 0.06 0.13/0.35 0.13/0.34 0.13/0.34 0.11/0.28 0.11/0.28
BHWIDE 0.83 0.85 0.89 0.93 0.95 0.97 0.50
TEEGG 2.05 0.51 2.06 2.15 1.04 1.11 2.64
KK2F (µ+µ−(γ)) 5.42 11.24 11.74 12.26 13.85 13.02 13.21
KK2F (qq̄(γ)) 5.00 5.19 5.47 5.73 5.90 6.13 6.26
KORALZ (τ+τ−(γ)) 4.62 6.28 2.15 5.21 5.02 9.11 10.95
KORALZ (νν̄(γ)) 2.26 1.29 6.17 3.40 1.76 3.72 3.14
QEDBK 5.85 6.10 2.42 3.60 1.26 1.34 1.38
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3.2.2 GRC4F simulation

Besides the simulations performed centrally by the DELPHI collaboration, simulations are also
executed with the generator GRC4F [20, 21]. These simulations include the final statesµνµeνe,
eνeeνe andqq̄eνe that satisfy their respective Crete definitions and the final statesµνµeνe, eνeeνe

andqq̄eνe that take into account all contributing diagrams. These latter simulations are not only
performed at the SM value of the TGCs, but also at the valuesα = -2.0, -1.0, 1.0 and 2.0 withα
= ∆κγ, λγ or ∆gZ

1 . Comparable non-SM simulations are also completed for the TGC dependent
background processes for the three abovementioned final states. In this chapter, only the SM
samples are used, while the non-SM ones are included in the TGC analysis that is described in
chapter 5.
GRC4F is used to execute all these simulations, because it covers the full phase space and one
can perform non-SM simulations rather easily. One can include the effect of initial and final state
radiation for the signal final states and choose a runningαQED for this case.
Table 3.4 and table 3.5 show the cross sections and corresponding luminosities of the final states
that have been simulated using GRC4F for the leptonic analysis. Thel in the final stateslνl l̄ν̄l

andeēνlν̄l comprises all three leptons.

Table 3.4:Simulated final states using GRC4F for the leptonic analysis and their cross sections
(in pb) for the various centre-of-mass energies.

√
s (GeV)

final state 189 192 196 200 202 205 206.7

µνµeνe (Crete) 0.078 0.081 0.088 0.093 0.096 0.101 0.104
µνµeνe (all) 0.526 0.538 0.550 0.566 0.571 0.578 0.581
eνeeνe (Crete) 0.078 0.078 0.086 0.092 0.094 0.097 0.102
eνeeνe (all) 0.637 0.643 0.658 0.680 0.698 0.683 0.658
τντeνe (all) 0.472 0.483 0.494 0.504 0.510 0.519 0.525
lνl l̄ν̄l 0.899 0.913 0.928 0.936 0.939 0.941 0.941
eēνlν̄l 1.153 1.169 1.178 1.210 1.231 1.220 1.194

Table 3.6 and table 3.7 indicate the cross sections and corresponding luminosities of the final
states that have been simulated using GRC4F for the hadronic analysis.
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Table 3.5:Simulated final states using GRC4F for the leptonic analysis and their luminosities (in
fb−1) for the various centre-of-mass energies.

√
s (GeV)

final state 189 192 196 200 202 205 206.7

µνµeνe (Crete) 77.29 73.94 68.31 64.82 62.22 59.39 57.74
µνµeνe (all) 9.68 9.30 8.86 8.55 8.49 8.20 8.12
eνeeνe (Crete) 62.02 60.50 55.55 51.54 49.85 47.74 45.37
eνeeνe (all) 7.84 7.77 7.54 7.16 6.82 7.05 7.13
τντeνe (all) 8.86 8.50 8.06 7.79 7.57 7.38 7.21
lνl l̄ν̄l 6.67 6.57 6.46 6.37 6.36 6.28 6.22
eēνlν̄l 5.07 4.88 4.75 4.57 4.46 4.54 4.49

Table 3.6:Simulated final states using GRC4F for the hadronic analysis and their cross sections
(in pb) for the various centre-of-mass energies.

√
s (GeV)

final state 189 192 196 200 202 205 206.7

qq̄eνe (Crete) 0.487 0.512 0.552 0.589 0.609 0.638 0.655
qq̄eνe (all) 3.311 3.367 3.469 3.533 3.566 3.662 3.626
qq̄lνl (l �= e) 4.795 4.880 4.967 5.016 5.041 5.055 5.060

Table 3.7:Simulated final states using GRC4F for the hadronic analysis and their luminosities (in
fb−1) for the various centre-of-mass energies.

√
s (GeV)

final state 189 192 196 200 202 205 206.7

qq̄eνe (Crete) 9.45 8.97 8.38 7.78 7.52 7.19 7.02
qq̄eνe (all) 1.32 1.29 1.25 1.23 1.19 1.15 1.16
qq̄lνl (l �= e) 0.91 0.89 0.87 0.86 0.85 0.85 0.85
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3.3 Leptonic event selection

The electron and the anti-electron neutrino or the positron and the electron neutrino coming from
the incoming electron and positron are not detected due to the fact that the outgoing electron or
positron escapes along the beam pipe and neutrinos cannot be detected at all. Hence, the final
statee+e− → Weνe; W → lνl with l = e or µ is characterised by the presence of only one highly
energetic charged lepton accompanied by a large missing momentum without the appearance
of another significant energy deposition in the detector. To satisfy the Crete definition for the
cross section of this process, the energy of this charged lepton must be larger than 20 GeV as is
explained in section 1.4.2. Figures 1.7b) and 1.8b) show that the energy of the charged lepton does
not exceed a value of 100 GeV. It is therefore a logical step to include the following preselection
for the momentum of the charged trackpchar besides the condition that the number of charged
particlesnchar = 1: 0.10

√
s ≤ pchar ≤ 0.50

√
s.

In order to be sure that a charged particle with small polar angle is detected by one of the tracking
detectors in the endcaps, its transverse momentum is required to satisfy:pT,char ≥ 0.10

√
s.

The following selection criteria are applied as preselection to optimise the quality of the charged
track:

• the relative error on the momentum∆pchar/pchar < 1

• the absolute value of the impact parameter along thez-direction|IPz| ≤ 2.0 cm

• the absolute value of the impact parameter in theRφ-plane|IPRφ| ≤ 0.04 cm

The impact parameter is defined for each charged track as being the closest distance between the
extrapolated track and the primary vertex, which is the position where the electron and positron
have collided. These cuts on the impact parameter are incorporated to remove cosmic events.
Figure 3.1 represents these impact parameter distributions for the data and all possiblelνleνe final
states and for the subset satisfying the Crete definitions for the electrons and muons for the years
1998 - 2000, weighted to the corresponding integrated luminosities, in case there is only one
charged track detected. The data distributions clearly show long tails. Note that in the two lower
figures the hatched area is superimposed on top of the white area. Therefore, the white area above
the hatched area contains the part of all possiblelνleνe final states that does not satisfy the Crete
definitions for the electrons and muons. The hatched area is considered as signal throughout this
chapter. The efficiencies and purities, quoted at the end of this section, are determined from these
Crete samples. This procedure will be repeated for the hadronic analysis in the next section. In
general, selection criteria are obtained by determining the value in a certain distribution where
the ratio signal/background clearly starts to decrease.
Since it is assumed that one electron or positron escapes along the beam pipe, it is expected that
this particle does not deposit any energy in one of the STICs. Bhabha events are potential back-
ground events in case the charged track is an electron or positron. Bhabha events with small polar
angles deposit a large amount of energy in one of the STICs. Therefore, events with one charged
track that is not identified as a muon and that has deposited energy in one of the STICs are not
accepted.

Besides the energy deposition of the charged track, there should be no other significant energy
deposition by the possible neutral tracks. As is depicted in figure 3.2, the energy deposition in the
electromagnetic calorimeters (EMF and HPC) not related to the charged track is required not to
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Figure 3.1:Absolute value of the impact parameter along thez-direction and in theRφ-plane
for the data (figures a) and b)) and for all possiblelνleνe final states and the subset satisfying the
Crete definitions for the electrons and muons (figures c) and d)) for the energies

√
s = 189 - 206.7

GeV, weighted to their integrated luminosities, in case there is only one charged track detected.
The dashed lines with arrows in the figures show the corresponding cuts.

exceed 2 GeV:EEMC ≤ 2 GeV. Note that the hatched area in the figure is superimposed on top
of the white area again and that it corresponds with the Cretelνleνe final state withl = e or µ
and that the white area indicates thelνleνe final state withl = e, µ or τ as in figure 3.1. These
indications are also used in the figures of the remainder of this section.
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Figure 3.2: Total energy deposition in
the electromagnetic calorimeters (EMF and
HPC) not associated to the charged track for
the energies

√
s = 189 - 206.7 GeV. The se-

lection criteria previously defined in the text
have already been applied. The dashed line
with arrow in the figure shows the corre-
sponding cut.

ll̄γ events withl = e, µ or τ act also as background to the leptonic singleW channel. One of the
leptons of this 2-fermion background must escape along the beam pipe and the other lepton and
the photon must counterbalance each other with their azimuthal angles: for a “perfect”ll̄γ event,
their difference in the azimuthal angle∆φ = 180◦. The photon might give rise to some activity in
one of the hermeticity counters. The following cut is applied to reject the contribution from this
2-fermion background as is shown in figure 3.3, showing only the events for which at least one
of the counters is active.
Events arerejectedif:

• the absolute value of the difference in the azimuthal angle between the charged track and
the hermeticity tagger with the largest activity|φchar − φtagger| ≥ 160◦.
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criteria previously defined in the text have
already been applied. The dashed line with
arrow in the figure shows the corresponding
cut.
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ll̄ events withl = e, µ or τ form also potential background events if one of the leptons has not
been reconstructed well and the other lepton can be found in the acceptance region of the detector.
The topology of this type of events is that the leptons are back-to-back:∆φ = 180◦. The lepton
that has not been reconstructed as a track must have deposited some energy in the direction where
it has gone. Therefore, the following cut is applied torejectthesell̄ events as is shown in figure
3.4, showing only the events that contain a non-zero energy deposition not related to the track.
Events arerejectedif:

• the absolute value of the difference in the azimuthal angle between the charged track and
the largest energy deposition not related to the track|φchar − φneutral| ≥ 160◦.
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tween the charged track and the largest en-
ergy deposition not related to the track for
the energies

√
s = 189 - 206.7 GeV. The se-

lection criteria previously defined in the text
have already been applied. The dashed line
with arrow in the figure shows the corre-
sponding cut.

The Compton background andµ+µ−(γ) background are restricted by demanding that events that
show a maximum energy deposition in the HCAL, not related to the charged track, larger than
2 GeV with |φchar − φHCAL| ≥ 160◦ must be discarded. The condition that the total energy
deposition in the EMF, not related to the charged track, should not exceed 2 GeV is applied to
eliminateee(γ) events.
To reduce the contribution of the 2-fermion background further, the following cut concerning the
number of tracksntrack is taken into account:ntrack ≤ 2. The impact of this selection criterium is
depicted in figure 3.5.
At this stage, it is not known yet what type of particle the charged track is: the charged lepton can
be a muon or an electron or even a tau. It is therefore important to form an unambiguous statement
about the nature of this charged track, which implies that selections are needed for the particle
identification that only allow muons or electrons with a standard or tight tag. The different levels
of tagging are explained in section 2.2.3.
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Figure 3.5: Total number of tracks in the
detector for the energies

√
s = 189 - 206.7

GeV. The selection criteria previously de-
fined in the text have already been applied.
The dashed line with arrow in the figure in-
dicates the corresponding cut.

3.3.1 Muon selection

The charged lepton is considered as a muon if the muon tag for this lepton is standard or tight,
hence rejecting particles that are tagged as being very loose or loose. Figure 3.6 shows this final
cut for the muon event selection.
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Figure 3.6: Muon identification tag for the
energies

√
s = 189 - 206.7 GeV applied to

the sample that remains after the general lep-
tonic event selection. The dashed line with
arrow in the figure shows the corresponding
cut.

In figure 3.7 a candidate muon event at
√

s = 189 GeV is presented, clearly showing only one
track that has traversed the barrel part of the HCAL and the MUB.
Table 3.8 gives an overview of the different stages of the muon analysis for the years 1998 -
2000, showing how the efficiencyε drops, while the product of the efficiency and the purityε · p
increases. The disagreement between data and MC is large during the first three steps, which is
partly due to the fact that not all possible final states have been simulated centrally by DELPHI
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a) b)

Figure 3.7:Candidate event fore+e− → Weνe; W → µνµ viewed in thexy-plane (a)) andzy-
plane (b)) of the DELPHI detector at

√
s = 189 GeV.

most recently. From step 4 onwards there is reasonable agreement between data and MC.

Table 3.8:Number of signal events, background events and data and the corresponding values of
the efficiencyε and the product of the efficiency and the purityε ·p at different stages of the muon
analysis for the years 1998 - 2000. The different step numbers correspond with the following
sequential selection criteria: step#1: nchar = 1; step#2: 0.10

√
s ≤ pchar ≤ 0.50

√
s, pT,char ≥

0.10
√

s, ∆pchar/pchar < 1; step#3: |IPz| ≤ 2.0 cm and|IPRφ| ≤ 0.04 cm; step#4: Bhabha
rejection andEEMC ≤ 2 GeV; step#5: |φchar − φtagger| ≥ 160◦; step#6: |φchar − φneutral| ≥
160◦, Compton,µ+µ−(γ) andee(γ) rejection; step#7: ntrack ≤ 2; step#8: cut on muon tag.
See the text and figures in this section for more details.

step Nµνµeνe,Crete Nbackground Nexpected Nobserved ε (%) ε · p
#1 37.96 1100662.04 1100700.00 599852 80.9 2.79×10−5

#2 31.86 13429.24 13461.10 17435 67.9 1.61×10−3

#3 31.40 12121.50 12152.90 7868 66.9 1.73×10−3

#4 29.47 224.89 254.37 217 62.8 7.27×10−2

#5 29.47 129.06 158.53 156 62.8 1.17×10−1

#6 29.26 66.35 95.61 90 62.4 1.91×10−1

#7 28.37 54.08 82.45 80 60.5 2.08×10−1

#8 23.48 10.81 34.29 31 50.0 3.43×10−1
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3.3.2 Electron selection

For the electron identification, the package REMCLU [47] is applied in both the barrel and the
endcaps. Only events with a tight tag are accepted and in the endcaps only events are selected if
they lack any energy deposition in the STICs and if they satisfy|cosθe| ≤ 0.92.
The cut on the polar angle of the identified electron is needed, since the relative tracking effi-
ciency for electrons at smaller polar angles is too low as is shown in figure 3.8b). This tracking
efficiencyεtrack,e has been deduced from events that have passed the complete track selection,
which includes all sequential selection criteria up to the Bhabha rejection cut as previously de-
scribed, with a single charged track that has deposited more than 10 GeV in the HPC or EMF and
with a total energy deposition in the electromagnetic calorimeters not related to the charged track
smaller than 5 GeV. Imposing these conditions results in the|cosθe|-distributions for the barrel
and endcaps for the data and Compton and Bhabha events (mainly Compton) as shown in figure
3.8.
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Figure 3.8:|cosθe|-distributions for the barrel (a)) and endcaps (b)) for the data and Compton and
Bhabha events and their ratio for the years 1998 - 2000 combined. Events in these distributions
have passed the complete track selection, which includes all sequential selection criteria up to
the Bhabha rejection cut as described in the text, with a single charged track that has deposited
more than 10 GeV in the HPC or EMF and with a total energy deposition in the electromagnetic
calorimeters not related to the charged track smaller than 5 GeV.

The|cosθe|-distribution for data/MC for the barrel is rather flat with an average value of data/MC
= 1.00± 0.03, while this distribution for the endcaps shows more irregularities. The discrepancy
between data and MC in the region|cosθe| > 0.92 is too large to be included in the event selection.
The value of data/MC for the region 0.80≤ |cosθe| ≤ 0.92 gives an average value of 0.72± 0.10.
Both errors indicate the statistical and systematic error and take into account the difference in

47



3.3 Leptonic event selection Event Selection

cosθe-dependence of the data and MC. In the endcaps, the MC will be scaled with this factor to
obtain a better description of the data. Figure 3.9 shows the final selection criteria for the electron
event selection.
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Figure 3.9:Electron identification tag for the barrel (a)) and the endcaps (b)) for the energies
√

s =
189 - 206.7 GeV applied to the sample that remains after the general leptonic event selection. The
events in the right plot lack any energy deposition in one of the STICs and satisfy|cosθe| ≤ 0.92.
The dashed lines with arrows in the figures show the corresponding cuts.

Figure 3.10 presents a candidate electron event at
√

s = 202 GeV with a large energy deposition
in the HPC.
Table 3.9 shows the different stages of the electron analysis for the years 1998 - 2000 combined,
showing how the efficiencyε drops, while the product of the efficiency and the purityε · p in-
creases. Note that the quoted efficiencies, like all efficiencies in this chapter, are determined with
respect to the full phase space.
Figure 3.11 shows the distribution of|cosθe| at

√
s = 189 GeV, where the “e” represents the

electron or positron with energy larger than 20 GeV in the Crete definition for theeνeeνe final
state. The typical percentages for the three regions indicated in the figure are:
barrel: |cosθe| ≤ 0.766: 74.7± 0.1%, endcaps 1: 0.766< |cosθe| ≤ 0.92: 20.4± 0.1% and
endcaps 2:|cosθe| > 0.92: 4.9± 0.1%
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a) b)

Figure 3.10: Candidate event fore+e− → Weνe; W → eνe viewed in thexy-plane (a)) and
zy-plane (b)) of the DELPHI detector at

√
s = 202 GeV.

