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ABSTRACT

A measurement of the mass of the W boson fromete™ — W*TW~ — qdqq events is presented,
from LEP data collected at /s = 189 GeV during 1998 with the ALEPH detector. The procedure
of direct reconstruction of the WtW ~ final state invariant mass distribution is adopted, with
an optimisation of the event selection and jet clustering algorithms. A two dimensional Monte
Carlo reweighting technique is used to extract the W mass and a full discussion of the systematic

uncertainties is given. The W mass is measured to be:
Mw = 80.556 + 0.110(stat.) £ 0.039(syst.) & 0.056(F.S.I.) £ 0.017(LEP) GeV/c? .

A new technique for extracting the W mass using a two dimensional Kolmogorov Smirnov test is

introduced. The W mass using this method is measured to be:
MES =80.423 + 0.160(expected stat.) GeV/c? ,

which is compared with that from the method of maximum likelihood. Rigorous optimisation and
stability checks on the W mass estimator and its error are presented, and the result put into the

context of a LEP and subsequently world average value:
Myerid = 80.394 + 0.042 GeV/c? .

The implications of this result are interpreted by comparing it with the indirect W mass measure-

ment from the Standard Model prediction:
Mipdirect — 80.381 + 0.026 GeV/c? .

A discussion and outlook for the W mass measurement at LEP is given.
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Preface

This thesis is structured in the following way: Motivation for the W mass mea-
surement is given and the available methods at LEP are discussed in Chapter 1.
Chapter 2 gives an overview of the Standard Model and an interpretation of the
W boson mass using Electroweak theory. Chapter 3 is devoted to a description of
the experimental apparatus used, namely the LEP collider and the ALEPH detector.
Chapter 4 explains the analysis used to reconstruct the invariant mass distribution
from which to extract the W mass. Studies of the W mass extraction technique
are given in Chapter 5 and the results which were obtained at /s = 189 GeV. In
Chapter 6 a completely new measurement technique, the 2D Kolmogorov Smirnov
test, is introduced and compared with the previous one. In Chapter 7 the result is
put into the context of a world average W mass measurement and a summary and

conclusion are presented in Chapter 8.




Chapter 1

Introduction

One of the most important questions in particle physics concerns the origin of mass.
At the subatomic level it appears that the fundamental constituents of the universe
have distinctly different masses, which has dramatic consequences for the world we
live in. The W and Z vector bosons, postulated to be responsible for the weak nu-
clear force, were first discovered at CERN in 1983 at the Super Proton Synchrotron
(SPS) experiments, UA1 [1] and UA2 [2]. Since then it has been the goal of sev-
eral experiments worldwide to measure their masses, Mw and Mgz, as accurately as

possible, thus providing a deeper understanding of the basic laws of nature.

1.1 Motivation for Myw Measurement

Precision measurements of Myw and Mgz are of fundamental physical importance,
since the relation between them is predicted by the theory describing the interactions
of elementary particles, the Standard Model (SM). The W mass can be determined
indirectly from the precisely known Z mass and fermi constant G, using the SM

prediction for muon decay [3]:

1
M2 = o , 1.1
Y V2G, sin? 6y 1 — Ar (1.1)
where
M2
sin?fy =1 — 2. (1.2)
M3

At tree level (lowest order calculation) the factor Ar = 0. When loop corrections

are included Ar depends on the masses of the top quark m; and Higgs boson Mp.
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Such corrections are illustrated in Figure 1.1, which for the W mass infer a quadratic

and logarithmic dependence on m; and My respectively.

(b)

-3
e

W W W W

b W

Figure 1.1: Radiative loop corrections to the W mass which lead to: (a) a quadratic dependence
on m; and (b) a logarithmic dpendence on Mp.

Global electroweak fits to the data through Equation 1.1 can thus determine
My, My and m; simultaneously. With data from LEP1 and SLD the indirect W

mass is [4]
Mipdirect — 80.381 + 0.026 GeV/c? .