Table 3.9:Number of signal events, background events and data and the corresponding values
of the efficiencyε and the product of the efficiency and the purityε · p at different stages of the
electron analysis for the years 1998 - 2000 combined. Steps#1 - #7 are the same as the ones
listed in the caption of table 3.8. Steps#9a and#9b correspond with the cuts on the electron
tags for the barrel and endcaps respectively.

step Neνeeνe,Crete Nbackground Nexpected Nobserved ε (%) ε · p
#1
#2
#3
#4
#5
#6
#7
#9a
#9b

40.89
31.05
30.51
21.44
21.44
21.04
19.95
16.45
0.54

1100659.11
13430.05
12122.39

232.93
137.09
74.57
62.50
11.92
0.75

1100700.00
13461.10
12152.90

254.37
158.53
95.61
82.45
28.36
1.29

599852
17435
7868
217
156
90
80
22
1

88.3
67.1
65.9
46.3
46.3
45.4
43.1

3.28×10−5

} 36.7

1.55×10−3

1.65×10−3

3.90×10−2

6.26×10−2

1.00×10−1

1.04×10−1

} 2.11×10−1
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Figure 3.11: Typical distribution of|cosθe|
at

√
s = 189 GeV, where the “e” represents

the electron or positron with energy larger
than 20 GeV in the Crete definition for the
eνeeνe final state. Three regions are con-
sidered from left to right: barrel:|cosθe| ≤
0.766, endcaps 1: 0.766< |cosθe| ≤ 0.92
and endcaps 2:|cosθe| > 0.92.
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3.4 Hadronic event selection

The experimental signature of the final statee+e− → Weνe; W → qq̄ consists of two acoplanar1

jets with a large amount of missing energy due to the undetected electron and anti-electron neu-
trino (or positron and electron neutrino). Requiring that the number of charged tracksnchar ≥
7 significantly reduces the number of observed events and hardly decreases the signal as can be
seen from figure 3.12. This cut especially diminishes the contribution from lepton pairs andγγ
events.
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Figure 3.12:Number of charged tracks for the data (a)) and for all possibleqq̄eνe final states and
for the subset satisfying the Crete definitions for the hadrons (b)) for the energies

√
s = 189 -

206.7 GeV. The dashed lines with arrows in the figures show the corresponding cut.

For this analysis, events are forced into a 2-jet topology. For the reconstruction of jets, the
DURHAM clustering algorithm [48] is used. This algorithm starts from a list of particles that
is considered as the initial set of clusters. The two clusters with the smallest relative “distance”
dij are merged into one, provided their distance is below some predefined minimum separation
dcut. The 4-momentum of the new clusterk is obtained from its constituentsi andj by adding
their 4-momenta:pk = pi + pj. This joining procedure is repeated until all clusters exceeddcut.
These final clusters are called “jets”.
In the DURHAM algorithm, the distancedij is defined by:

d2
ij = 2 min(E2

i , E
2
j )(1 − cosθij), (3.1)

whereθij is the opening angle between the momentum vectors of the two clustersi andj.
1The acoplanarity between two vectors is defined as|180◦−|φ1−φ2||, whereφ1 andφ2 are the azimuthal angles

of the two vectors in degrees.
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The dimensionless variables

yij =
d2

ij

E2
vis

=
2 min(E2

i , E
2
j )(1 − cosθij)

E2
vis

(3.2)

and

ycut =
d2

cut

E2
vis

(3.3)

are more often quoted in literature.
In order to reduce significantly the contribution from the background, it is required that the recon-
structed jets satisfy:|cosθjet| ≤ 0.85. The reason why these cuts are applied is that it is desirable
to have particles clustered in a jet that are well-reconstructed. The influence of these cuts for the
data and signal is depicted in figure 3.13.
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Figure 3.13:Absolute value of the cosine of the polar angle of the two reconstructed jets for the
data (a)) and for all possibleqq̄eνe final states and for the subset satisfying the Crete definitions
for the hadrons (b)) for the energies

√
s = 189 - 206.7 GeV. The dashed lines with arrows in the

figures show the corresponding cut.

Since the electron or positron escapes along the beam pipe, the total charged energyEchar or the
dimensionless variableEchar/

√
s must be bounded. Figure 3.14 shows that the following cut is

applied: 0.16
√

s ≤ Echar ≤ 0.56
√

s.
The specific signature of the signal gives rise to a small amount of energy in one of the FEMCs,
contrary to Bhabha events. Therefore, a firm cut in the distribution of

√
E2

F + E2
B/Ebeam, where

EF andEB are the total deposited energy in the forward EMC and backward EMC respectively,
strongly reduces the background. The exact value of this selection criterium can be read from
figure 3.15:

√
E2

F + E2
B ≤ 0.18Ebeam.
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Figure 3.14: Total charged energy divided
by the corresponding centre-of-mass energy
Echar/

√
s for the energies

√
s = 189 - 206.7

GeV. The selection criteria previously de-
fined in the text have already been applied.
The dashed lines with arrows in the figure
show the corresponding cuts.
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Figure 3.15: Energy deposited in the for-
ward and backward EMC,EF and EB, di-
vided by the corresponding beam energy√

E2
F + E2

B/Ebeam for the energies
√

s =
189 - 206.7 GeV. The selection criteria pre-
viously defined in the text have already been
applied. The dashed line with arrow in the
figure shows the corresponding cut.

The total transverse neutral energyET,neutral is also bounded, because of the characterics of the
signal. Figure 3.16 shows that the cutET,neutral ≤ 0.30

√
s significantly reduces the background.

Cuts on the related variablesEvis/
√

s andpT,miss/
√

s are also taken into account for the selection.
After having applied the cut 0.28

√
s ≤ Evis ≤ 0.68

√
s on the former variable as depicted in figure

3.17, the background is further reduced by constraining the latter variable by 0.04
√

s ≤ pT,miss ≤
0.36

√
s as shown in figure 3.18.

Another variable related to the missing momentum that clearly differentiates the signal and the
background is the absolute value of the cosine of this vector,|cosθmiss|. Figure 3.19 indicates that
the corresponding cut to this variable satisfies:|cosθmiss| ≤ 0.90.

A photon that is radiated by the incoming electron or positron, an initial state radiation (ISR)
photon, gives rise to a reduction of the centre-of-mass energy

√
s, leading to an effective centre-
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Figure 3.16:Total transverse neutral energy
divided by the corresponding centre-of-mass
energyET,neutral/

√
s for the energies

√
s =

189 - 206.7 GeV. The selection criteria pre-
viously defined in the text have already been
applied. The dashed line with arrow in the
figure shows the corresponding cut.

10
-1

1

10

10 2

10 3

10 4

10 5

10 6

10 7

10 8

10 9

1010

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

✄ ✄

√s = 189 - 206.7 GeV • data

2/3-photon

2-fermion

4-fermion - qq
–
eνe

ee
–
ff
–
 (γγ)

(Crete) qq
–
eνe

Evis/√s

nu
m

be
r 

of
 e

ve
nt

s

10
-1

1

10

10 2

10 3

10 4

10 5

10 6

10 7

0 0.1 0.2 0.3 0.4 0.5 0.6

✄

✄

√s = 189 - 206.7 GeV • data

2/3-photon

2-fermion

4-fermion - qq
–
eνe

ee
–
ff
–
 (γγ)

(Crete) qq
–
eνe

pT,miss/√s

nu
m

be
r 

of
 e

ve
nt

s

Figure 3.17: Total visible energy divided
by the corresponding centre-of-mass energy
Evis/

√
s for the energies

√
s = 189 - 206.7

GeV. The selection criteria previously defined
in the text have already been applied. The
dashed lines with arrows in the figure show the
corresponding cuts.

Figure 3.18:Total transverse missing momen-
tum divided by the corresponding centre-of-
mass energypT,miss/

√
s for the energies

√
s =

189 - 206.7 GeV. The selection criteria previ-
ously defined in the text have already been ap-
plied. The dashed lines with arrows in the fig-
ure show the corresponding cuts.

of-mass energy
√

s′. This reduction can, of course, also be the result of a number of ISR photons.
As shown in figure 3.20,

√
s′, being calculated using the updated DELPHI SPRIME package

[49], has to satisfy: 0.38
√

s ≤
√

s′ ≤ 0.92
√

s.
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Figure 3.19: Absolute value of the cosine
of the polar angle of the missing momen-
tum |cosθmiss| for the energies

√
s = 189 -

206.7 GeV. The selection criteria previously
defined in the text have already been ap-
plied. The dashed line with arrow in the fig-
ure shows the corresponding cut.
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Figure 3.20:Effective centre-of-mass energy
divided by the corresponding centre-of-mass
energy

√
s′/

√
s for the energies

√
s = 189 -

206.7 GeV. The selection criteria previously
defined in the text have already been applied.
The dashed lines with arrows in the figure
show the corresponding cuts.

As can be seen from figure 3.21, the invariant mass of the two reconstructed jetsMjj̄ for the
signal does not always exceed the Crete definition value of 45 GeV/c2 and its distribution does
not peak at 80 GeV/c2, which is caused by the fact that there has not been applied a constrained
fit. Requiring the invariant mass of the two reconstructed jets to satisfy 30 GeV/c2 ≤ Mjj̄ ≤ 90
GeV/c2 introduces a large reduction of the background.

Since it is expected that the two reconstructed jets of the signal are not completely back-to-back
like the 2-fermion background, the acoplanarity serves as a good discriminating variable. Figure
3.22 indicates the imposed cut for this variable: 10◦ ≤ acoplanarity≤ 100◦.

Figure 3.22 shows that at this level the most important contribution to the background is coming
from 4-fermion events, mainly fromWW events. In case thisW -pair decays fully hadronically,
a 4-jet topology should be observed, while in case of a semi-leptonic decay of this pair two jets
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Figure 3.21: Invariant mass of the two re-
constructed jetsMjj̄ for the energies

√
s =

189 - 206.7 GeV. The selection criteria pre-
viously defined in the text have already been
applied. The dashed lines with arrows in the
figure show the corresponding cuts.
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Figure 3.22:Acoplanarity of the two recon-
structed jets for the energies

√
s = 189 -

206.7 GeV. The selection criteria previously
defined in the text have already been applied.
The dashed lines with arrows in the figure
show the corresponding cuts.

and an isolated lepton with high energy should be seen. In order to reduce the contribution from
these decay modes of theW -pair, cuts on the variablesycut,34 andycut,23 (see equation (3.3)) are
applied. For clarity, these variables determine the values of theycut in case the event is merged
from 4 to 3 jets and from 3 to 2 jets respectively. Figure 3.23 represents the distributions of these
variables of the data and MC after having applied the previously defined selection criteria. After
having reduced the background viaycut,34 ≤ 0.007, it is further diminished byycut,23 ≤ 0.03.

The contribution from the semi-leptonically decayingW -pair is decreased by setting an upper
bound to the value of the maximum transverse momentum of any charged track with respect to
the closest jetpmax

T . The value of this variable is set topmax
T ≤ 8 GeV/c as can be seen from figure

3.24.

Determining the transverse momentum of every track with respect to the closest jet and taking
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Figure 3.23:Distributions of the scaled Durham variablesycut,34 (a)) andycut,23 (b)) for the ener-
gies

√
s = 189 - 206.7 GeV. The distribution ofycut,23 is obtained after the cut on the distribution

of ycut,34. The dashed lines with arrows in the figures show the corresponding cuts.
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Figure 3.24:Maximum transverse momen-
tum of any charged track with respect to the
closest jetpmax

T for the energies
√

s = 189
- 206.7 GeV. The selection criteria previ-
ously defined in the text have already been
applied. The dashed line with arrow in the
figure shows the corresponding cut.

into account the nature of the track, the background can be further reduced. Events arerejected
if a standard or tight muon is found with a transverse momentum with respect to the closest jet
that satisfies:pT,µ ≥ 2 GeV/c. Events are alsorejectedif a tight electron is found in the barrel or
in the endcaps with a transverse momentum with respect to the closest jet that satisfies:pT,e ≥ 2
GeV/c. The same muon and electron identification tags and packages are used as for the leptonic
analysis. The results of these last two selection criteria are depicted in figure 3.25.
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Figure 3.25:Maximum transverse momentum with respect to the closest jet for a standard or tight
muon (a)) and for a tight electron in the barrel or in the endcaps (b)) for the energies

√
s = 189 -

206.7 GeV. The distribution in figure b) is obtained after the cut on the distribution of figure a).
The dashed lines with arrows in the figures show the corresponding cuts.

The 2-fermion background, that still gives rise to a large contribution, is reduced in the following
way if there is aγ involved:
Firstly, the maximum transverse energy in the electromagnetic calorimeters (EMC) of any neutral
track with respect to the closest jetEmax

T,EMC can give rise to large values for this type of events.
Requiring thatEmax

T,EMC ≤ 3 GeV reduces the 2-fermion background as can be seen from figure
3.26.
Secondly,ff̄γ events are suppressed byrejectingevents that show activity within a cone of
30◦ around the direction of the missing momentum, since theγ can be misinterpreted as missing
momentum that should come from the undetected electron or positron and the corresponding
neutrino.

There is still room for improvement of the event selection. Plotting all previously depicted vari-
ables again after having applied all selection criteria, one can clearly see that in some of these
distributions the ratio signal/background significantly changes going through the domain of the
corresponding variable. As an example, figure 3.27 shows that the maxima ofMjj̄ of the sig-
nal and background do not coincide. The shaded area corresponds with what is left from the
backgrounds 2/3-photon, 2-fermion, 4-fermion -qq̄eνe andeēf f̄(γγ).

Besides this distribution ofMjj̄, the distributions ofET,neutral/
√

s, pT,miss/
√

s, |cosθmiss|, the
acoplanarity,ycut,34, ycut,23 andpmax

T are most sensitive to changes in the ratio signal/background.
For all these eight variables, fits are performed to the distributions of signal/background, making
use of polynomials, exponentials and/or Gaussians, after having scaled the signal with such a
factor that the total number of signal events equals the total number of background events.
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Figure 3.26:Maximum transverse energy in
the electromagnetic calorimeters (EMC) of
any neutral track with respect to the clos-
est jetEmax

T,EMC for the energies
√

s = 189
- 206.7 GeV. The selection criteria previ-
ously defined in the text have already been
applied. The dashed line with arrow in the
figure shows the corresponding cut.
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Figure 3.27:Invariant mass of the two recon-
structed jetsMjj̄ for the energies

√
s = 189 -

206.7 GeV after having applied all selection
criteria previously defined in the text. The
shaded area corresponds with the sum of the
shaded areas as shown in the previous figures
of this section.

For clarity, the contribution of the background is obtained from the sum of the shaded area and
the non-Creteqq̄eνe final states in figure 3.27. The result of such a fit for the distribution ofMjj̄

is shown in figure 3.28.

These eight fits give rise to the parametrisationsRi, i = 1, 8, which are multiplied to result
in one 8-dimensional parametrisationR =

∏
i Ri for the signal/background. From this total

parametrisation, the rejection probabilitiesPrej = R
1+R

can be constructed for the signal and
background. The distributions of the rejection probabilities for the signal and background are
depicted in figure 3.29.

By reversing the bin order and making cumulative distributions, acceptance probabilitiesPacc

can be obtained for the signal and background. These two cumulative distributions serve as
input for the distributions of the efficiency, the purity and their product. Figure 3.30 shows these
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distributions, where the maximum of the distribution of the product of efficiency and purity,
located atPacc = 0.80, determines the working point.
Figure 3.31 shows a candidate event at

√
s = 200 GeV, in which two jets can be distinguished.

Table 3.10 indicates the different stages of the hadronic analysis for the years 1998 - 2000 com-
bined, showing how the efficiencyε and the product of the efficiency and the purityε · p evolve.
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Figure 3.30:Distributions of the efficiency,
the purity and their product for the energies√

s = 189 - 206.7 GeV after having applied
all selection criteria previously defined in the
text. The arrow indicates the bin where the
distribution of the product of efficiency and
purity reaches its maximum.

a) b)

Figure 3.31:Candidate event fore+e− → Weνe; W → qq̄ viewed in thexy-plane (a)) andzy-
plane (b)) of the DELPHI detector at

√
s = 200 GeV.
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Table 3.10:Number of signal events, background events and data and the corresponding values
of the efficiencyε and the product of the efficiency and the purityε · p at different stages of the
hadronic analysis for the years 1998 - 2000 combined. The different step numbers correspond
with the following sequential selection criteria: step#1: nchar ≥ 7, |cosθjet| ≤ 0.85; step#2:
0.16

√
s ≤ Echar ≤ 0.56

√
s and

√
E2

F + E2
B ≤ 0.18Ebeam; step#3: ET,neutral ≤ 0.30

√
s; step

#4: 0.28
√

s ≤ Evis ≤ 0.68
√

s; step#5: 0.04
√

s ≤ pT,miss ≤ 0.36
√

s; step#6: |cosθmiss| ≤
0.90; step#7: 0.38

√
s ≤

√
s′ ≤ 0.92

√
s; step#8: 30 GeV/c2 ≤ Mjj̄ ≤ 90 GeV/c2; step#9:

10◦ ≤ acoplanarity≤ 100◦; step#10: ycut,34 ≤ 0.007 andycut,23 ≤ 0.03; step#11: pmax
T ≤ 8

GeV/c,pT,µ ≤ 2 GeV/c andpT,e ≤ 2 GeV/c; step#12: Emax
T,EMC ≤ 3 GeV and “30◦ cone cut”;

step#13: acceptance probabilityPacc = 0.80. See the text and figures in this section for more
details.

step Nqq̄eνe,Crete Nbackground Nexpected Nobserved ε (%) ε · p
#1 188.44 130905.56 131094.00 71840 61.3 8.81×10−4

#2 154.33 18734.27 18888.60 19306 50.2 4.10×10−3

#3 153.66 16011.84 16165.50 16448 50.0 4.75×10−3

#4 145.13 11787.67 11932.80 12312 47.2 5.74×10−3

#5 136.18 7068.48 7204.65 7519 44.3 8.38×10−3

#6 118.29 3744.83 3863.11 4160 38.5 1.18×10−2

#7 112.76 2495.94 2608.70 2759 36.7 1.59×10−2

#8 106.77 1245.89 1352.66 1409 34.7 2.74×10−2

#9 90.04 674.68 764.72 759 29.3 3.45×10−2

#10 74.75 422.58 497.33 497 24.3 3.66×10−2

#11 73.53 353.29 426.81 433 23.9 4.12×10−2

#12 68.16 209.09 277.25 284 22.2 5.45×10−2

#13 62.52 149.26 211.78 207 20.3 6.01×10−2
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3.5 Results

The following sections show the final number of selected events for the three analyses for the
various centre-of-mass energies.

3.5.1 Selected muon sample

The contribution from cosmics is estimated by applying to the data all muon selection criteria ex-
cept the cuts on the impact parameters|IPz| and|IPRφ|. Determining the values of|IPz|cosmic and
|IPRφ|cosmic within which all selected data are found, the number of cosmicsNcosmic is calculated
via:

Ncosmic =
Amuon

Acosmic − Amuon

· (Nobs,cosmic − Nobs,muon), (3.4)

whereAmuon is the “area” within which all data satisfying all muon selection criteriaNobs,muon

are found, i.e.Amuon = |IPz|muon · |IPRφ|muon = 2.0×0.04 cm2. Acosmic is the “area” within which
all data satisfying the cosmic selection criteriaNobs,cosmic are found. The data that pass the cosmic
cuts fulfill the conditions:|IPz|cosmic ≤ 8.0 cm and|IPRφ|cosmic ≤ 6.0 cm, henceAcosmic = 48 cm2.
In table 3.11 the values ofNcosmic are listed for the various centre-of-mass energies together with
those ofNobs,cosmic andNobs,muon.

Table 3.11: Number of cosmicsNcosmic determined from the number of data that satisfy the
muon selection criteriaNobs,muon and the number of data that satisfy the cosmic selection criteria
Nobs,cosmic for the various centre-of-mass energies.

√
s (GeV) Nobs,muon Nobs,cosmic Ncosmic

189 9 14 0.008± 0.004
192 2 4 0.003± 0.002
196 5 6 0.002± 0.002
200 6 6 0.000± 0.002
202 4 6 0.003± 0.002
205 1 1 0.000± 0.002

206.7 4 8 0.007± 0.003
189 - 206.7 31 45 0.023± 0.006

Table 3.12 contains the final number of selected events per contributing process and the number
of observed events for the centre-of-mass energies ranging from 189 to 206.7 GeV, while table
3.13 consists of the efficiencies for these energies. The results for the non-Creteµνµeνe final
state are obtained by subtracting the results from the Creteµνµeνe samples from the samples
that include allµνµeνe final states. The GRC4F samplelνl l̄ν̄l comprises the final statesµνµµ̄ν̄µ,
τντ τ̄ ν̄τ , µνµτντ , µµ̄νeν̄e, τ τ̄νeν̄e, µµ̄ντ ν̄τ andτ τ̄νµν̄µ. The final stateeēll̄ (l �= e) is a remnant of
the WPHACTγγ-like eēf f̄ (wphactncgg) sample.
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Table 3.13: Efficiencies for the muon analysis
for the various centre-of-mass energies.

√
s (GeV) efficiencyεµνµeνe (%)

189 50.4± 0.6
192 50.3± 0.6
196 50.5± 0.6
200 50.6± 0.6
202 49.9± 0.6
205 49.2± 0.6

206.7 49.2± 0.6
189 - 206.7 50.0± 0.2
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3.5.2 Selected electron sample

Table 3.14 contains the final number of selected events per contributing process and the number
of observed events for the centre-of-mass energies ranging from 189 to 206.7 GeV. The results
for the final stateeēνlν̄l (l �= e) are obtained by subtracting the GRC4F samples which include all
eνeeνe states from the GRC4F samples which include the final stateseēνlν̄l (l = e, µ or τ ). The
results for the non-Creteeνeeνe final state are obtained by subtracting the results from the Crete
eνeeνe samples from the samples that include alleνeeνe final states.
The efficiencies for the barrel and endcaps corresponding to the numbers in tables 3.14 and 3.15
are listed in table 3.16.

Table 3.16:Efficiencies for the electron analysis in the barrel and endcaps and their combined
efficiencies for the various centre-of-mass energies.

√
s (GeV) efficiencyεbarrel

eνeeνe
(%) efficiencyεendcaps

eνeeνe
(%) efficiencyεtotal

eνeeνe
(%)

189 35.8± 0.7 1.1± 0.2 37.0± 0.7
192 35.8± 0.7 1.3± 0.2 37.1± 0.7
196 36.6± 0.7 1.1± 0.2 37.7± 0.7
200 35.6± 0.7 1.2± 0.2 36.8± 0.7
202 36.1± 0.7 1.3± 0.2 37.4± 0.7
205 34.5± 0.7 1.2± 0.2 35.6± 0.7

206.7 34.7± 0.7 1.2± 0.2 35.9± 0.7
189 - 206.7 35.5± 0.3 1.2± 0.1 36.7± 0.3

3.5.3 Selected hadronic sample

Table 3.17 contains the final number of selected events per contributing process and the number
of observed events for the centre-of-mass energies ranging from 189 to 206.7 GeV and table 3.18
shows the corresponding efficiencies.
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Table 3.18:Efficiencies for the hadronic analysis
for the various centre-of-mass energies.

√
s (GeV) efficiencyεqq̄eνe (%)

189 21.0± 0.6
192 20.8± 0.6
196 20.0± 0.6
200 20.5± 0.6
202 19.8± 0.6
205 19.1± 0.6

206.7 20.8± 0.6
189 - 206.7 20.3± 0.2
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CHAPTER 4

Cross section analysis

This chapter presents the results for the singleW cross section measurement for the muon, elec-
tron and hadronic final states that are obtained from the leptonic and hadronic event selections
shown in the previous chapter.

4.1 Maximum Likelihood Technique

The maximum likelihood method is generally considered as an important technique of parameter
estimation. This method consists of finding the best set of estimations
̂α for the true values
α,
which maximises the joint probability density functionsf(xi|
α) for the independently measured
quantitiesxi, given by:

L(
α) =
∏

i

f(xi|
α), (4.1)

whereL is called the likelihood. In most cases it is more convenient to work with its natural
logarithm lnL. To find the maximum likelihood estimate of
α, one has to solve the likelihood
equation

∂lnL
∂αn

= 0, (4.2)

where the indexn runs over all parameters to be estimated.
For the cross section analysis presented in this chapter, Poisson distributions are needed for the
probability density functions in equation (4.1), which in general are given by:

P (n|µ) =
e−µµn

n!
; n ∈ N ; µ ∈ R ∧ µ ≥ 0, (4.3)

which define the probability to observen whenµ is expected.
The goal of the cross section analysis is to find the best value for the cross sectionσ from the
total number of observed eventsNobs,i and the cross section dependent total number of expected
eventsNexp,i(σ), where the indexi ranges over all performed measurements. Hence, the Poisson
distribution in equation (4.3) can be written as:

P (Nobs,i|Nexp,i(σ)) =
e−Nexp,i(σ)Nexp,i(σ)Nobs,i

Nobs,i!
. (4.4)
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It is usually more convenient to work with the negative natural logarithm -lnL. Therefore, deter-
mining the measured cross sectionσ corresponds to finding the minimum of:

-lnL(σ) =
∑

i

Nexp,i(σ) − Nobs,ilnNexp,i(σ) + lnNobs,i!. (4.5)

4.2 Cross section analysis

In order to get an idea how well one has measured a certain quantityq, one can introduce the
so-called “R-factor”, which is defined as follows:

R =
qexp

qtheor
; qtheor �= 0, (4.6)

whereqexp andqtheor are the experimental and theoretical values of the quantityq.
This R-factor can be used for the singleW cross section analysis, in which case equation (4.6)
can be written as:

RWeνe =
σexp

Weνe

σtheor
Weνe

. (4.7)

The measurement of this factor can be performed by determining the probabilityP (Nobs,i|RWeνe)
thatNobs,i events are observed, whileNexp,i(RWeνe) are expected:

P (Nobs,i|RWeνe) =
e−Nexp,i(RWeνe )Nexp,i(RWeνe)

Nobs,i

Nobs,i!
. (4.8)

The corresponding likelihood is thus given by:

L(RWeνe) =
∏

i

P (Nobs,i|RWeνe), (4.9)

where the indexi runs over the number of measurements.
What really is needed to determineRWeνe , is a probability density function (pdf)P (RWeνe |Nobs,i),
sinceNobs,i is given andRWeνe is not! This function can be constructed using Bayes’ theorem
[50]:

P (RWeνe |Nobs,i) = N0P (Nobs,i|RWeνe)P (RWeνe), (4.10)

whereN0 is a normalisation factor andP (RWeνe) is the Bayesian prior function of the possi-
ble values ofRWeνe . Since the singleW cross section is supposed to be positive definite, this
normalised prior function can be described as follows:

P (RWeνe) =

{
0 RWeνe < 0

1/Rmax 0 ≤ RWeνe ≤ Rmax.
(4.11)

The total normalised probability density function, obtained from the probability density functions
P (RWeνe |Nobs,i), provides information to answer the question what the best value ofRWeνe is.
The following approach has been applied ([51]):
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• central value: the median of the normalised pdfRmed
Weνe

defines the central value.

• upper and lower value: the upper(lower) value of the confidence level (CL) interval is
defined by the value ofRWeνe for which 15.87% of the normalised pdf lies above(below)
this value.

• upper limit: if less than 31.74% of the normalised pdf lies below the value ofRWeνe for
which this pdf is maximal (Rmax

Weνe
), an upper limit is given, which is defined as the value

for which 5% of the normalised pdf lies above this limit (95% CL).

It should be pointed out that the medianRmed
Weνe

is alwayslarger thanRmax
Weνe

, which results from
the fact that Poisson distributions satisfy the following criteria, whenµ is expected andn is given:

most likely value of µ : µmax = n

expectation value of µ : < µ >= n + 1. (4.12)

In the next subsections the results from the singleW measurements for the different decay chan-
nels are given.

4.2.1 Muon analysis

As an example of the approach explained in the previous section, figure 4.1 shows the -∆2lnL
distribution and the pdf as a function ofRµνµeνe at

√
s = 189 GeV and at

√
s = 205 GeV. For the

first centre-of-mass energy, a central value and upper and lower errors can be obtained, while for
the second centre-of-mass energy only an upper limit can be deduced. The -∆2lnL distribution
is obtained from the “standard” -lnL distribution by multiplying the latter distribution by 2 and
applying such a bias that the minimum of the distribution coincides with 0.
The -∆2lnL distributions and the corresponding probability density distributions as a function
of Rµνµeνe for all energies ranging from 189 to 206.7 GeV and their combined distribution for√

s = 189 - 206.7 GeV can be found in appendix A.1. The latter distribution is, of course,
obtained by adding the -∆2lnL distributions from the seven centre-of-mass energies. In table 4.1
the medians and upper and lower values are shown for these pdfs together with the experimental
cross sections and their statistical and systematic errors and the theoretical cross sections. These
theoretical cross sections have been obtained using the generator GRC4F, which has also been
used to determine the theoretical cross sections for the other two final states. At

√
s = 205 GeV

only an upper limit has been listed for these quantities. The systematic errors of this final state
and the other two final states are discussed in more detail in section 4.3.

4.2.2 Electron analysis

Since the selection of electron events has been split into one for the barrel and one for the end-
caps, the cross section analysis is also separated for these two regions. In table 4.2 the medians
and upper and lower values are shown for the pdfs for all energies ranging from 189 to 206.7 GeV
and their combined distribution for

√
s = 189 - 206.7 GeV together with the experimental cross

sections and their statistical and systematic errors for the barrel. The statistics for the endcaps is
too low, giving rise to very large upper limits (several hundreds of fb), which are not very mean-
ingful. Therefore, no numbers are listed in table 4.2 for the endcaps.
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Figure 4.1:Figure a) shows the -∆2lnL distribution as a function ofRµνµeνe for the muon analysis
at

√
s = 189 GeV and figure b) indicates the corresponding probability density function. The

dotted line in figure b) indicates the most likely value of the pdfRmax
µνµeνe

, thus the minimum of the
-∆2lnL distribution, which is clearly smaller than the median of the pdfRmed

µνµeνe
being represented

by the solid line in the light shaded area. The two white areas below the pdf each account for
15.87% of the pdf. Figure c) and d) show the same distributions at

√
s = 205 GeV for which

energy point only an upper limit can be deduced. The grey area below the pdf accounts for 5% of
the pdf.
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Table 4.1:Values forRµνµeνe andσexp
µνµeνe

including the upper and lower errors and systematic
errors and theoretical cross sectionsσtheor

µνµeνe
for the various centre-of-mass energies. At

√
s = 205

GeV only an upper limit is listed.

√
s (GeV) Rµνµeνe σexp

µνµeνe
(fb) σtheor

µνµeνe
(fb)

189 1.03+0.38
−0.33±0.06 80+29

−26±4 77.6

192 1.82+1.25
−0.91±0.05 148+101

−74 ±4 81.1

196 1.30+0.56
−0.46±0.04 114+49

−40±4 87.8

200 1.28+0.51
−0.42±0.04 119+47

−39±4 92.6

202 1.74+0.86
−0.68±0.06 168+83

−66±6 96.4

205 <0.63±0.05 <64±5 101.0

206.7 0.66+0.40
−0.32±0.04 69+42

−33±4 103.9

189 - 206.7 0.88+0.18
−0.16±0.05

By adding the number of observed events and the number of expected signal and background
events for the barrel and endcaps, corresponding values can be obtained for the total electron
analysis, resulting in the -∆2lnL distributions and the corresponding probability density distri-
butions as a function ofRtotal

eνeeνe
that can be found in appendix A.2. The values for the median

Rtotal
eνeeνe

and cross sectionσexp,total
eνeeνe

for the different centre-of-mass energies are listed in table 4.2.

4.2.3 Hadronic analysis

TheR-factor definition has also been applied to the hadronic analysis. The -∆2lnL distributions
and the corresponding probability density distributions as a function ofRqq̄eνe for all energies
ranging from 189 to 206.7 GeV and their combined distribution for

√
s = 189 - 206.7 GeV can be

found in appendix A.3. In table 4.3 the medians and upper and lower values are shown for these
pdfs together with the experimental cross sections and their statistical and systematic errors and
the theoretical cross sections.
From the distributions of the acceptance probabilitiesPacc for the data, signal and background as
described in section 3.4, one can construct the ratior defined by:

r =
Nobs − Nbkgr

Nsig

, (4.13)

whereNsig, Nbkgr andNobs are the number of expected signal and background events and the
number of observed events respectively. This ratior gives an indication of the discrepancy be-
tween the measurement and the expectation of theR-factor. Figure 4.2 shows this ratio for the
years 1998 - 2000 combined, where the shaded area takes into account the 5% systematic error
on the background cross section as will be explained in section 4.3.
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Table 4.2:Values forRbarrel
eνeeνe

, σexp,barrel
eνeeνe

, Rtotal
eνeeνe

andσexp,total
eνeeνe

including the upper and lower errors
or upper limits and systematic errors and theoretical cross sections for the various centre-of-mass
energies.

√
s (GeV) Rbarrel

eνeeνe
σexp,barrel

eνeeνe
(fb) σtheor,barrel

eνeeνe
(fb)

189 0.73+0.45
−0.36±0.16 43+26

−21±9 58.4

192 <3.96±0.14 <238±9 60.0

196 <1.41±0.14 <90±9 64.0

200 0.88+0.60
−0.47±0.15 60+41

−32±10 68.3

202 <1.12±0.11 <79±8 70.6

205 1.06+0.70
−0.55±0.17 77+51

−40±12 72.5

206.7 1.23+0.64
−0.52±0.14 93+48

−39±10 75.5

189 - 206.7 0.63+0.21
−0.20±0.15

√
s (GeV) Rtotal

eνeeνe
σexp,total

eνeeνe
(fb) σtheor,total

eνeeνe
(fb)

189 0.66+0.43
−0.35±0.17 52+34

−27±13 78.2

192 <3.77±0.16 <296±13 78.4

196 0.76+0.61
−0.45±0.15 65+53

−39±13 86.1

200 0.81+0.57
−0.45±0.16 75+53

−42±15 92.4

202 <1.08±0.12 <101±12 93.9

205 1.00+0.68
−0.53±0.16 97+66

−52±16 97.4

206.7 1.17+0.62
−0.50±0.14 119+63

−51±14 101.7

189 - 206.7 0.63+0.21
−0.20±0.16

The measuredR-factor atPacc = 0.80, the chosen working point for the event selection as de-
scribed in section 3.4, agrees well within 1 standard deviation (1σ) with the expected value
of 1.
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Table 4.3:Values forRqq̄eνe andσexp
qq̄eνe

including the upper and lower errors and systematic errors
and theoretical cross sectionsσtheor

qq̄eνe
for the various centre-of-mass energies. At

√
s = 192 and

200 GeV only an upper limit is quoted.

√
s (GeV) Rqq̄eνe σexp

qq̄eνe
(pb) σtheor

qq̄eνe
(pb)

189 1.28+0.35
−0.34±0.14 0.62+0.17

−0.17±0.07 0.487

192 <1.19±0.14 <0.61±0.07 0.512

196 2.25+0.56
−0.51±0.15 1.24+0.31

−0.28±0.08 0.552

200 <0.86±0.13 <0.51±0.12 0.589

202 0.78+0.56
−0.45±0.12 0.47+0.34

−0.27±0.07 0.609

205 0.62+0.40
−0.34±0.13 0.40+0.26

−0.22±0.08 0.638

206.7 1.11+0.38
−0.35±0.11 0.73+0.25

−0.23±0.07 0.655

189 - 206.7 0.93+0.17
−0.16±0.13
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 r Figure 4.2:Ratior for the energies
√

s = 189
- 206.7 GeV after having applied all selec-
tion criteria defined in the previous chapter.
The shaded area, ranging from1− 0.05Nbkgr

Nsig
to

1+
0.05Nbkgr

Nsig
, takes into account the total sys-

tematic error on the background cross sec-
tion, which is equal to 5%.

4.3 Systematic uncertainties

One of the contributions to the systematic uncertainty is due to the limited MC statistics for the
signal and the background. The signal cross sections are known with a theoretical accuracy of
5%, computed with WPHACT and GRC4F. The cross sections of the main background processes
for both the hadronic and the leptonic analysis, the 4-fermion final states coming fromWW and
ZZ, are known with theoretical accuracies of respectively 0.5% from RacoonWW [52] and YF-
SWW [53] and 1% from YFSZZ [54].
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Compton events andνν̄(γ) form the most important 2-fermion contribution for the electron anal-
ysis, whileµ+µ−(γ) are the most significant 2-fermion background for the muon analysis. All
corresponding cross sections have typical theoretical uncertainties of the order of 1%.
For the hadronic analysis,qq̄(γ) produce the largest contribution after the beforementioned 4-
fermion final states. Uncertainties due to fragmentation modelling are accounted for by assuming
a 5% error on this QCD background [55].
The total systematic error on the background cross section due to the effects listed before amounts
conservatively to 10% for the muon analysis, 20% and 30% for the barrel and endcaps electron
analyses and 5% for the hadronic analysis.
As has been mentioned in section 3.1, the integrated luminosities after the run quality selection
are known with an error of 6�, which causes a small systematic effect on the cross sections.
For the leptonic analyses, the corresponding muon and electron identification efficienciesεµ and
εe contribute to the total systematic error.
The muon identification efficiencyεµ can be determined by making use of the two independent
muon tags for the muon identification in the hadron calorimeter and the muon chambers, which
give rise to muon identification efficienciesεHCAL

µ andεMUC
µ respectively. These last two efficien-

cies are defined in the following way:

εHCAL
µ =

NHCAL∗MUC
µ

NMUC
µ

and εMUC
µ =

NHCAL∗MUC
µ

NHCAL
µ

, (4.14)

whereNMUC
µ is the number of tight and standard muons in the MUC,NHCAL

µ is the number of
muons in the HCAL andNHCAL∗MUC

µ is the number of tight and standard muons in both the
HCAL and the MUC. These efficiencies can be obtained from figure 4.3, which shows the muon
identification tag for the years 1998 - 2000 combined after having applied all selection criteria as
defined in the previous chapter. The data are shown in the upper part and the combined contribu-
tion from theµνµeνe sample that includes all diagrams and theµ+µ− sample is indicated in the
lower part of the figure, giving rise to the following results:
εHCAL

µ,data = 87.1± 6.0%, εHCAL
µ,MC = 79.5± 7.6%, εMUC

µ,data = 77.1± 7.1% andεMUC
µ,MC = 86.0± 6.8%.

The muon identification efficiencyεµ can be constructed from these muon identification efficien-
cies via:

εµ = 1 − (1 − εMUC
µ )(1 − εHCAL

µ ). (4.15)

Therefore, the following results for the data and MC are obtained using the abovequoted results:
εµ,data = 97.1± 1.8% andεµ,MC = 97.1± 1.9%, within errors nicely in agreement with each other.
A systematic error of 2.6% for the muon identification efficiency is therefore being assigned.
The electron identification efficiency is deduced from events that have passed the complete track
selection as described in section 3.3 and whose single charged track has deposited more than 10
GeV in the HPC or EMF and with a total energy deposition in the electromagnetic calorimeters
not related to the charged track smaller than 5 GeV. This sample contains especially Comptons
and therefore, it is a pure electron sample on which no electron identification has been applied.
Two separate efficiencies are defined for the barrel and endcaps:

εe,region =
Ntight,region

Ntot,region

, (4.16)
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Figure 4.3: Muon identification tag for the
data (top) and the combined contribution
from theµνµeνe sample that includes all dia-
grams and theµ+µ− sample (bottom) for the
years 1998 - 2000 combined after having ap-
plied all selection criteria as defined in the
previous chapter.

whereNtight,region is the number of tight electrons in a certain region out of the total number
Ntot,region, where “region” represents either “barrel” or “endcaps”.
Figure 4.4 shows the distributions of the electron identification tag for events from this sample
for the barrel and endcaps for the years 1998 - 2000 combined.
The following efficiencies can be deduced from figure 4.4:
εbarrel

e,data = 92.3± 0.8%, εbarrel
e,MC = 93.8± 0.7%, εendcaps

e,data = 95.2± 1.2% andεendcaps
e,MC = 88.7± 1.4%,

which results in a systematic error of 2.0% for the barrel and 7.5% for the endcaps.

This sample has also been used in determining the relative tracking efficiency for electrons (see
section 3.3.2). This relative tracking efficiency also gives rise to a systematic uncertainty and
corresponds with 3% for the barrel and 10% for the endcaps.