The direct measurement of My thus becomes important if its error is comparable, or
smaller than, the indirect measurement. Direct measurements from pp experiments
at CDF [5], DO [6] (Tevatron, Fermilab) and the UA2 experiment [7] are summarised
in Table 1.1.

| | Mw (GeV/c?) |
UA2 80.360 + 0.370
CDF 80.433 £ 0.089
DO 80.474 £ 0.093

[Average | 80.448 + 0.062 |

Table 1.1: Preliminary measurements of My at pp colliders [8].

In particular, a precise measurement of My can be used together with the direct
determination of m; at the Tevatron [9] to place mass constraints on the Higgs
boson within the framework of the SM. Additionally, the measurement can be used
to constrain the existence of physics beyond the SM, as a disagreement between

Mgireet and Migdireet could indicate that the W boson couples to other particles.
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1.2 W pair production at LEP2

Since 1996 it has been possible to make a direct measurement of the W mass at
the Large Electron Positron collider (LEP). LEP is a good environment to make a
precise measurement as the centre of mass energy is well known and all decay modes
of the W boson can be studied. A schematic illustrating the LEP2 programme is

shown in Figure 1.2 in terms of the W*W ™ pair production cross section.

g 200 (1999) >2500 WW/exp
E (1998) 2600 WW/exp.
° (1997) 860 WW/exp.
® 15.0
a
o (1996) 120 WW/exp
S
§ 10.0
(1996) "threshold,
35 WW/exp.
5.0
0.0

161 172 183 189 196 200
LEP Centre of Mass energy (GeV)

Figure 1.2: The LEP2 W+W ™ lineshape scan. Since 1996 the LEP centre of mass energy has
gradually increased, producing more W*W~ pairs. The approximate number of W*¥W ™ pairs
collected by each of the four LEP experiments is indicated.

W+W~ pairs are produced at LEP2 through the process efe™ — W*W ™ at
energies above production threshold (~ 2My,) which is dominated by the CC03
(‘3 charged current’) diagrams shown in Figure 1.3. The cross sections for the s-
channel (virtual Z,~ exchange) processes are proportional to 35, where By is the
boost of the W, while the t-channel (v-exchange) is proportional to By making it

the dominant diagram at energies close to threshold.
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Figure 1.3: The CC03 diagrams; the main processes by which W+W ™ pairs are produced at
LEP2. The example shown is for a W+ W™~ ‘semi-leptonic’ decay, where one W has decayed into
leptons and the other into quarks.

1.3 Mw Measurement at LEP2

The W*W ™ cross section is particularly sensitive to the W mass around the thresh-
old region, which makes possible a measurement of the W mass from the cross-section
within the framework of the SM. Using data collected by the four LEP experiments
at /s = 161 GeV the W mass is measured to be [3],

Mgess—seetion — 80,400 + 0.220 GeV/c? .

At LEP energies above W+W ™~ production threshold the most efficient method of
measuring the mass of the W boson is by the direct reconstruction of its decay
products in the final state. The W+W ~ decay final states of importance for the W

mass measurement along with their branching ratios are summarised in Figure 1.4.

Hadronic Semi-Leptonic Fully-Leptonic
’
~ N N
45.6 % 43.8 % 10.6 %

Figure 1.4: The three channels to which a W*W™ pair can decay. Thick arrows represent
hadronic jets, thin arrows represent leptons and broken arrows represent undetected neutrinos.
Their branching ratios derive from the fact that BR.(W — ¢G ) = 68.8%.
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In terms of merit for extracting the W mass, the semi-leptonic channel is partic-
ularly valuable as there is a clear signature of two hadronic jets, an energetic lepton
and missing energy from the neutrino. The non-W+W ™~ background is therefore
minimal for the case of the evqq and prqq sub-channels, although slightly higher for
the Tvqq final state. The fully leptonic channel suffers from a low branching ratio,
but moreover from the fact that kinematic event reconstruction is difficult because
two neutrinos escape detection. A measurement of My in this channel has however
been made, which uses the end-point of the lepton energy distribution [10].