For the hadronic analysis, it is important to know precisely the energies of the jets and other
related quantities. The resolution on the invariant mass of two jets, applying a no constrained fit,
σE

E
= 11% ([56]). In order to compensate for the mismatch between data and MC in this distribu-

tion of about 10%, a smearing of 5% is applied to the abovementioned quantities, which makes
the efficiencyε change from 20.35% to 20.03% and the purityp change from 29.52 to 29.48,
considering the years 1998 - 2000 combined.
The effect of all uncertainties mentioned before on the measurement of the muon, electron and
hadronic cross sections and theirR-factors at

√
s = 189 GeV are listed in tables 4.4, 4.5 and 4.6

respectively. The superscript “exp” for the indication of the experimental cross sections that ap-
peared in the previous section will be left out from now on for convenience. The total systematic
errors for this centre-of-mass energy and the other centre-of-mass energies can be found in tables
4.1, 4.2 and 4.3. Figures 4.5, 4.6 and 4.7 show the dependence of theR-factor and the cross
section on the centre-of-mass energies for the years 1998 - 2000 combined, including both the
statistical and systematic errors, for the muon, electron and hadronic analyses respectively.
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Figure 4.4:Electron identification tag for the barrel (a)) and endcaps (b)) for the data and Comp-
ton and Bhabha events for the years 1998 - 2000 combined. Events in these distributions have
passed the complete track selection with a single charged track that has deposited more than 10
GeV in the HPC or EMF and with a total energy deposition in the electromagnetic calorimeters
not related to the charged track smaller than 5 GeV.

In case of a central value, the total error in these plots is obtained from the sum in quadrature
of the statistical and systematic components. In case of an upper limit, the starting point of the
arrow in these plots is obtained from the sum in quadrature of the upper limit and the systematic
error.

Table 4.4:Contributions of the uncertainties described in the text to the systematic error on the
R-factor and cross section for the muon analysis at

√
s = 189 GeV.

systematic effect ∆Rµνµeνe ∆σµνµeνe (fb)

∆σbkgr,µνµeνe ±10% ±0.06 ±4
luminosityL ±6� ±0.01 ±1
identification efficiency∆εµ ±2.6% ±0.02 ±1
total ±0.06 ±4
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Table 4.5:Contributions of the uncertainties described in the text to the systematic error on the
R-factor and cross section for the barrel and total electron analyses at

√
s = 189 GeV.

systematic effect ∆Rbarrel
eνeeνe

∆σbarrel
eνeeνe

(fb) ∆Rtotal
eνeeνe

∆σtotal
eνeeνe

(fb)

∆σbarrel
bkgr,eνeeνe

±20% /
∆σendcaps

bkgr,eνeeνe
±30%

±0.16 ±9 ±0.17 ±13

luminosityL ±6� ±0.01 0 ±0.01 ±1
identif. effic.∆εe,barrel ±2.0% /
identif. effic.∆εe,endcaps ±7.5%

±0.02 ±1 ±0.02 ±2

track. effic.∆εtrack,e,barrel ±3% /
track. effic.∆εtrack,e,endcaps ±10%

±0.03 ±1 ±0.03 ±2

total ±0.16 ±9 ±0.17 ±13

Table 4.6:Contributions of the uncertainties described in the text to the systematic error on the
R-factor and cross section for the hadronic analysis at

√
s = 189 GeV.

systematic effect ∆Rqq̄eνe ∆σqq̄eνe (pb)

∆σbkgr,qq̄eνe ±5% ±0.13 ±0.06
luminosityL ±6� ±0.03 ±0.01
smearing+5% +0.05 +0.02
total ±0.14 ±0.07

0

0.5

1

1.5

2

2.5

3

3.5

185 190 195 200 205 210

√s (GeV)

R
µν

eν

a)

0

50

100

150

200

250

300

350

185 190 195 200 205 210

GRC4F v43

GRC4F v43 ± 5%

√s (GeV)

σ µν
eν

 (
fb

)

b)

Figure 4.5: Dependence of theR-factor (a)) and the cross section (b)) of the Crete final state
µνµeνe on the centre-of-mass energies for the years 1998 - 2000 combined.
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Figure 4.7: Dependence of theR-factor (a)) and the cross section (b)) of the Crete final state
qq̄eνe on the centre-of-mass energies for the years 1998 - 2000 combined.
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4.4 SingleW cross section

The singleW cross sectionσWeνe is obtained by adding the contributions from the electron, muon
and hadronic analyses in the following way, assumingµ − τ universality:

σWeνe = σeνeeνe + 2σµνµeνe + σqq̄eνe . (4.17)

The factor 2 from equation (4.17) is taken into account by broadening the -∆2lnL distribution
from the muon analysis with respect to the minimum by a factor 2. Adding this distribution
with the ones from the electron and hadronic analyses results in values of theR-factor RWeνe

and the experimental cross sectionσWeνe of the singleW final state for the various centre-of-
mass energies that are listed in table 4.7, which includes their statistical and systematic errors
and theoretical cross sections. The corresponding -∆2lnL distributions and pdfs can be seen in
appendix A.4. For the calculation of the systematic errors, the uncertainty from the luminosity is
treated as correlated error between the muon, the electron and hadronic analyses, while all other
discussed systematic effects are taken as uncorrelated. TheR-factor and cross section results are
represented in graphical form in figure 4.8.
This method is model-dependent, since it is assumed that the branching ratios of the electron,
the muon and the hadrons follow the SM values, which makes it possible to add the -∆2lnL
distributions of the three analyses as explained just before.

Table 4.7:Values forRWeνe andσWeνe including the upper and lower errors and systematic errors
and theoretical cross sectionsσtheor

Weνe
for the various centre-of-mass energies for the singleW final

state. At
√

s = 192 and 202 GeV only an upper limit is quoted.

√
s (GeV) RWeνe σWeνe (pb) σtheor

Weνe
(pb)

189 1.02+0.26
−0.25±0.04 0.73+0.19

−0.18±0.03 0.720

192 <1.20±0.04 <0.90±0.03 0.753

196 1.64+0.40
−0.38±0.03 1.33+0.33

−0.31±0.02 0.813

200 0.47+0.28
−0.24±0.03 0.41+0.24

−0.21±0.02 0.866

202 <1.07±0.04 <0.96±0.03 0.895

205 0.51+0.30
−0.25±0.04 0.48+0.28

−0.23±0.03 0.937

206.7 1.03+0.28
−0.27±0.03 0.99+0.27

−0.26±0.02 0.964

189 - 206.7 0.83+0.12
−0.12±0.03
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Figure 4.8:Dependence of theR-factor (a)) and the cross section (b)) of the Crete singleW final
state on the centre-of-mass energies for the years 1998 - 2000 combined.

4.5 Forward-backward asymmetry

For the leptonic case, it is interesting to investigate in which direction the leptons tend to traverse
the detector in view of the TGC analysis that is discussed in the next chapter: is there a preference
for the forward direction (θl ≤ 90◦; (l = e or µ)), for the backward direction (θl > 90◦) or is there
no preferred direction?
The distribution of -Qlcosθl, whereQl is the charge of the lepton, is used to examine this be-
haviour.

4.5.1 Muon analysis

Figure 4.9 shows the distribution of dσ
d(−Qµcosθµ)

coming from theµνµeνe final state, both for all

diagrams and the Crete subset, at generator level at
√

s = 189 GeV. It is clear from the figure
that the muons that satisfy the Crete definition have a small preference for going in the forward
direction, while this behaviour is much more visible for the other muons.

The final number of events in the forward direction that have passed the muon selection criteria
that have been explained in the previous chapter are listed in table 4.8, while the results for the
backward direction can be found in table 4.9. The efficiencies for the forward and backward
direction are the same within the statistical error for the various centre-of-mass energies.

The abovelisted results give rise to theR-factors and cross sections for the forward and backward
directions that are summarised in table 4.10 and depicted in figure 4.10.
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Figure 4.9:Distributions of dσ
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level at
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83



4.5 Forward-backward asymmetry Cross section analysis
Ta

bl
e

4.
8:

N
um

be
r

of
se

le
ct

ed
ev

en
ts

in
th

e
fo

rw
ar

d
di

re
ct

io
n

pe
r

co
nt

rib
ut

in
g

pr
oc

es
s

an
d

nu
m

be
r

of
ob

-
se

rv
ed

ev
en

ts
fo

r
th

e
va

rio
us

ce
nt

re
-o

f-
m

as
s

en
er

gi
es

fo
r

th
e

m
uo

n
an

al
ys

is
.

√
s

(G
eV

)
nu

m
be

r
of

ev
en

ts
18

9
19

2
19

6
20

0
20

2
20

5
20

6.
7

18
9

-
20

6.
7

N
µ
ν

µ
eν

e
,C

re
te

3.
42

±
0.

07
0.

56
±

0.
01

1.
72
±

0.
04

1.
99
±

0.
04

1.
01
±

0.
02

1.
82
±

0.
04

2.
18
±

0.
05

12
.6

9
±

0.
11

N
µ
ν

µ
eν

e
,n

o
n
−

C
re

te
0.

44
±

0.
25

0.
14
±

0.
04

0.
31
±

0.
13

0.
32
±

0.
15

0.
24
±

0.
08

0.
50
±

0.
14

0.
47
±

0.
17

2.
42

±
0.

40
N

τ
ν

τ
eν

e
0.

28
±

0.
07

0.
03
±

0.
01

0.
10
±

0.
03

0.
14
±

0.
04

0.
06
±

0.
02

0.
12
±

0.
03

0.
16
±

0.
04

0.
89

±
0.

10
N

lν
ll̄

ν̄
l

1.
01

±
0.

15
0.

13
±

0.
02

0.
40
±

0.
07

0.
48
±

0.
08

0.
33
±

0.
05

0.
46
±

0.
07

0.
54
±

0.
08

3.
35

±
0.

22
N

µ
+

µ
−

0.
37

±
0.

10
0.

06
±

0.
01

0.
17
±

0.
03

0.
17
±

0.
03

0.
10
±

0.
02

0.
19
±

0.
03

0.
13
±

0.
03

1.
20

±
0.

12
N

τ
+

τ
−

0.
03

±
0.

03
0.

00
±

0.
00

0.
00
±

0.
00

0.
03
±

0.
02

0.
02
±

0.
01

0.
00
±

0.
00

0.
00
±

0.
00

0.
08

±
0.

04
N

eē
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Table 4.10:Values forRforw
µνµeνe

, σforw
µνµeνe

, Rbackw
µνµeνe

andσbackw
µνµeνe

including the upper and lower errors
or upper limits and systematic errors and theoretical cross sections for the various centre-of-mass
energies.

√
s (GeV) Rforw

µνµeνe
σforw

µνµeνe
(fb) σtheor,forw

µνµeνe
(fb)

189 0.93+0.52
−0.43±0.07 41+23

−19±3 44.0

192 <2.68±0.06 <122±3 45.7

196 1.37+0.84
−0.65±0.06 67+41

−32±3 49.1

200 1.11+0.73
−0.56±0.06 56+37

−28±3 50.6

202 2.57+1.45
−1.12±0.09 137+77

−60±5 53.4

205 <1.25±0.08 <69±4 55.5

206.7 <1.06±0.06 <60±3 56.4

189 - 206.7 0.66+0.23
−0.22±0.07

√
s (GeV) Rbackw

µνµeνe
σbackw

µνµeνe
(fb) σtheor,backw

µνµeνe
(fb)

189 1.29+0.63
−0.50±0.04 43+21

−17±1 33.6

192 4.95+2.83
−2.06±0.05 175+100

−73 ±2 35.4

196 1.44+0.85
−0.62±0.02 56+33

−24±1 38.7

200 1.65+0.79
−0.61±0.02 69+33

−26±1 42.0

202 <3.20±0.03 <138±1 43.0

205 <0.93±0.02 <42±1 45.5

206.7 1.55+0.77
−0.59±0.03 74+37

−28±1 47.5

189 - 206.7 1.17+0.28
−0.24±0.03
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Figure 4.10:Dependence of theR-factor and the cross section of the Crete final stateµνµeνe on
the centre-of-mass energies for the years 1998 - 2000 combined for the forward and backward
directions.

86



Cross section analysis 4.5 Forward-backward asymmetry

4.5.2 Electron analysis

Figure 4.11 indicates the distribution of dσ
d(−Qecosθe)

coming from theeνeeνe final state, both for
all diagrams and the Crete subset, at generator level at

√
s = 189 GeV. One can conclude from

the figure that electrons that satisfy the Crete definition have a small preference for going in the
forward direction, while the other electrons prefer more to go into this direction.
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Figure 4.11: Distributions of dσ
d(−Qecosθe)

coming from theeνeeνe final state, both for
all diagrams and the Crete subset, at genera-
tor level at

√
s = 189 GeV.

The same procedure as for the muons is repeated for the electron analysis, which results in the
number of events that are represented in tables 4.11 and 4.12.
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eē
ν

lν̄
l
(l
�=

e)
0.

97
±

0.
37

0.
19
±

0.
06

0.
70
±

0.
19

0.
57
±

0.
23

0.
19
±

0.
11

0.
51
±

0.
20

0.
64
±

0.
23

3.
77

±
0.

58
N

C
o
m

p
to

n
0.

00
±

0.
00

0.
00
±

0.
00

0.
00
±

0.
00

0.
04
±

0.
04

0.
00
±

0.
00

0.
00
±

0.
00

0.
00
±

0.
00

0.
04

±
0.

04
N

ν
lν̄

l(
γ
)

0.
59

±
0.

20
0.

05
±

0.
03

0.
16
±

0.
04

0.
10
±

0.
05

0.
06
±

0.
04

0.
11
±

0.
04

0.
15
±

0.
06

1.
21

±
0.

23
N

τ
+

τ
−

0.
00

±
0.

00
0.

00
±

0.
00

0.
00
±

0.
00

0.
00
±

0.
00

0.
00
±

0.
00

0.
00
±

0.
00

0.
01
±

0.
01

0.
01

±
0.

01
N

ex
p
ec

te
d

3.
87

±
0.

48
0.

54
±

0.
08

1.
92
±

0.
22

2.
21
±

0.
27

0.
95
±

0.
13

2.
04
±

0.
24

2.
41
±

0.
28

13
.9

4
±

0.
72

N
o
b
se

rv
ed

2
0

2
2

0
1

3
10

88



Cross section analysis 4.5 Forward-backward asymmetry

These number of events and efficiencies lead to theR-factors and cross sections for the forward
and backward directions that are listed in table 4.13 and depicted in figure 4.12. In determining
the systematic errors, it is assumed that the total systematic error on the background cross section
∆σbkgr,eνeeνe = 22%, the electron identification efficiency∆εe = 3.5% and the tracking efficiency
∆εtrack,e = 5%.

Table 4.13:Values forRforw
eνeeνe

, σforw
eνeeνe

, Rbackw
eνeeνe

andσbackw
eνeeνe

including the upper and lower errors
or upper limits and systematic errors and theoretical cross sections for the various centre-of-mass
energies.

√
s (GeV) Rforw

eνeeνe
σforw

eνeeνe
(fb) σtheor,forw

eνeeνe
(fb)

189 1.10+0.68
−0.53±0.16 48+30

−23±7 43.8

192 <7.46±0.19 <322±8 43.1

196 <1.99±0.14 <95±7 47.7

200 <2.25±0.19 <114±9 50.6

202 <2.01±0.16 <104±8 51.8

205 1.76+1.12
−0.85±0.18 93+59

−45±10 52.8

206.7 0.96+0.78
−0.55±0.12 53+43

−30±7 55.4

189 - 206.7 0.74+0.30
−0.26±0.16

√
s (GeV) Rbackw

eνeeνe
σbackw

eνeeνe
(fb) σtheor,backw

eνeeνe
(fb)

189 <1.50±0.21 <52±7 34.4

192 <4.54±0.19 <160±7 35.3

196 1.42+1.13
−0.82±0.18 55+43

−31±7 38.4

200 1.15+0.99
−0.70±0.18 48+41

−29±8 41.8

202 <2.31±0.20 <97±8 42.1

205 <2.23±0.20 <99±9 44.6

206.7 1.72+1.10
−0.85±0.19 80+51

−39±9 46.3

189 - 206.7 0.52+0.31
−0.26±0.19
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Figure 4.12:Dependence of theR-factor and the cross section of the Crete final stateeνeeνe on
the centre-of-mass energies for the years 1998 - 2000 combined for the forward and backward
directions.
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Cross section analysis 4.6 Conclusions

4.6 Conclusions

From the different analyses, the conclusion can be drawn that theR-factor values and cross sec-
tion results are generally in good agreement with their SM expectations. In case of upper limits,
these SM values are usually not excluded.
For the calculation of theR-factor from the singleW analysis for the years 1998 - 2000 combined,
the following result is obtained:

RWeνe = 0.83± 0.12(stat)± 0.03(syst).
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CHAPTER 5

TGC analysis

This chapter presents the results of the TGC measurements for the muon, electron and hadronic
final states that are obtained from the leptonic and hadronic event selections as described in
chapter 3.

5.1 TGC analysis

The TGC analysis follows the same procedure in finding the best value for the couplingα (α =
∆κγ, λγ or ∆gZ

1 ) as the cross section analysis described in section 4.1, but in this case the cross
sectionσ gets a dependence on the couplingα: σ = σ(α).
The best measured couplingα is thus obtained by finding the minimum of:

-lnL(α) =
∑

i

Nexp,i(α) − Nobs,ilnNexp,i(α) + lnNobs,i!. (5.1)

The value of the couplingα can obtaina priori any real number, contrary to the value of the
cross sectionσ. The prior functionP (α) is a constant function over the whole parameter space
and it is therefore completely justified to obtain from the -∆2lnL distribution the best value and
its errors forα. In such a distribution, the horizontal line of the 1σ error cuts the vertical axis
at 1, interpreting the distribution as aχ2-distribution. In case of a distribution with most likely
valueαmax, the probability that the couplingα lies in the interval [αmax - δ1,1σ, αmax + δ2,1σ],
with -∆2lnL(αmax - δ1,1σ) = -∆2lnL(αmax + δ2,1σ) = 1, equals 68.27%; the confidence level CL
= 68.27%. For convenience, this confidence level will be referred to as “CL = 68%” in the rest
of this thesis. The horizontal line of the 2σ error intersects the vertical axis at 4: the probability
that the couplingα lies in the interval [αmax - δ3,2σ, αmax + δ4,2σ], with -∆2lnL(αmax - δ3,2σ) =
-∆2lnL(αmax + δ4,2σ) = 4, corresponds with the case “CL = 95%”.
In some cases the -∆2lnL distribution shows the appearance of two minima, which can become
clearly visible for the coupling∆κγ. For this coupling, the minima of thet-channel cross sec-
tions of theeνeeνe, µνµeνe andqq̄eνe final states are located around -1 (see figures 1.4a), 1.5a)
and 1.6a) respectively), while a measurement that favours the SM value, i.e.Nobs = Nexp(∆κγ =
0.0), introduces two minima in the -∆2lnL distribution: one minimum around∆κγ = -2.0 and
one minimum at∆κγ = 0.0. In general, this shape of the -∆2lnL distribution is not observed for
the couplingsλγ and∆gZ

1 , since for these couplings the minima of thet-channel cross sections of
theeνeeνe, µνµeνe andqq̄eνe final states are situated at their SM values (see figures 1.4b), 1.4c),
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5.1 TGC analysis TGC analysis

1.5b), 1.5c), 1.6b) and 1.6c)).

The expressions forNexp,i(α) from equation (5.1) for the different TGC analyses are obtained
by simulating events for the TGC dependent contributions at the valuesα = -2.0, -1.0, 0.0, 1.0
and 2.0. Contrary to the singleW cross section analysis, one does not make use of a signal
sample that satisfies the Crete definition. The simulated samples contain not only the diagrams
corresponding to this definition, but also all other diagrams. The corresponding number of events
that pass one of the event selections presented in chapter 3 is given by:

Nproc(α) = Lεproc(α)σproc(α), (5.2)

whereL is the total integrated luminosity for a certain year after having applied the run selection,
εproc(α) is the efficiency andσproc(α) is the cross section of the process under consideration. The
selection criteria cause the contributions from the TGC dependents-channel diagrams nearly to
be excluded. Hence,Nproc(α) gets its TGC dependence almost only from the singleW fusion
diagrams, which aret-channel diagrams. The SM resultsNproc(0.0) have already been quoted
in chapter 3 for the different contributing processes. The final expression forNexp,i(α) in equa-
tion (5.1) is acquired by fitting second order polynomials to these TGC dependent contributions
Nproc(α) and adding these parametrisations to the possible TGC independent contributions.
In the following three subsections, the results from the muon, electron and hadronic analyses are
presented respectively.

5.1.1 Muon analysis

As has been described in chapter 3, the following final states contribute to the total number of
expected events:µνµeνe, τντeνe, lνl l̄ν̄l, µ+µ−, τ+τ−, eēll̄ (l �= e) and cosmics. The first three
contributions are TGC dependent: they get TGC contributions from thes-channel andt-channel.
Theµνµeνe andτντeνe final states contain TGC dependent singleW diagrams, while thelνl l̄ν̄l

final state gets itst-channel TGC dependence via the production of a singleZ and singleγ from
the final statesµµ̄νeν̄e andτ τ̄νeν̄e. The diagrams for the production of a singleZ and singleγ can
be obtained from the singleW fusion diagram as depicted in figure 1.3 by reversing the outgoing
W and virtualZ/γ, leading to aZνeν̄e andγνeν̄e final state.
The cross sections and the number of selected events per contribution at

√
s = 189 GeV as a

function of the couplings∆κγ, λγ and∆gZ
1 are listed in tables 5.1, 5.2 and 5.3 respectively. The

SM values are the same as the ones quoted in table 3.12.
The second order polynomial fits to the TGC dependent contributions from tables 5.1, 5.2 and
5.3 are listed in figures 5.1, 5.3 and 5.5 respectively, together with the TGC independent back-
groundsµ+µ−, τ+τ−, eēll̄ (l �= e) and cosmics. The total number of expected events and the
corresponding -∆2lnL distributions are represented in figures 5.2, 5.4 and 5.6 for the couplings
∆κγ, λγ and ∆gZ

1 respectively. Note that the ranges along the horizontal axes differ for the
-∆2lnL distributions.

Differential distributions

Until now, only the TGC dependence of the cross section has been included in the analysis. The
influence of the possible TGC dependence of differential distributions has not been investigated
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Table 5.1:Cross sections and number of selected events per contributing process at
√

s = 189
GeV as a function of∆κγ for the muon analysis.

value of∆κγ

process -2.0 -1.0 0.0 1.0 2.0

σµνµeνe (pb) 0.700 0.535 0.526 0.671 0.955
Nµνµeνe 5.86± 0.35 2.60± 0.20 6.85± 0.32 18.08± 0.54 36.20± 0.88

στντ eνe (pb) 0.621 0.476 0.472 0.606 0.872
Nτντ eνe 0.26± 0.08 0.18± 0.06 0.47± 0.09 1.19± 0.16 2.18± 0.25

σlνl l̄ν̄l
(pb) 1.209 1.003 0.899 0.905 1.014

Nlνl l̄ν̄l
1.67± 0.23 1.26± 0.18 1.15± 0.16 1.28± 0.17 1.35± 0.19

σµ+µ− (pb) 9.2 9.2 9.2 9.2 9.2
Nµ+µ− 0.60± 0.13 0.60± 0.13 0.60± 0.13 0.60± 0.13 0.60± 0.13

στ+τ− (pb) 8.2 8.2 8.2 8.2 8.2
Nτ+τ− 0.07± 0.05 0.07± 0.05 0.07± 0.05 0.07± 0.05 0.07± 0.05

σeēll̄ (pb) 58.50 58.50 58.50 58.50 58.50
Neēll̄ (l �= e) 0.06± 0.02 0.06± 0.02 0.06± 0.02 0.06± 0.02 0.06± 0.02

Ncosmic 0.01± 0.00 0.01± 0.00 0.01± 0.00 0.01± 0.00 0.01± 0.00
Nexpected 8.53± 0.45 4.78± 0.27 9.21± 0.39 21.29± 0.60 40.47± 0.94

Table 5.2:Cross sections and number of selected events per contributing process at
√

s = 189
GeV as a function ofλγ for the muon analysis.

value ofλγ

process -2.0 -1.0 0.0 1.0 2.0

σµνµeνe (pb) 1.230 0.706 0.526 0.687 1.182
Nµνµeνe 16.15± 0.73 8.45± 0.40 6.85± 0.32 9.91± 0.43 16.66± 0.73

στντ eνe (pb) 1.098 0.633 0.472 0.608 1.059
Nτντ eνe 0.77± 0.17 0.46± 0.10 0.47± 0.09 0.45± 0.10 1.15± 0.21

σlνl l̄ν̄l
(pb) 1.946 1.174 0.899 1.126 1.851

Nlνl l̄ν̄l
2.10± 0.32 1.36± 0.20 1.15± 0.16 1.21± 0.19 2.56± 0.35

σµ+µ− (pb) 9.2 9.2 9.2 9.2 9.2
Nµ+µ− 0.60± 0.13 0.60± 0.13 0.60± 0.13 0.60± 0.13 0.60± 0.13

στ+τ− (pb) 8.2 8.2 8.2 8.2 8.2
Nτ+τ− 0.07± 0.05 0.07± 0.05 0.07± 0.05 0.07± 0.05 0.07± 0.05

σeēll̄ (pb) 58.50 58.50 58.50 58.50 58.50
Neēll̄ (l �= e) 0.06± 0.02 0.06± 0.02 0.06± 0.02 0.06± 0.02 0.06± 0.02

Ncosmic 0.01± 0.00 0.01± 0.00 0.01± 0.00 0.01± 0.00 0.01± 0.00
Nexpected 19.76± 0.82 11.01± 0.47 9.21± 0.39 12.31± 0.50 21.11± 0.85
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Table 5.3:Cross sections and number of selected events per contributing process at
√

s = 189
GeV as a function of∆gZ

1 for the muon analysis.

value of∆gZ
1

process -2.0 -1.0 0.0 1.0 2.0

σµνµeνe (pb) 1.239 0.713 0.526 0.701 1.199
Nµνµeνe 7.87± 0.53 6.77± 0.37 6.85± 0.32 6.71± 0.37 8.74± 0.56

στντ eνe (pb) 1.094 0.627 0.472 0.614 1.076
Nτντ eνe 0.44± 0.13 0.44± 0.10 0.47± 0.09 0.41± 0.10 0.36± 0.12

σlνl l̄ν̄l
(pb) 2.149 1.222 0.899 1.183 2.073

Nlνl l̄ν̄l
2.09± 0.34 1.60± 0.22 1.15± 0.16 1.94± 0.24 3.30± 0.42

σµ+µ− (pb) 9.2 9.2 9.2 9.2 9.2
Nµ+µ− 0.60± 0.13 0.60± 0.13 0.60± 0.13 0.60± 0.13 0.60± 0.13

στ+τ− (pb) 8.2 8.2 8.2 8.2 8.2
Nτ+τ− 0.07± 0.05 0.07± 0.05 0.07± 0.05 0.07± 0.05 0.07± 0.05

σeēll̄ (pb) 58.50 58.50 58.50 58.50 58.50
Neēll̄ (l �= e) 0.06± 0.02 0.06± 0.02 0.06± 0.02 0.06± 0.02 0.06± 0.02

Ncosmic 0.01± 0.00 0.01± 0.00 0.01± 0.00 0.01± 0.00 0.01± 0.00
Nexpected 11.14± 0.65 9.55± 0.46 9.21± 0.39 9.80± 0.47 13.14± 0.72

yet. Since the signal is characterised by the presence of one charged track, the muon track, in the
detector, the most logical distribution to consider is that ofdσ

dcosθµ
, wherecosθµ is the cosine of

the polar angle of the muon. In order to avoid possible differences in this distribution due to the
charge of the muon, the distribution of dσ

d(−Qµcosθµ)
is investigated, whereQµ represents the charge

of the muon. Figure 5.7 shows these normalised distributions coming from theµνµeνe final state
for the couplings∆κγ, λγ and∆gZ

1 for the values 0.0, -1.0 and -2.0 at generator level at
√

s = 189
GeV, without having applied any selection criterium. Only the diagrams that satisfy the Crete
definition are taken into account in these plots. One can clearly conclude from this figure that
the muons tend to go in the forward direction and that the value of a coupling influences this
behaviour.
Using this information, the minimum of the following equation determines the best value of the
coupling:

-∆2lnL(α) = 2
∑

i

(Nexp,F,i(α) − Nobs,F,ilnNexp,F,i(α) +

Nexp,B,i(α) − Nobs,B,ilnNexp,B,i(α)) + C, (5.3)

where the subscriptsF andB refer to “forward” and “backward” and the factorC is the bias
needed to let the minimum of this -∆2lnL distribution coincide with 0.
In tables 4.8 and 4.9, the SM values of the expected and observed number of events in the forward
and backward directions are listed.
The -∆2lnL distributions at

√
s = 189 GeV after having included this forward-backward infor-

mation for all contributing final states are shown in figure 5.8.
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Figure 5.1:Dependence of the different contributions to the total number of expected events on
the coupling∆κγ at

√
s = 189 GeV for the muon analysis: figure a) shows this dependence for the

final stateµνµeνe, which includes the signal, figure b) represents theτντeνe background, figure
c) indicates thelνl l̄ν̄l background and figure d) shows the TGC independent backgrounds:µ+µ−,
τ+τ−, eēll̄ (l �= e) and cosmics.

Including this forward-backward information results in -∆2lnL distributions that do not have to
be symmetric with respect to the absolute minimum in case of one minimum or with respect to
the relative maximum between two minima in case of two minima, contrary to the distributions
that lack this information. This behaviour can already be observed, comparing the distributions of
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Figure 5.2:Figure a) shows the dependence of the total number of expected events on the cou-
pling ∆κγ at

√
s = 189 GeV for the muon analysis, containing the seven contributions that are

represented in figure 5.1 individually. Figure b) indicates the corresponding -∆2lnL distribu-
tion. The horizontal dashed line represents the 68% error band, while the horizontal dotted line
indicates the 95% error band.

λγ and∆gZ
1 in figures 5.4, 5.6 and 5.8. It is possible that the asymmetry in the -∆2lnL distribu-

tion of ∆κγ becomes so apparent that the first minimum still coincides with 0, while the second
relative minimum has shifted above 1 and the difference between this minimum and the local
maximum, located around∆κγ = -1.0, has a value above 1 or even above 4. Quoting 68% CL
and 95% CL errors by finding the intersection points of the distribution with the horizontal lines
at 1 and 4 is then not correct. The errors are deduced from the values +1 and +4 of the likelihood
with respect to the (local) minima. Hence, it is very important to show a -∆2lnL distribution and
deduce from it the corresponding errors instead of just listing errors in order to avoid confusion.

Table 5.4 gives an overview of the measured values of the couplings∆κγ, λγ and∆gZ
1 including

the 68% CL errors and 95% CL intervals at
√

s = 189 GeV for the cases that the forward-backward
information is used and is not taken into account.
As already explained before, there can appear two minima in the -∆2lnL distribution of∆κγ,
which is indeed the case here: one minimum around∆κγ = -2.0, being far away from the SM
expectation and one minimum close to the SM value∆κγ = 0.0.
In case of two minima, 68% CL errors are quoted with respect to both minima, but the minimum
close to the SM expectation is considered astheresult of the measurement. The listed results of
the 95% CL intervals are determined with respect to the absolute minimum. This is not only the
case for table 5.4, but this idea is also carried out throughout the rest of this chapter.

The same procedure has been repeated for the centre-of-mass energies ranging from 192 to
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Figure 5.3:Dependence of the different contributions to the total number of expected events on
the couplingλγ at

√
s = 189 GeV for the muon analysis: figure a) shows this dependence for the

final stateµνµeνe, which includes the signal, figure b) represents theτντeνe background, figure
c) indicates thelνl l̄ν̄l background and figure d) shows the TGC independent backgrounds:µ+µ−,
τ+τ−, eēll̄ (l �= e) and cosmics.

206.7 GeV, thus including and excluding the forward-backward information. It turns out that
the 68% CL errors and 95% CL intervals tend to be slightly smaller for the case where the
forward-backward information has been included. The -∆2lnL distributions that have included
the forward-backward information corresponding to the centre-of-mass energies ranging from
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Figure 5.4:Figure a) shows the dependence of the total number of expected events on the coupling
λγ at

√
s = 189 GeV for the muon analysis, containing the seven contributions that are represented

in figure 5.3 individually. Figure b) indicates the corresponding -∆2lnL distribution.

Table 5.4:Measured values for the TGC parameters∆κγ, λγ and∆gZ
1 including the 68% CL

errors (first and third rows) and 95% CL intervals (second and fourth rows) at
√

s = 189 GeV for
the muon analysis for the cases that the forward-backward information is used and is not taken
into account.

∆κγ λγ ∆gZ
1

forward-backward info is not used
−2.07+0.41

−0.36 −0.01+0.35
−0.42

[-2.76, +0.68]

−0.19+1.20
−0.97

[-1.69, +1.54]

−0.45+2.28
−1.91

[-3.38, +2.85]

forward-backward info is used
−2.09+0.39

−0.34 0.00+0.35
−0.39

[-2.77, +0.68]

+0.20+0.82
−1.32

[-1.67, +1.54]

+0.48+1.39
−2.88

[-3.40, +2.85]

189 to 206.7 GeV are presented in appendix B.1.
The -∆2lnL distributions of the seven centre-of-mass energies are added for every coupling
separately, giving rise to a value for∆κγ, λγ and∆gZ

1 for the years 1998 - 2000 combined. These
distributions are shown both in figure 5.9 and in appendix B.1.
The measured values for the TGC parameters∆κγ, λγ and∆gZ

1 including the 68% CL errors and
95% CL intervals that are deduced from the figures in appendix B.1 are listed in table 5.5.
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Figure 5.5:Dependence of the different contributions to the total number of expected events on
the coupling∆gZ

1 at
√

s = 189 GeV for the muon analysis: figure a) shows this dependence for the
final stateµνµeνe, which includes the signal, figure b) represents theτντeνe background, figure
c) indicates thelνl l̄ν̄l background and figure d) shows the TGC independent backgrounds:µ+µ−,
τ+τ−, eēll̄ (l �= e) and cosmics. Note that to the distribution of theτντeνe background a constant
has been fitted, since it lacks a clear dependence on∆gZ

1 .
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Figure 5.6:Figure a) shows the dependence of the total number of expected events on the cou-
pling ∆gZ

1 at
√

s = 189 GeV for the muon analysis, containing the seven contributions that are
represented in figure 5.5 individually. Figure b) indicates the corresponding -∆2lnL distribution.
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Figure 5.7: Normalised distributions of
dσ

d(−Qµcosθµ)
coming from theµνµeνe final

state for the couplings∆κγ (a)),λγ (b)) and
∆gZ

1 (c)) for the values 0.0, -1.0 and -2.0 at
generator level at

√
s = 189 GeV. The dia-

grams that contribute to this final state satisfy
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Figure 5.8: -∆2lnL distributions for the
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λγ (b)) and∆gZ
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√

s = 189 GeV after
having included the forward-backward infor-
mation for all contributing final states.
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Table 5.5:Measured values for the TGC parameters∆κγ, λγ and∆gZ
1 including the 68% CL

errors (first row per energy point) and 95% CL intervals (second row per energy point) for the
centre-of-mass energies ranging from 189 to 206.7 GeV and 189 - 206.7 GeV for the muon
analysis. In case of two minima, the 68% CL errors are determined with respect to both local
minima, while the 95% CL intervals are measured with respect to the absolute minimum.

√
s (GeV) ∆κγ λγ ∆gZ

1

189
−2.09+0.39

−0.34 0.00+0.35
−0.39

[-2.77, +0.68]

+0.20+0.82
−1.32

[-1.67, +1.54]

+0.48+1.39
−2.88

[-3.40, +2.85]

192
−2.43+0.73

−0.70 +0.48+0.70
−0.74

[-3.85, +1.89]

+0.93+1.05
−2.71

[-2.94, +2.93]

+2.82+2.04
−7.28

[-6.45, +6.77]

196
−2.05+0.55

−0.45 +0.10+0.46
−0.54

[-2.94, +1.00]

+0.51+1.44
−2.48

[-1.97, +1.95]

+0.89+1.36
−3.60

[-3.77, +3.30]

200
−2.10+0.45

−0.40 +0.17+0.40
−0.45

[-2.88, +0.97]

+0.56+0.71
−1.81

[-1.86, +1.82]

−1.59+3.83
−1.41

[-4.13, +3.48]

202
−2.52+0.66

−0.58 +0.32+0.59
−0.64

[-3.67, +1.49]

−1.33+3.10
−0.79

[-2.84, +2.55]

+1.70+1.85
−4.09

[-4.74, +5.14]

205
−1.06+0.55

−0.55

[-2.14, +0.01]

−0.14+0.62
−0.60

[-1.33, +1.08]

−0.08+1.24
−1.24

[-2.55, +2.39]

206.7
−0.23+0.44

−1.82

[-2.50, +0.61]

+0.09+0.73
−0.82

[-1.41, +1.42]

−0.42+2.01
−1.73

[-3.57, +3.24]

189 - 206.7
−1.94+0.19

−0.18 −0.07+0.18
−0.19

[-2.30, -1.51] [-0.50, +0.29]

+0.05+0.49
−0.60

[-0.94, +0.89]

+0.01+1.07
−1.32

[-2.06, +1.76]
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5.1.2 Electron analysis

The procedure that is followed is analogous to the one presented in the previous section. The
TGC dependent final stateseνeeνe, τντeνe, µνµeνe contribute to the total number of expected
events, while in this case the final stateeēνlν̄l (l �= e), Compton events,νlν̄l(γ) andτ+τ− form
the TGC independent part.
The cross sections and the number of selected events per contribution at

√
s = 189 GeV as a

function of the couplings∆κγ, λγ and∆gZ
1 are listed in tables 5.6, 5.7 and 5.8 respectively. In

these tables thel in σeēνlν̄l
represents all leptons, while thel in Neēνlν̄l

only includesµ andτ . The
SM values equal the sum of the values presented in tables 3.14 and 3.15.