The measurement described in this thesis is made from hadronic W+ W~ events,
where each W has decayed into a ¢¢ pair. The main disadvantage in the hadronic
channel is the problem of associating the final four-jets to their correct parent W's
and the presence of a relatively high non-W+W~ background. In addition, the final
state of four quarks develops in a small space-time region, leading to interconnection
phenomena which may affect the reconstructed W mass.

The statistical power of the direct reconstruction approach has been estimated

as [11] (pp. 150):
r -1
AMy ~ \/_% ~ 50Mev\/%, (1.3)

where 'y is the width of the W boson and £ the data luminosity collected by
the detector. By the end of LEP2 it was foreseen that the combined luminosity
of all four LEP experiments would be more than 500 pb™' which corresponds to a
statistical precision on My of ~ 30 MeV/c? , comparable to the uncertainty on the
indirect measurement. In fact LEP has performed better than expected over the
period 1996-1999 and a total integrated luminosity of 700 pb~! may be achievable
with data taken in 2000 [12].




Chapter 2

Theoretical Framework

2.1 Introduction

Particle physics is the study of the fundamental constituents of matter and their
interactions. This chapter gives an introduction to the current picture of particle
physics, the Standard Model (SM), beginning with the subtle concept of symme-
try on which it is based and going on to describe its structure in three sectors:
fermionic, gauge and scalar, which are linked by a generalisation of quantum me-
chanics known as Quantum Field Theory. The theory of electroweak interactions
will then be described in more detail and used along with the Higgs mechanism to
give an interpretation of the W boson. Finally the theoretical aspects of particular
relevance to the W mass measurement described in this thesis will be given. Unless

otherwise stated, references for this section are in [13-18].

2.1.1 Symmetries in Nature

One of the most elegant features in physics is the existence of symmetries in nature,
which provide insight and simplicity to a complex physical system. Symmetry is
quite evident in classical physics, for example the motion of the planets in the solar
system, but it is at the sub-microscopic level where there is greatest scope for sym-
metry to be exploited, owing to the fact that nature has a finite set of building blocks
(take for example the structure of crystals). The existence of symmetries plays a
crucial role in the understanding of the most fundamental physical system, elemen-
tary particle physics, as the complexities of quantum mechanics can be simplified

greatly.
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Symmetries in nature yield conservation laws and conversely, conservation laws
reveal an underlying symmetry (Noether’s theorem). For example, if a system is
invariant under a translation in space then momentum is conserved. More formally,
it is said that a symmetry S exists when the Hamiltonian! of the physical system
under study is invariant under the transformation given by S, i.e. SHS' = H.

The properties of the set of these symmetry operations are precisely the defining
properties of a mathematical group, which is the formalism used to build theories in
particle physics. The group structure depends on the complexity of the symmetry,
which in particle physics is based on the principle of gauge invariance. This is the
property of a theory where its Lagrangian? is invariant under a gauge (or phase)
transformation. Each generator of the gauge group introduces a conserved quantity
and in particular a massless gauge boson field. The Lagrangian may possess ‘hidden’
symmetries also, and it is the breaking of such a symmetry that is responsible for

the mass of the W boson.

2.1.2 Particles and Forces

It seems that the universe is composed of two types of particles, fermions and bosons,
distinguished by their spin angular momentum (which is a direct consequence of
symmetry in their wavefunctions). They interact via the four known forces in na-
ture, electromagnetism, gravity and the strong and weak nuclear forces. Although
gravity is the most apparent in the world around us, it is insignificant for elementary
particles due to their small masses (~ 107° times weaker than the strong force) and
is not included in the SM.

The fermion or matter content is further divided into quarks and leptons ac-
cording to their interactions and each fall naturally into three generations. This
‘modern day periodic table’ is shown in Table 2.1. Each quark and lepton has an
anti-particle partner with opposite electric charge and quantum numbers and each
flavour of quark comes in three colour charges. Particles belonging to the 2nd and

3rd generations only exist at high energies. The particle masses increase from the

1The Hamiltonian is a function expressing the energy of a system in terms of its momentum
and position coordinates and is used extensively in the formalism of quantum mechanics.