Table 5.6:Cross sections and number of selected events per contributing process at
√

s = 189
GeV as a function of∆κγ for the electron analysis.

value of∆κγ

process -2.0 -1.0 0.0 1.0 2.0

σeνeeνe (pb) 0.726 0.591 0.637 0.780 1.026
Neνeeνe 4.24± 0.31 2.19± 0.20 4.86± 0.31 15.95± 0.75 25.45± 0.88

στντ eνe (pb) 0.621 0.476 0.472 0.606 0.872
Nτντ eνe 0.21± 0.07 0.09± 0.04 0.26± 0.07 0.54± 0.11 0.93± 0.16

σµνµeνe (pb) 0.700 0.535 0.526 0.671 0.955
Nµνµeνe 0.06± 0.04 0.07± 0.03 0.03± 0.02 0.10± 0.04 0.20± 0.07

σeēνlν̄l
(pb) 1.153 1.153 1.153 1.153 1.153

Neēνlν̄l
(l �= e) 1.87± 0.54 1.87± 0.54 1.87± 0.54 1.87± 0.54 1.87± 0.54

σCompton (pb) 53.4 53.4 53.4 53.4 53.4
NCompton 0.15± 0.11 0.15± 0.11 0.15± 0.11 0.15± 0.11 0.15± 0.11

σνlν̄l(γ) (pb) 11.1 11.1 11.1 11.1 11.1
Nνlν̄l(γ) 0.80± 0.23 0.80± 0.23 0.80± 0.23 0.80± 0.23 0.80± 0.23

στ+τ− (pb) 8.2 8.2 8.2 8.2 8.2
Nτ+τ− 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

Nexpected 7.33± 0.68 5.17± 0.63 7.97± 0.68 19.41± 0.97 29.40± 1.08

The second order polynomial fits to the TGC dependent contributions from tables 5.6, 5.7 and
5.8 are shown in figures 5.10, 5.12 and 5.14 respectively, together with the TGC independent
contributions from the final stateeēνlν̄l (l �= e), the Compton events andνlν̄l(γ). Theτ+τ− events
do not contribute at

√
s = 189 GeV. The total number of expected events and the corresponding

-∆2lnL distributions are represented in figures 5.11, 5.13 and 5.15 for the couplings∆κγ, λγ and
∆gZ

1 respectively. For the coupling∆gZ
1 , it is not possible to obtain a -∆2lnL distribution, since

the distribution of the total number of events is a flat one. One can conclude from figure 5.14
that the only TGC dependence is coming from the background, not from the signal! Therefore,
no results are quoted for the coupling∆gZ

1 for the electron analysis. The other centre-of-mass
energies deal with the same problem.
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Table 5.7:Cross sections and number of selected events per contributing process at
√

s = 189
GeV as a function ofλγ for the electron analysis.

value ofλγ

process -2.0 -1.0 0.0 1.0 2.0

σeνeeνe (pb) 0.977 0.672 0.637 0.656 0.928
Neνeeνe 9.99± 0.57 5.07± 0.33 4.86± 0.31 6.21± 0.37 9.37± 0.56

στντ eνe (pb) 1.098 0.633 0.472 0.608 1.059
Nτντ eνe 0.35± 0.12 0.25± 0.08 0.26± 0.07 0.47± 0.10 0.63± 0.15

σµνµeνe (pb) 1.230 0.706 0.526 0.687 1.182
Nµνµeνe 0.14± 0.07 0.10± 0.05 0.03± 0.02 0.20± 0.06 0.09± 0.06

σeēνlν̄l
(pb) 1.153 1.153 1.153 1.153 1.153

Neēνlν̄l
(l �= e) 1.87± 0.54 1.87± 0.54 1.87± 0.54 1.87± 0.54 1.87± 0.54

σCompton (pb) 53.4 53.4 53.4 53.4 53.4
NCompton 0.15± 0.11 0.15± 0.11 0.15± 0.11 0.15± 0.11 0.15± 0.11

σνlν̄l(γ) (pb) 11.1 11.1 11.1 11.1 11.1
Nνlν̄l(γ) 0.80± 0.23 0.80± 0.23 0.80± 0.23 0.80± 0.23 0.80± 0.23

στ+τ− (pb) 8.2 8.2 8.2 8.2 8.2
Nτ+τ− 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

Nexpected 13.30± 0.84 8.24± 0.69 7.97± 0.68 9.70± 0.71 12.91± 0.84

Table 5.8:Cross sections and number of selected events per contributing process at
√

s = 189
GeV as a function of∆gZ

1 for the electron analysis.

value of∆gZ
1

process -2.0 -1.0 0.0 1.0 2.0

σeνeeνe (pb) 0.930 0.730 0.637 0.696 0.929
Neνeeνe 4.28± 0.37 4.73± 0.35 4.86± 0.31 4.44± 0.31 4.43± 0.37

στντ eνe (pb) 1.094 0.627 0.472 0.614 1.076
Nτντ eνe 0.40± 0.13 0.32± 0.09 0.26± 0.07 0.23± 0.07 0.40± 0.13

σµνµeνe (pb) 1.239 0.713 0.526 0.701 1.199
Nµνµeνe 0.15± 0.08 0.08± 0.04 0.03± 0.02 0.14± 0.06 0.26± 0.10

σeēνlν̄l
(pb) 1.153 1.153 1.153 1.153 1.153

Neēνlν̄l
(l �= e) 1.87± 0.54 1.87± 0.54 1.87± 0.54 1.87± 0.54 1.87± 0.54

σCompton (pb) 53.4 53.4 53.4 53.4 53.4
NCompton 0.15± 0.11 0.15± 0.11 0.15± 0.11 0.15± 0.11 0.15± 0.11

σνlν̄l(γ) (pb) 11.1 11.1 11.1 11.1 11.1
Nνlν̄l(γ) 0.80± 0.23 0.80± 0.23 0.80± 0.23 0.80± 0.23 0.80± 0.23

στ+τ− (pb) 8.2 8.2 8.2 8.2 8.2
Nτ+τ− 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

Nexpected 7.65± 0.72 7.95± 0.70 7.97± 0.68 7.63± 0.68 7.91± 0.72
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Figure 5.10:Dependence of the different contributions to the total number of expected events on
the coupling∆κγ at

√
s = 189 GeV for the electron analysis: figure a) shows this dependence

for the final stateeνeeνe, which includes the signal, figure b) represents theτντeνe background,
figure c) indicates theµνµeνe background and figure d) shows the TGC independent backgrounds:
eēνlν̄l (l �= e), νlν̄l(γ) and Compton events.
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Figure 5.11: Figure a) shows the dependence of the total number of expected events on the
coupling∆κγ at

√
s = 189 GeV for the electron analysis, containing the six contributions that are

represented in figure 5.10 individually. Figure b) indicates the corresponding -∆2lnL distribution.
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Figure 5.12:Dependence of the different contributions to the total number of expected events on
the couplingλγ at

√
s = 189 GeV for the electron analysis: figure a) shows this dependence for the

final stateeνeeνe, which includes the signal, figure b) represents theτντeνe background, figure c)
indicates theµνµeνe background and figure d) shows the TGC independent backgrounds:eēνlν̄l

(l �= e), νlν̄l(γ) and Compton events. Note that to the distribution of theµνµeνe background a
constant has been fitted, since it lacks a clear dependence onλγ.
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Figure 5.13: Figure a) shows the dependence of the total number of expected events on the
couplingλγ at

√
s = 189 GeV for the electron analysis, containing the six contributions that are

represented in figure 5.12 individually. Figure b) indicates the corresponding -∆2lnL distribution.
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Figure 5.14:Dependence of the different contributions to the total number of expected events on
the coupling∆gZ

1 at
√

s = 189 GeV for the electron analysis: figure a) shows this dependence
for the final stateeνeeνe, which includes the signal, figure b) represents theτντeνe background,
figure c) indicates theµνµeνe background and figure d) shows the TGC independent backgrounds:
eēνlν̄l (l �= e), νlν̄l(γ) and Compton events. Note that to the distribution of theeνeeνe final state
a constant has been fitted, since it lacks a clear dependence on∆gZ

1 .
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Figure 5.15:Dependence of the total number
of expected events on the coupling∆gZ

1 at√
s = 189 GeV for the electron analysis, con-

taining the six contributions that are repre-
sented in figure 5.14 individually. Since this
distribution is flat, no useful -∆2lnL distri-
bution can be obtained from it.

Differential distributions

In this case, the influence of the distributions of dσ
d(−Qecosθe)

is inquired, whereQe andcosθe re-
present the charge and the cosine of the polar angle of the detected electron or positron. These
normalised distributions coming from theeνeeνe final state are shown in figure 5.16 for the cou-
plings∆κγ andλγ for the values 0.0, -1.0 and -2.0 at generator level at

√
s = 189 GeV, without

having applied any selection criterium. Only the diagrams that satisfy the Crete definition are
taken into account in these plots.
In tables 4.11 and 4.12, the SM values of the expected and observed number of events in the
forward and backward directions are listed.
The -∆2lnL distributions at

√
s = 189 GeV after having included the forward-backward informa-

tion for all contributing final states are given in figure 5.17.
Table 5.9 gives an overview of the measured values of the couplings∆κγ andλγ including the
68% CL errors and 95% CL intervals at

√
s = 189 GeV for the cases that the forward-backward

information is used and is not taken into account.
This procedure has been repeated for the centre-of-mass energies ranging from 192 to 206.7 GeV,
thus including and excluding the forward-backward information. It turns out that the 68% CL
errors and 95% CL intervals tend to be slightly smaller for the case where the forward-backward
information has been included, although this is clearly not the case for 189 GeV. The -∆2lnL
distributions for∆κγ andλγ that have included the forward-backward information corresponding
to the centre-of-mass energies ranging from 189 to 206.7 GeV are presented in appendix B.2,
while these distributions for the years 1998 - 2000 combined are given in figure 5.18 and in this
appendix.
The measured values for the TGC parameters∆κγ andλγ including the 68% CL errors and 95%
CL intervals that are deduced from the figures in appendix B.2 are listed in table 5.10.
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Figure 5.16:Normalised distributions of dσ
d(−Qecosθe)

coming from theeνeeνe final state for the
couplings∆κγ (a)) andλγ (b)) for the values 0.0, -1.0 and -2.0 at generator level at

√
s = 189

GeV. The diagrams that contribute to this final state satisfy the Crete definition.

Table 5.9:Measured values for the TGC parameters∆κγ andλγ including the 68% CL errors
(first and third rows) and 95% CL intervals (second and fourth rows) at

√
s = 189 GeV for the

electron analysis for the cases that the forward-backward information is used and is not taken into
account.

∆κγ λγ

forward-backward info is not used
−1.68+1.71

−0.62

[-2.78, +0.51]

−0.05+1.12
−1.12

[-1.98, +1.89]

forward-backward info is used
−0.55+0.59

−1.73

[-2.77, +0.52]

−0.26+1.39
−1.08

[-2.10, +1.95]
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Figure 5.17:-∆2lnL distributions for the electron analysis for the couplings∆κγ (a)) andλγ (b))
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√
s = 189 GeV after having included the forward-backward information for all contributing

final states.
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Table 5.10:Measured values for the TGC parameters∆κγ andλγ including the 68% CL errors
(first row per energy point) and 95% CL intervals (second row per energy point) for the centre-
of-mass energies ranging from 189 to 206.7 GeV and 189 - 206.7 GeV for the electron analysis.
At

√
s = 206.7 GeV for the coupling∆κγ, the 68% CL errors are determined with respect to both

local minima, while the 95% CL interval is measured with respect to the absolute minimum.

√
s (GeV) ∆κγ λγ

189
−0.55+0.59

−1.73

[-2.77, +0.52]

−0.26+1.39
−1.08

[-2.10, +1.95]

192
−0.39+1.19

−2.29

[-3.82, +1.83]

−0.69+2.61
−1.75

[-3.85, +3.44]

196
−1.57+1.80

−0.78

[-2.96, +0.84]

−0.06+1.16
−1.19

[-2.16, +1.99]

200
−0.20+0.63

−2.21

[-2.97, +0.99]

−0.01+1.55
−1.56

[-2.71, +2.68]

202
−1.08+0.78

−0.78

[-2.65, +0.49]

−0.15+1.10
−1.10

[-2.36, +2.06]

205
−2.03+2.42

−0.64

[-3.24, +1.00]

−1.02+2.23
−1.29

[-3.29, +2.37]

206.7
−2.13+0.91

−0.55 +0.07+0.55
−0.82

[-3.18, +1.14]

+0.27+1.10
−1.62

[-2.27, +2.16]

189 - 206.7
−0.43+0.31

−1.56

[-2.28, +0.15]

−0.16+0.62
−0.60

[-1.24, +0.98]
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5.1.3 Hadronic analysis

The hadronic analysis contains the same ingredients as those for the leptonic analyses. The TGC
dependent final statesqq̄eνeandqq̄lνl contribute to the total number of expected events, while in
this case the final statesqq̄, “rest 4-fermion”,eēf f̄ andτ+τ− form the TGC independent part.
The production of a singleZ andγ (see muon analysis) supplement also to the TGC dependent
background, producing aqq̄νeν̄e final state, but for simplicity this contribution is considered as
TGC independent and it is taken into account by the “rest 4-fermion” part. Furthermore, their
contribution is negligibly small.
The cross sections and the number of selected events per contribution at

√
s = 189 GeV as a

function of the couplings∆κγ, λγ and∆gZ
1 are listed in tables 5.11, 5.12 and 5.13 respectively.

The SM values are the same as the ones presented in table 3.17.

Table 5.11:Cross sections and number of selected events per contributing process at
√

s = 189
GeV as a function of∆κγ for the hadronic analysis.

value of∆κγ

process -2.0 -1.0 0.0 1.0 2.0

σqq̄eνe (pb) 4.353 3.344 3.311 4.153 5.940
Nqq̄eνe 16.63± 1.58 9.18± 1.04 19.72± 1.49 50.63± 2.61 103.87± 4.34

σqq̄lνl
(pb) (l �= e) 6.712 5.422 4.795 4.823 5.519

Nqq̄lνl
(l �= e) 29.25± 2.60 27.79± 2.26 18.01± 1.73 17.82± 1.73 18.13± 1.86

σrest 4−fermion (pb) 18.78 18.78 18.78 18.78 18.78
Nrest 4−fermion 7.88± 1.73 7.88± 1.73 7.88± 1.73 7.88± 1.73 7.88± 1.73

σeēf f̄ (pb) 58.50 58.50 58.50 58.50 58.50
Neēf f̄ 0.10± 0.03 0.10± 0.03 0.10± 0.03 0.10± 0.03 0.10± 0.03

σqq̄ (pb) 100.1 100.1 100.1 100.1 100.1
Nqq̄ 10.38± 0.57 10.38± 0.57 10.38± 0.57 10.38± 0.57 10.38± 0.57

στ+τ− (pb) 8.2 8.2 8.2 8.2 8.2
Nτ+τ− 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

Nexpected 64.24± 3.55 55.33± 3.08 56.10± 2.92 86.81± 3.62 140.36± 5.06

The second order polynomial fits to the TGC dependent contributions from tables 5.11, 5.12 and
5.13 are shown in figures 5.19, 5.21 and 5.23 respectively, together with the TGC independent
contributions from the final statesqq̄, “rest 4-fermion” andeēf f̄ . Theτ+τ− events do not con-
tribute at

√
s = 189 GeV. The total number of expected events and the corresponding -∆2lnL

distributions are represented in figures 5.20, 5.22 and 5.24 for the couplings∆κγ, λγ and∆gZ
1 re-

spectively.
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Table 5.12:Cross sections and number of selected events per contributing process at
√

s = 189
GeV as a function ofλγ for the hadronic analysis.

value ofλγ

process -2.0 -1.0 0.0 1.0 2.0

σqq̄eνe (pb) 7.583 4.373 3.311 4.286 7.345
Nqq̄eνe 51.04± 3.60 26.52± 1.97 19.72± 1.49 33.53± 2.19 61.88± 3.88

σqq̄lνl
(pb) (l �= e) 11.281 6.492 4.795 6.192 10.675

Nqq̄lνl
(l �= e) 59.46± 4.77 33.69± 2.73 18.01± 1.73 26.24± 2.35 43.24± 3.98

σrest 4−fermion (pb) 18.78 18.78 18.78 18.78 18.78
Nrest 4−fermion 7.88± 1.73 7.88± 1.73 7.88± 1.73 7.88± 1.73 7.88± 1.73

σeēf f̄ (pb) 58.50 58.50 58.50 58.50 58.50
Neēf f̄ 0.10± 0.03 0.10± 0.03 0.10± 0.03 0.10± 0.03 0.10± 0.03

σqq̄ (pb) 100.1 100.1 100.1 100.1 100.1
Nqq̄ 10.38± 0.57 10.38± 0.57 10.38± 0.57 10.38± 0.57 10.38± 0.57

στ+τ− (pb) 8.2 8.2 8.2 8.2 8.2
Nτ+τ− 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

Nexpected 128.86± 6.25 78.57± 3.83 56.10± 2.92 78.13± 3.69 123.48± 5.85

Table 5.13:Cross sections and number of selected events per contributing process at
√

s = 189
GeV as a function of∆gZ

1 for the hadronic analysis.

value of∆gZ
1

process -2.0 -1.0 0.0 1.0 2.0

σqq̄eνe (pb) 7.695 4.417 3.311 4.335 7.512
Nqq̄eνe 24.83± 2.58 24.68± 1.92 19.72± 1.49 23.85± 1.89 26.87± 2.64

σqq̄lνl
(pb) (l �= e) 12.507 6.790 4.795 6.536 12.051

Nqq̄lνl
(l �= e) 57.47± 4.96 27.34± 2.53 18.01± 1.73 25.87± 2.41 62.53± 5.07

σrest 4−fermion (pb) 18.78 18.78 18.78 18.78 18.78
Nrest 4−fermion 7.88± 1.73 7.88± 1.73 7.88± 1.73 7.88± 1.73 7.88± 1.73

σeēf f̄ (pb) 58.50 58.50 58.50 58.50 58.50
Neēf f̄ 0.10± 0.03 0.10± 0.03 0.10± 0.03 0.10± 0.03 0.10± 0.03

σqq̄ (pb) 100.1 100.1 100.1 100.1 100.1
Nqq̄ 10.38± 0.57 10.38± 0.57 10.38± 0.57 10.38± 0.57 10.38± 0.57

στ+τ− (pb) 8.2 8.2 8.2 8.2 8.2
Nτ+τ− 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

Nexpected 100.66± 5.88 70.38± 3.66 56.10± 2.92 68.08± 3.56 107.76± 6.00
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Figure 5.19: Dependence of the different
contributions to the total number of expected
events on the coupling∆κγ at

√
s = 189

GeV for the hadronic analysis: figure a)
shows this dependence for the final state
qq̄eνe, which includes the signal, figure b)
represents theqq̄lνl background and figure
c) shows the TGC independent backgrounds:
qq̄, “rest 4-fermion” andeēf f̄ .
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Figure 5.20: Figure a) shows the dependence of the total number of expected events on the
coupling∆κγ at

√
s = 189 GeV for the hadronic analysis, containing the five contributions that are

represented in figure 5.19 individually. Figure b) indicates the corresponding -∆2lnL distribution.
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Figure 5.21: Dependence of the different
contributions to the total number of expected
events on the couplingλγ at

√
s = 189 GeV

for the hadronic analysis: figure a) shows
this dependence for the final stateqq̄eνe,
which includes the signal, figure b) repre-
sents theqq̄lνl background and figure c)
shows the TGC independent backgrounds:
qq̄, “rest 4-fermion” andeēf f̄ .
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Figure 5.22: Figure a) shows the dependence of the total number of expected events on the
couplingλγ at

√
s = 189 GeV for the hadronic analysis, containing the five contributions that are

represented in figure 5.21 individually. Figure b) indicates the corresponding -∆2lnL distribution.
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Figure 5.23: Dependence of the different
contributions to the total number of expected
events on the coupling∆gZ

1 at
√

s = 189
GeV for the hadronic analysis: figure a)
shows this dependence for the final state
qq̄eνe, which includes the signal, figure b)
represents theqq̄lνl background and figure
c) shows the TGC independent backgrounds:
qq̄, “rest 4-fermion” andeēf f̄ .

For the hadronic analysis, the impact of the possible TGC dependence of differential distribu-
tions has not been taken into account. The most reasonable distribution to study would be that of

dσ
d(−QW cosθW )

, whereQW andcosθW indicate the charge and the cosine of the polar angle of the
W from which its two jets are reconstructed. Due to the absence of a clear charge signature of the
W , it is complicated to consider this distribution. The potential gain in resolution by taking into
account the effect of differential distributions is very small, judging from the leptonic analyses.

This whole procedure has been repeated for the centre-of-mass energies ranging from 192 to
206.7 GeV, resulting in the -∆2lnL distributions that are given in appendix B.3, while the -∆2lnL
distributions for∆κγ, λγ and∆gZ

1 for the years 1998 - 2000 combined are shown in figure 5.25
and in this appendix.
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Figure 5.24:Figure a) shows the dependence of the total number of expected events on the cou-
pling ∆gZ

1 at
√

s = 189 GeV for the hadronic analysis, containing the five contributions that are
represented in figure 5.23 individually. Figure b) indicates the corresponding -∆2lnL distribution.

The measured values for the TGC parameters∆κγ, λγ and∆gZ
1 including the 68% CL errors and

95% CL intervals that are deduced from the figures in appendix B.3 are listed in table 5.14.
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Figure 5.25: -∆2lnL distributions for the
years 1998 - 2000 combined for the hadronic
analysis as a function of∆κγ (a)), λγ (b))
and∆gZ

1 (c)).
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Table 5.14:Measured values for the TGC parameters∆κγ, λγ and∆gZ
1 including the 68% CL

errors (first row per energy point) and 95% CL intervals (second row per energy point) for the
centre-of-mass energies ranging from 189 to 206.7 GeV and 189 - 206.7 GeV for the hadronic
analysis. In case of two minima, the 68% CL errors are determined with respect to both local
minima, while the 95% CL intervals are measured with respect to the absolute minimum.

√
s (GeV) ∆κγ λγ ∆gZ

1

189
−1.76+0.49

−0.33 +0.10+0.33
−0.49

[-2.38, +0.72]

+0.35+0.44
−1.08

[-1.01, +1.07]

−0.61+1.56
−0.43

[-1.35, +1.27]

192
−0.84+0.77

−0.77

[-2.29, +0.61]

−0.06+0.56
−0.56

[-1.13, +1.02]

+0.07+0.74
−0.74

[-1.33, +1.48]

196
−2.19+0.34

−0.31 +0.73+0.30
−0.35

[-2.78, -1.39] [-0.08, +1.32]

−0.97+0.38
−0.28 +0.88+0.29

−0.37

[-1.51, +1.42]

−1.24+0.43
−0.35 +1.34+0.34

−0.43

[-1.91, +2.00]

200
−0.83+0.71

−0.70

[-1.99, +0.34]

−0.01+0.37
−0.37

[-0.71, +0.68]

+0.05+0.53
−0.53

[-0.91, +1.01]

202
−0.32+0.72

−1.61

[-2.41, +0.88]

+0.01+0.64
−0.65

[-1.06, +1.07]

+0.02+0.87
−0.86

[-1.33, +1.38]

205
−0.30+0.54

−1.43

[-2.10, +0.61]

0.00+0.46
−0.45

[-0.79, +0.79]

+0.15+0.65
−0.64

[-0.91, +1.22]

206.7
−1.74+0.61

−0.36 +0.02+0.36
−0.61

[-2.41, +0.69]

−0.02+0.72
−0.55

[-0.86, +0.98]

−0.41+1.45
−0.57

[-1.37, +1.42]

189 - 206.7
−1.57+0.23

−0.18 −0.05+0.19
−0.25

[-1.92, -0.81] [-0.74, +0.27]

0.00+0.32
−0.30

[-0.51, +0.53]

+0.28+0.34
−0.69

[-0.70, +0.84]
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5.2 SingleW analysis

The TGC results from theWeνe final state are deduced from the -∆2lnL distributions that are
obtained by adding the -∆2lnL distributions from the three decay channels. These -∆2lnL distri-
butions corresponding to theWeνe final state can be viewed in appendix B.4. Table 5.15 shows
the measured values for the TGC parameters∆κγ, λγ and∆gZ

1 including the 68% CL errors and
95% CL intervals. The -∆2lnL distributions for the years 1998 - 2000 combined are shown in
figure 5.26.
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Figure 5.26: -∆2lnL distributions for the
years 1998 - 2000 combined for the single
W analysis as a function of∆κγ (a)),λγ (b))
and∆gZ

1 (c)).
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Table 5.15:Measured values for the TGC parameters∆κγ, λγ and∆gZ
1 including the 68% CL

errors (first row per energy point) and 95% CL intervals (second row per energy point) for the
centre-of-mass energies ranging from 189 to 206.7 GeV and 189 - 206.7 GeV for the singleW
analysis. In case of two minima, the 68% CL errors are determined with respect to both local
minima, while the 95% CL intervals are measured with respect to the absolute minimum.

√
s (GeV) ∆κγ λγ ∆gZ

1

189
−1.88+0.26

−0.22 −0.07+0.24
−0.28

[-2.31, -1.17] [-0.80, +0.37]†

−0.26+0.93
−0.42

[-0.95, +0.96]

+0.52+0.42
−1.55

[-1.35, +1.25]

192
−0.21+0.48

−1.60

[-2.43, +0.70]

−0.02+0.56
−0.58

[-1.11, +1.02]

+0.08+0.77
−0.77

[-1.37, +1.53]

196
−2.08+0.27

−0.24 +0.33+0.26
−0.31

[-2.56, -1.48] [-0.08, +0.66]†

−0.86+0.40
−0.28 +0.78+0.28

−0.39

[-1.38, +1.30]

−1.25+0.42
−0.34 +1.31+0.34

−0.42

[-1.90, +1.96]

200
−1.62+0.61

−0.30 −0.17+0.28
−0.37

[-2.08, +0.37]

0.00+0.37
−0.37

[-0.69, +0.68]

+0.04+0.54
−0.53

[-0.93, +1.01]

202
−0.29+0.45

−1.59

[-2.32, +0.53]

−0.06+0.66
−0.60

[-1.05, +1.01]

+0.19+0.74
−0.98

[-1.30, +1.40]

205
−1.12+0.68

−0.46

[-1.91, +0.01]

−0.07+0.37
−0.36

[-0.73, +0.63]

+0.09+0.60
−0.56

[-0.87, +1.12]

206.7
−1.78+0.34

−0.26 −0.07+0.26
−0.33

[-2.24, +0.43]

+0.12+0.48
−0.57

[-0.76, +0.88]

−0.41+1.33
−0.55

[-1.35, +1.35]

189 - 206.7
−1.73+0.13

−0.12 −0.13+0.12
−0.14

[-1.96, -1.44] [-0.44, +0.11]

−0.02+0.26
−0.25

[-0.47, +0.45]

+0.25+0.34
−0.66

[-0.69, +0.82]
† At

√
s = 189 and 196 GeV, the absolute minimum of the -∆2lnL distribution for the coupling

∆κγ does not coincide with the minimum close to the SM value and the difference between this
local minimum and the local maximum close to∆κγ = -1.0 is larger than 4. Considering only this
local minimum close to the SM prediction, the 95% CL interval is deduced from the values +4
of the distribution with respect to this minimum. These points are indicated by the dashed-dotted
lines in the corresponding -∆2lnL distributions of appendix B.4, resulting in the following 95%
CL intervals:

√
s = 189 GeV:[-0.88, +0.38] and

√
s = 196 GeV:[-0.40, +0.84].

5.3 Systematic uncertainties

The systematic effects for the three decay channels that are discussed in section 4.3 for the cross
section analyses are also treated for the TGC analyses. The influence of these systematic uncer-
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tainties have only been studied for the -∆2lnL distributions that take into account all centre-of-
mass energies. Tables 5.16, 5.17 and 5.18 show the impact of the various systematic effects on
the couplings∆κγ, λγ and∆gZ

1 for the muon, electron and hadronic analyses respectively.

Table 5.16:Contributions to the systematic error on the couplings∆κγ, λγ and∆gZ
1 for the muon

analysis for
√

s = 189 - 206.7 GeV.

systematic effect ∆(∆κγ) ∆(λγ) ∆(∆gZ
1 )

∆σbkgr,µνµeνe ±10% ±0.05 ±0.01 ±0.05
luminosityL ±6� ±0.01 <0.01 <0.01
identification efficiency∆εµ ±2.6% ±0.04 ±0.01 ±0.03
total ±0.06 ±0.01 ±0.05

Table 5.17:Contributions to the systematic error on the couplings∆κγ andλγ for the electron
analysis for

√
s = 189 - 206.7 GeV.

systematic effect ∆(∆κγ) ∆(λγ)

∆σbkgr,eνeeνe ±22% ±0.21 ±0.03
luminosityL ±6� <0.01 <0.01
identification efficiency∆εe ±3.5% ±0.07 ±0.04
tracking efficiency∆εtrack,e ±5% ±0.10 ±0.06

total ±0.24 ±0.08

Table 5.18: Contributions to the systematic error on the couplings∆κγ, λγ and ∆gZ
1 for the

hadronic analysis for
√

s = 189 - 206.7 GeV.

systematic effect ∆(∆κγ) ∆(λγ) ∆(∆gZ
1 )

∆σbkgr,qq̄eνe ±5% ±0.15 ±0.03 ±0.16
luminosityL ±6� ±0.02 <0.01 ±0.03
smearing+5% +0.06 +0.01 ±0.08
total ±0.16 ±0.03 ±0.18

The results of these three decay channels give rise to the following systematic errors for the single
W analysis:
∆(∆κγ): ±0.05,∆(λγ): ±0.01 and∆(∆gZ

1 ): ±0.05.
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TGC analysis 5.3 Systematic uncertainties

The results for the total systematic errorσsyst can be used in determining the 95% CL intervals
that take this systematic error into account from the likelihoodLstat+syst that is defined in the
following way:

Lstat+syst =
σ2

stat

σ2
stat + σ2

syst

Lstat, (5.4)

whereσstat represents the total statistical error andLstat is the “original” likelihood from which
this statistical error is deduced. Table 5.19 shows the 95% CL intervals that include both the
statistical and the systematic errors for the muon, electron, hadronic and singleW analyses for
the years 1998 - 2000 combined for the couplings∆κγ, λγ and∆gZ

1 .

Table 5.19:Measured values of the 95% CL intervals that include both the statistical and the
systematic errors for the muon, electron, hadronic and singleW analyses for the years 1998 -
2000 combined for the couplings∆κγ, λγ and∆gZ

1 .

analysis ∆κγ λγ ∆gZ
1

muon [-2.31, -1.49] [-0.52, +0.30] [-0.94, +0.89] [-2.06, +1.76]
electron [-2.29, +0.16] [-1.25, +0.99] −
hadronic [-1.99, +0.35] [-0.51, +0.53] [-0.73, +0.87]
singleW [-1.97, -1.42] [-0.47, +0.13] [-0.47, +0.45] [-0.69, +0.82]

Including the systematic error hardly influences the results for the 95% CL intervals that only
take the statistical error into account.
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5.4 Conclusions

Considering the muon, electron, hadronic and singleW analyses for the years 1998 - 2000 com-
bined, the obtained results for the couplings∆κγ, λγ and∆gZ

1 are in agreement with SM expec-
tations. As can already be concluded from figures 1.4, 1.5 and 1.6, the sensitivity to the coupling
∆κγ turns out to be the strongest, while the sensitivity to the coupling∆gZ

1 is the weakest. Be-
cause of the fact that the minimum of the signal cross section for the coupling∆κγ is located
around -1, while this minimum is close to the SM value for the couplingsλγ and∆gZ

1 , two ap-
parent minima can be distinguished in the -∆2lnL distribution for the former coupling, which is
not the case for the latter two couplings. Except for the electron analysis, the other three analyses
give clearly rise to this behaviour: one minimum located around -2 and one minimum close to 0,
the SM expectation.
The singleW analysis for the years 1998 - 2000 combined gives rise to the measurements of the
anomalous couplings, that are listed in table 5.20, abandoning the∆κγ result around -2.0. Both
statistical and systematic errors are included in these quoted results.

Table 5.20:SingleW results for the centre-of-mass energies
√

s = 189 - 206.7 GeV for the TGC
parameters∆κγ, λγ and∆gZ

1 including the 68% CL errors and 95% CL intervals. Both statistical
and systematic errors are included.

coupling 68% CL 95% CL

∆κγ −0.13+0.12
−0.14(stat)± 0.05(syst) [-0.47, +0.13]

λγ −0.02+0.26
−0.25(stat)± 0.01(syst) [-0.47, +0.45]

∆gZ
1 +0.25+0.34

−0.66(stat)± 0.05(syst) [-0.69, +0.82]
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CHAPTER 6

Discussion and Conclusions

In this chapter, the singleW cross section and TGC results presented in the previous two chapters
are compared with other analyses. The singleW TGC results are also considered in view of other
measurements of the couplings at theWWV vertex (V = γ orZ), which comprehend LEP results,
measurements performed at currently running experiments and expectations for these couplings
at future colliders.

6.1 LEP results

Cross section results

The cross section measurements as described in chapter 4 are in good agreement with an alterna-
tive DELPHI analysis, presented in [57]. The singleW analysis results presented in this paper
are listed in table 6.1 and take into account the S-period (see section 2.1). The efficiencies and
purities from the muon, electron and hadronic analyses from this paper correspond well with the
results presented in this thesis. In general, the statistical and systematic errors from this thesis are
smaller.
A combined measurement of the four LEP experiments results in the plot of the singleW cross
section as depicted in figure 6.1. The results of the individual experiments can be retrieved from
[58]. The eight measurements are clearly in agreement with the SM expectations.

TGC results

The analysis of the TGCs as discussed in chapter 5 gives rise to anomalous couplings that are in
concordance with another DELPHI analysis, presented in [59], with the following values for the
years 1998 - 2000 combined:

∆κγ = 0.05+0.12
−0.14(stat)± 0.13(syst),

λγ = 0.06+0.24
−0.31(stat)± 0.07(syst),

∆gZ
1 = 0.04+0.28

−0.28(stat)± 0.03(syst).
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6.1 LEP results Discussion and Conclusions

Table 6.1:Values for the total singleW cross section as measured in [57] for the centre-of-mass
energies ranging from

√
s = 189 to 206.7 GeV, including the statistical and systematic errors.

√
s (GeV) σWeνe (pb)

189 0.70+0.29
−0.25±0.08

192 0.12+0.29
−0.12±0.01

196 0.90+0.39
−0.34±0.10

200 0.45+0.31
−0.19±0.05

202 1.09+0.52
−0.43±0.11

205 0.56+0.36
−0.30±0.06

206.7 0.58+0.25
−0.22±0.06

0

0.4

0.8

1.2

1.6

2

180 185 190 195 200 205 210

GRC4F v43

GRC4F v43 ± 5%

√s (GeV)

σ W
eν

 (
pb

)

LEP preliminary
Figure 6.1:Preliminary LEP-combined mea-
surements of the singleW cross section,
compared to the predictions of GRC4F. The
dotted lines represent the±5% uncertainty
on the predictions.

In order to obtain values for these couplings the generator DELTGC [60] has been used for this
analysis. This generator has been designed with a special attention to the anomalous gauge boson
couplings.

As already shown before, the non-Abelian classes of diagrams, i.e. fusion and annihilation di-
agrams (see figure 1.2), contain TGCs. The former type of diagram gives rise to the final state
Weνe, while the latter type results in aW -pair. Studies are performed to determine the couplings
∆κγ, λγ and∆gZ

1 from the semi-leptonic and fully hadronic decay of thisW -pair, resulting in the
final statesqq̄lνl (l = e, µ or τ ) andqqqq respectively. Analysing the leptonic final statelνllνl is
difficult, because of the two non-detectable neutrinos. Furthermore, the cross section of this pro-
cess is about a factor 4 smaller than each of the other two final states. Figure 1.6 shows that the
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Discussion and Conclusions 6.2 Beyond LEP2 energies

sensitivity of thes-channelqq̄eνe cross section on the couplingsλγ and∆gZ
1 is much stronger

than that of thet-channelqq̄eνe cross section, while these sensitivities on the coupling∆κγ are
of the same magnitude. Hence, the TGC analysis of theW +W− final state should result in much
stronger limits on the couplings∆κγ, λγ and∆gZ

1 than those from theWeνe final state, taking
into account only the cross section information. Including the information coming from angular
distributions fromW -pairs turns out to be much more fruitful than in case of the singleW analy-
sis. TheW+W− final state can be characterised in terms of the following five angular variables:

• theW− production angleΘW−, which is defined as the angle between the incoming elec-
tron and the outgoingW−,

• the decay angles (θ1, φ1) of the fermion in the rest frame of theW−,

• the decay angles (θ2, φ2) of the anti-fermion in the rest frame of theW+.

Especially the distribution of cosΘW− appears to be sensitive to anomalous couplings. The cou-
plings obtained from the semi-leptonic and fully hadronic analyses result in accuracies that are
about twice as high for all three couplings for the semi-leptonic analysis compared to the fully
hadronic analysis. The reason why the fully hadronic analysis produces results that are weaker
than the ones from the semi-leptonic analysis is caused by the difficulty to distinguish quarks
from anti-quarks and to determine which (anti-)quark belongs to whichW -boson. The precisions
of the semi-leptonic analysis and the singleW analysis on the coupling∆κγ are of the same size.
Combining the measurements from the four LEP experiments for the complete LEP2 data set (

√
s

= 161 - 209 GeV, which corresponds to integrated luminosities of about 700 pb−1 per experiment)
gives rise to the 68% CL errors and 95% CL intervals that are quoted in table 6.2 [61], indicating
that these measurements are in good agreement with SM predictions.

Table 6.2:Combined results from the four LEP experiments for the centre-of-mass energies
√

s
= 161 - 209 GeV for the TGC parameters∆κγ, λγ and∆gZ

1 including the 68% CL errors and
95% CL intervals. Both statistical and systematic errors are included.

coupling 68% CL 95% CL

∆κγ −0.057+0.055
−0.055 [-0.165, +0.052]

λγ −0.020+0.024
−0.024 [-0.067, +0.028]

∆gZ
1 −0.002+0.023

−0.025 [-0.049, +0.043]

6.2 Beyond LEP2 energies

At centre-of-mass energies much higher than the ones available at LEP2, it is interesting to ob-
serve that the singleW cross section rises with the energy, while theW -pair cross section drops
like 1

s
as can be seen from figure 6.2. Hence, the impact of the singleW final state becomes much
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6.2 Beyond LEP2 energies Discussion and Conclusions

more important in determining the couplings at theWWV vertex at such centre-of-mass energies
than at LEP2 energies.

500 1000 1500
0

5

10

15

20

single W

W-pair

√s (GeV)

σ 
(p

b) Figure 6.2:Total cross section for singleW
andW -pair production as a function of the
centre-of-mass energy.

Other TGC measurements

The rest of this section is focused on the TGC measurements that are performed currently else-
where in the world and on measurements that will be performed in the future.

The ZEUS collaboration has reported results on the measurement of the anomalous couplings
at theWWγ vertex from singleW production in positron-proton collisions at HERA in Ham-
burg via the reactione+p → e+W±X [62]. The 95% CL results are obtained at a centre-of-mass
energy

√
s = 300 GeV and correspond to an integrated luminosityL = 47.7 pb−1:

-4.7< ∆κγ < 1.5 and -3.2< λγ < 3.2.

At the currently running Tevatronpp̄ collider (
√

s = 1.96 TeV) near Chicago, theWWV vertex is
especially probed via the production of one of the following vector boson pairs:Wγ, WW and
WZ. The production of these gauge boson pairs will be studied at the LHCpp collider for the
same reasons. This collider will become active in 2007 and will reach a centre-of-mass energy

√
s

= 14 TeV. The signature of events with anomalous couplings is an excess of these vector boson
pairs, particularly for large values of the invariant mass of the gauge boson pair and for large
values of the gauge boson transverse momentumpT. With non-SM couplings, the cross sections
for vector boson pair production grow with the centre-of-mass energy, eventually violating tree-
level unitarity. This can be avoided by parametrising any couplingα (α = ∆κγ, λγ or ∆gZ

1 ) in the
following way:

α(ŝ) =
α

(1 + ŝ
Λ2 )

2 , (6.1)
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whereŝ is the invariant mass of the gauge boson pair andα is the coupling value at the low energy
limit. Λ is related to the energy scale at which new physics becomes important. The sensitivity of
the couplings is dependent on the value of this cut-off scaleΛ: the higher the value ofΛ, the more
accurate coupling results can be obtained. The value of the form factorΛ needs to be chosen such
that the coupling limit is less than the unitarity limit. The Tevatron experiments DØ and CDF
usually quote coupling results for a scaleΛ = 1.5 TeV or 2.0 TeV [63, 64], while LHC will be
able to produce couplings for a form factorΛ = 10 TeV [65].

One of the possible options for a future collider after LHC is the construction of the linear collider
TESLA, which is to be built near Hamburg. The proposal is to create a lineare+e− collider, which
should be running at centre-of-mass energies

√
s = 0.09 - 1.0 TeV. Due to the higher centre-of-

mass energies possible at TESLA, the producedWs get a larger boost, assuming that aW -pair
has been created, which makes it possible to measure the production angleΘW− with signifi-
cantly higher accuracy than at LEP2. At LEP2, the singleW production is mainly sensitive to
WWγ couplings, while theWWZ and theWWγ vertex contribute roughly equally toW -pair
production. Hence, only a linear combination of the two types of couplings is effectively mea-
sured. Since TESLA will run with polarised beams, these types can be disentangled. AW -pair
can be produced by means of the conversion diagram and the non-Abelian annihilation diagrams
as depicted in figure 1.2. The contribution of the first diagram vanishes for right-handed electrons
or left-handed positrons. Therefore, this diagram can be excluded completely by polarising one
of the incoming beams appropriately, leaving only TGC dependent diagrams. TheWW cross
section for left-handed electronsσWW,L is at least a factor 10 larger than the one for right-handed
electronsσWW,R for all polar anglesΘW− at TESLA energies. Also the left-right asymmetry
ALR for W -pair production is very useful in disentangling couplings at theWWZ and theWWγ
vertex [66].

To summarise, figure 6.3 shows the obtained or obtainable precisions of the couplings∆κγ and
λγ at LEP, Tevatron, LHC and TESLA [66]. Tevatron will run until 2008, resulting in data sam-
ples of up toLTevatron = 30 fb−1. If an integrated luminosityL = 10 fb−1 can be achieved, limits
on anomalous couplings are expected to improve the current results by a factor of about 5. Each
additional factor 10 in integrated luminosity leads to roughly another factor 2 improvement in the
accuracies that can be achieved [67].
For LHC and TESLA three years of running are assumed with the following specifications:LLHC

= 300 fb−1 and
√

sTESLA = 800 GeV andLTESLA = 1500 fb−1. Especially for the coupling
∆κγ TESLA can reach a much higher sensitivity than LHC.
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Figure 6.3:Obtained or expected accuracy on the couplings∆κγ (a)) andλγ (b)) from the collid-
ers LEP, Tevatron, LHC and TESLA.
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APPENDIX A

R-factor distributions from the cross
section analyses

The following sections contain the -∆2lnL distributions and the probability density distributions
for theR-factor from the cross section analyses for the various centre-of-mass energies.

A.1 Muon analysis
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A.2 Electron analysis
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A.3 Hadronic analysis

0

2

4

6

8

10

0 1 2
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 1 2

Rqqeν

-∆
2l

nL a)

√s = 189 GeV

Rqqeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 189 GeV

0

2

4

6

8

10

12

0 1 2 3
0

0.5

1

1.5

2

2.5

0 1 2 3

Rqqeν
-∆

2l
nL a)

√s = 192 GeV

Rqqeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 192 GeV

0

2

4

6

8

10

12

14

0 1 2 3 4
0

0.2

0.4

0.6

0.8

1

0 1 2 3 4

Rqqeν

-∆
2l

nL a)

√s = 196 GeV

Rqqeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 196 GeV

0

2

4

6

8

10

12

0 0.5 1 1.5 2
0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

0 0.5 1 1.5 2

Rqqeν

-∆
2l

nL a)

√s = 200 GeV

Rqqeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 200 GeV

0

2

4

6

8

10

0 1 2 3
0

0.2

0.4

0.6

0.8

1

0 1 2 3

Rqqeν

-∆
2l

nL a)

√s = 202 GeV

Rqqeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 202 GeV

0

2

4

6

8

10

0 1 2
0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 1 2

Rqqeν

-∆
2l

nL a)

√s = 205 GeV

Rqqeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 205 GeV

142



R-factor distributions from the cross section analyses

0

2

4

6

8

10

0 1 2
0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 1 2

Rqqeν

-∆
2l

nL a)

√s = 206.7 GeV

Rqqeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 206.7 GeV

0

5

10

15

20

0 0.5 1 1.5
0

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5

Rqqeν

-∆
2l

nL a)

√s: 1998 - 2000

Rqqeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s: 1998 - 2000

A.4 SingleW analysis

0

2

4

6

8

10

12

0 0.5 1 1.5 2
0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

0 0.5 1 1.5 2

RWeν

-∆
2l

nL a)

√s = 189 GeV

RWeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 189 GeV

0

2

4

6

8

10

12

0 1 2 3
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 1 2 3

RWeν

-∆
2l

nL a)

√s = 192 GeV

RWeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 192 GeV

0

2

4

6

8

10

12

14

0 1 2 3
0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 1 2 3

RWeν

-∆
2l

nL a)

√s = 196 GeV

RWeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 196 GeV

0

2

4

6

8

10

0 0.5 1 1.5
0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

0 0.5 1 1.5

RWeν

-∆
2l

nL a)

√s = 200 GeV

RWeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 200 GeV

143



R-factor distributions from the cross section analyses

0

2

4

6

8

10

12

0 1 2
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 1 2

RWeν

-∆
2l

nL a)

√s = 202 GeV

RWeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 202 GeV

0

2

4

6

8

10

0 0.5 1 1.5
0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

0 0.5 1 1.5

RWeν

-∆
2l

nL a)

√s = 205 GeV

RWeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 205 GeV

0

2

4

6

8

10

0 0.5 1 1.5 2
0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

0 0.5 1 1.5 2

RWeν

-∆
2l

nL a)

√s = 206.7 GeV

RWeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s = 206.7 GeV

0

5

10

15

20

25

30

35

0 0.5 1
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 0.5 1

RWeν

-∆
2l

nL a)

√s: 1998 - 2000

RWeν

pr
ob

ab
ili

ty
 d

en
si

ty

b)

√s: 1998 - 2000

144



APPENDIX B

-∆2lnL distributions from the TGC
analyses

The following sections contain the -∆2lnL distributions from the TGC analyses for the various
centre-of-mass energies.

B.1 Muon analysis
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-∆2lnL distributions from the TGC analyses
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B.2 Electron analysis
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-∆2lnL distributions from the TGC analyses
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-∆2lnL distributions from the TGC analyses
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-∆2lnL distributions from the TGC analyses
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-∆2lnL distributions from the TGC analyses

0

5

10

15

-3 -2 -1 0 1
∆κγ

-∆
2l

nL a)

√s = 196 GeV

0

2

4

6

8

-1.5 -1 -0.5 0 0.5 1 1.5
λγ

-∆
2l

nL b)

√s = 196 GeV

0

5

10

15

-2 -1 0 1 2
∆g1

Z

-∆
2l

nL c)

√s = 196 GeV

0

2

4

6

8

10

-2 -1 0
∆κγ

-∆
2l

nL a)

√s = 200 GeV

0

2

4

6

8

10

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
λγ

-∆
2l

nL b)

√s = 200 GeV

0

5

10

15

-1.5 -1 -0.5 0 0.5 1 1.5
∆g1

Z
-∆

2l
nL c)

√s = 200 GeV

0

2.5

5

7.5

10

-2.5 -2 -1.5 -1 -0.5 0 0.5 1
∆κγ

-∆
2l

nL a)

√s = 202 GeV

0

2.5

5

7.5

10

-1.5 -1 -0.5 0 0.5 1 1.5
λγ

-∆
2l

nL b)

√s = 202 GeV

0

2

4

6

-1.5 -1 -0.5 0 0.5 1 1.5
∆g1

Z

-∆
2l

nL c)

√s = 202 GeV

0

2.5

5

7.5

10

-2 -1 0
∆κγ

-∆
2l

nL a)

√s = 205 GeV

0

2.5

5

7.5

10

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
λγ

-∆
2l

nL b)

√s = 205 GeV

0

2.5

5

7.5

10

-1.5 -1 -0.5 0 0.5 1 1.5
∆g1

Z

-∆
2l

nL c)

√s = 205 GeV

152
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Summary

This thesis describes the study of the singleW final state that is produced from collisions between
electrons and positrons at the Large Electron Positron collider (LEP) at CERN near Geneva.
The collisions that have been produced by LEP during the years 1998 - 2000, at centre-of-mass
energies ranging from 189 to 209 GeV and with a total integrated luminosity of about 600 pb−1,
are analysed by studying the reaction products that have been recorded by one of the four LEP
experiments: the DELPHI detector.

The reason why the singleW final state is studied has been born out of the curiosity to verify
the predictions of the Standard Model that describes our current understanding of fundamental
matter and its interactions. This final state offers a unique possibility to satisfy this curiosity.
The model, constructed in the 1960s and 1970s, describes the electroweak and strong interactions.
The emphasis of this thesis is focused on the electroweak part of the Standard Model, which is
described by a non-Abelian gauge theory, resulting in the existence of interactions between the
gauge fields corresponding to the gauge bosonsW , Z andγ. The self-couplings between three
gauge bosons, “trilinear gauge boson couplings” (TGCs) at theWWγ andWWZ vertices, are
studied by measuring the couplings∆κγ, λγ and∆gZ

1 , optimised to reveal possible deviations
from the Standard Model values, since these parameters are all equal to zero in this model.

The singleW final stateWeνe is analysed in order to deduce these TGC parameters, since this fi-
nal state can contain aWWγ or WWZ vertex when it is produced via a fusion diagram. Besides
by this process the singleW final state can also be created by means of bremsstrahlung diagrams
that lack these vertices.
The four LEP experiments have agreed on a common signal definition for the cross section of the
singleW final state, which is defined by the completet-channel subset of diagrams contributing
to e+e− → Weνe; W → f f̄ ′, with additional cuts on kinematical variables at generator level.

For the cross section and TGC analyses, the final statesWeνe; W → lνl with l = e or µ and
W → qq̄ are studied. The electron or positron in the final state (not coming from theW decay)
usually escapes along the beam pipe. Since neutrinos cannot be detected, the topology of single
W events is fully characterised by the decay products of theW . Therefore, the leptonic decay
of theW results in the presence of only one highly energetic charged lepton accompanied by a
large missing momentum without the appearance of another significant energy deposition in the
detector. The hadronic decay of theW leads to the appearance of two acoplanar jets with a large
amount of missing energy.
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Summary

The maximum likelihood method is applied to the observed number of events in determining
the best value for the cross section and TGC parameters.
The R-factor, defined as the ratio of the experimental and theoretical values of a certain quan-
tity, is used for the cross section analysis to determine how well the cross section agrees with
the Standard Model prediction. The value of thisR-factor for the singleW cross sectionRWeνe

for the years 1998 - 2000 combined is calculated to be, including the 68% confidence level (CL)
statistical error and systematic uncertainty:

RWeνe = 0.83± 0.12(stat)± 0.03(syst).

The theoretical singleW cross sections vary from about 0.7 to 1.0 pb for the centre-of-mass en-
ergies available at LEP during these years of data-taking.

The singleW TGC analysis for the years 1998 - 2000 combined gives rise to the following mea-
surements of the anomalous couplings∆κγ, λγ and∆gZ

1 , indicating both the 68% CL statistical
error and systematic uncertainty:

∆κγ = −0.13+0.12
−0.14(stat)± 0.05(syst),

λγ = −0.02+0.26
−0.25(stat)± 0.01(syst),

∆gZ
1 = +0.25+0.34

−0.66(stat)± 0.05(syst).

Extending the CL region to 95% CL intervals leads to the following limiting values of the TGC
parameters, where both statistical and systematic errors are taken into account:

∆κγ ∈ [-0.47, +0.13],

λγ ∈ [-0.47, +0.45],

∆gZ
1 ∈ [-0.69, +0.82].

In general, both the cross section and TGC measurements corresponding to the individual centre-
of-mass energies during the years 1998 - 2000 and the combined results show no evidence for
deviations from Standard Model predictions.
The Standard Model remains unchallenged at current energy scales.
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Samenvatting

Dit proefschrift beschrijft de studie van de eindtoestand metéén enkelW -deeltje, geproduceerd in
botsingen tussen elektronen en positronen in de grote Europese deeltjesversneller LEP van CERN
bij Geǹeve. De botsingen die geproduceerd zijn door LEP gedurende de jaren 1998 - 2000, bij
zwaartepuntsenergieën tussen 189 en 209 GeV en met een totale geı̈ntegreerde luminositeit van
ongeveer 600 pb−1, worden geanalyseerd door de reactieproducten te bestuderen die gedetecteerd
zijn dooréén van de vier LEP-experimenten: de DELPHI-detector.

De reden waarom de enkelvoudigeW eindtoestand bestudeerd wordt, is gelegen in de nieuws-
gierigheid om de voorspellingen van het Standaard Model te verifiëren. Dit model geeft een
beschrijving van ons huidige begrip van fundamentele materie en haar interacties. Deze eindtoe-
stand biedt een unieke mogelijkheid om die nieuwsgierigheid te bevredigen. Het model, dat in de
jaren ’60 en ’70 geconstrueerd is, beschrijft de elektro-zwakke en sterke wisselwerkingen. In dit
proefschrift wordt de nadruk gelegd op het elektro-zwakke gedeelte van het Standaard Model, dat
beschreven wordt door een niet-Abelse ijktheorie, hetgeen resulteert in het bestaan van wissel-
werkingen tussen de ijkvelden die corresponderen met de ijkbosonen, de zogenaamdeW -, Z- en
γ-deeltjes. De zelf-koppelingen tussen drie ijkbosonen, zogenaamde “TGCs” bij deWWγ- en
WWZ-vertices, worden bestudeerd door de koppelingen∆κγ, λγ en∆gZ

1 te meten. Deze kop-
pelingsparameters zijn een gevoelige maat voor mogelijke afwijkingen van de Standaard Model
voorspellingen, aangezien deze parameters allemaal gelijk aan nul zijn in dit model.

De enkelvoudigeW eindtoestandWeνe wordt geanalyseerd met de bedoeling deze TGC-parame-
ters te bepalen, aangezien deze eindtoestand eenWWγ- of WWZ-vertex kan bevatten wanneer
hij door een fusiediagram geproduceerd wordt. Behalve door dit proces kan de enkelvoudige
W eindtoestand ook gecreëerd worden door middel van bremsstrahlung-diagrammen die deze
vertices niet bevatten.
De vier LEP-experimenten zijn onderling een gemeenschappelijke definitie van het signaal voor
de werkzame doorsnede van de enkelvoudigeW eindtoestand overeengekomen, die bepaald
wordt door de volledige deelverzameling vant-kanaal diagrammen die bijdragen aane+e− →
Weνe; W → f f̄ ′, met daarnaast snedes op kinematische variabelen op generatorniveau.

Voor de analyses van de werkzame doorsnede en de TGCs worden de eindtoestandenWeνe; W →
lνl met l = e of µ enW → qq̄ bestudeerd. Het elektron of positron in de eindtoestand (dat niet
afkomstig is van hetW -verval) ontsnapt meestal langs de bundelpijp. Aangezien neutrino’s niet
gedetecteerd kunnen worden, wordt de topologie van enkelvoudigeW eindtoestanden volledig
gekarakteriseerd door de vervalsproducten van deW . Het leptonische verval van deW resulteert
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daarom in de aanwezigheid vanéén hoog-energetisch geladen lepton met daarnaast een grote
hoeveelheid missende impuls zonder enig andere belangrijke energiedepositie in de detector.
Het hadronische verval van deW leidt tot de aanwezigheid van twee acoplanaire bundels van
deeltjes (“jets”) met een grote hoeveelheid missende energie.

De methode van de “meest aannnemelijke aanpassing” wordt toegepast op het aantal waargenomen
gebeurtenissen om de beste waarde voor de werkzame doorsnede en de TGC-parameters te
bepalen. DeR-factor, die gedefiniëerd wordt als het quotiënt van de experimentele en theo-
retische waarden van een zekere grootheid, wordt gebruikt voor de analyse van de werkzame
doorsnede om te bepalen hoe goed deze overeenkomt met de Standaard Model voorspelling.
De waarde van dezeR-factor voor de werkzame doorsnede van de enkelvoudigeW eindtoestand
RWeνe voor de jaren 1998 - 2000 gecombineerd, is als volgt;

RWeνe = 0.83± 0.12(stat)± 0.03(syst),

waarbij zowel de statistische fout (68% betrouwbaarheidsinterval) en de systematische onzeker-
heid zijn weergegeven.
De theoretische waarden van de werkzame doorsnede voor de enkelvoudigeW eindtoestand
liggen tussen de 0.7 en 1.0 pb voor de de zwaartepuntsenergieën die beschikbaar waren gedurende
de periode dat LEP gegevens leverde.

De TGC-analyse van de enkelvoudigeW eindtoestand voor de jaren 1998 - 2000 gecombineerd
levert de volgende metingen van de koppelingen∆κγ, λγ en∆gZ

1 ;

∆κγ = −0.13+0.12
−0.14(stat)± 0.05(syst),

λγ = −0.02+0.26
−0.25(stat)± 0.01(syst),

∆gZ
1 = +0.25+0.34

−0.66(stat)± 0.05(syst),

waarbij zowel de statistische fout (68% betrouwbaarheidsinterval) en de systematische fout zijn
weergegeven.

Wanneer het betrouwbaarheidsgebied tot 95% waarschijnlijkheid wordt uitgebreid, worden de
volgende intervalwaarden van de TGC-parameters verkregen;

∆κγ ∈ [-0.47, +0.13],

λγ ∈ [-0.47, +0.45],

∆gZ
1 ∈ [-0.69, +0.82],

waarbij zowel de statistische als systematische fout zijn inbegrepen.

In het algemeen geldt dat zowel de metingen van de werkzame doorsnede als die van de TGCs
van de individuele zwaartepuntsenergieën gedurende de jaren 1998 - 2000 en de gecombineerde
resultaten niet afwijken van de Standaard Model voorspellingen.
Het Standaard Model blijft bij de huidige energieschalen onbetwist overeind.
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