2The Lagrangian approach is an alternative formalism which describes a physical system in
terms of its kinetic T and potential V energy: £ = T - V.
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| | 1st Generation | 2nd Generation | 3rd Generation | Electric Charge ]

d (down) s (strange) b (bottom) -1/3
Quarks
u (up) ¢ (charm) t (top) +2/3
e (electron) ¢ (muon) T (tau) -1
Leptons
v, (e-neutrino) | v, (u-neutrino) | v, (T-neutrino) 0

Table 2.1: Fermionic sector of the Standard Model.

1st to the 3rd generation and ‘everyday’ matter is built from the lightest generation
only. The generation structure is not explained by the SM, neither are the particle
masses themselves.

The forces between these particles are mediated by integral spin gauge bosons:
the photon for the electromagnetic force, the massive W* and Z for the weak force
and 8 massless gluons for the strong force. The range of these forces are inversely
proportional to the mass of the corresponding boson3, which explains the infinite
range of electromagnetism and the very short range of the weak interaction. The
strong force, however, has a very short range but massless force carriers. This is
because the gluons themselves carry colour and will be explained in more detail
later.

The strength of the interactions are described by the magnitude of the corre-
sponding coupling constant «, relative to the strong force. Only particles with
colour experience the strong force, i.e. the quarks and gluons. The electromagnetic
force is felt by all particles with electric charge (while the photon is neutral) and

the weak force acts on all fermions and bosons with the exception of the gluon.

3More explicitly, their range is given by the Compton wavelength of the propagator, limited by
the Uncertainty Principle.
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2.1.3 Field Theory

The mathematical framework which marries the concepts of fundamental particles
and forces and enables the calculation of physical observables is known as Quantum
Field Theory (QFT). The original and best example is the U(1)gy gauge theory * of
quantum electrodynamics (QED) [19]. This is the result of incorporating Maxwell’s
electromagnetic picture into quantum mechanics and is a useful example with which
to describe the main features of quantum field theory.

QFT replaces the problem of ‘action at a distance’ by describing all the forces
in nature as the result of particle exchange. In QED, the repulsion between two
electrons is described by the diagram in Figure 2.1, the exchange of a virtual pho-
ton. This process violates energy conservation, but in quantum mechanics this is

permitted for a period consistent with the Uncertainty Principle (At < h/AFE).

Figure 2.1: In QED electrons repel by the exchange of a virtual photon.

These ‘Feynman diagrams’, named after their inventor, are pictorial represen-
tations of mathematical expressions for the Lorentz invariant matrix element, or
amplitude, M for a particular process. Straight lines represent spin-% fermions and
the helices spin-1 boson propagators. They connect at vertices where a factor \/a
enters, describing the strength of the interaction, and at which energy and momen-
tum are conserved. The matrix element for a diagram such as Figure 2.1 has the
form

M ~ M;GM;s, (2.1)

4The U(1) symmetry group are global rotations of the field by the phase ()| which through
Noether’s theorem implies the conservation of electric charge Q. For this reason, it will be referred
to as U(1)q throughout this chapter.
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where M; and M are the matrix elements at the initial and final state vertices and

G represents the boson propagator. In QFT this has the form

1
G x m, (2.2)

where ¢ and m are the four momenta and mass of the exchanged boson. The value
of g% in such a process is negative, therefore implying a negative mass value. A
particle which has E? — p? # m? is said to be ‘virtual’ or ‘off-shell’, in contrast to
a free particle which has E? — p? = m? and is said to be ‘real’ or ‘on-shell’. The
differential cross section for a given process (diagram) is

7 o« [M[p(a), (23)

where z is a kinematic variable and p(z) is the phase space densisty. The Feynman
diagram formalism is convenient because the total cross section for this process is
obtained by considering all the diagrams in which vertices are connected in all possi-
ble ways and squaring the sum of these amplitudes. This results mathematically as
a power series in terms of the coupling constant a . For the case of QED (Figure 2.1)
each ascending term in this series should contribute a smaller correction to the e”e™
Coulomb repulsion, since agp < 1. Two such ‘radiative corrections’ are shown in

Figure 2.2.

[

Figure 2.2: Some higher order contributions to the Coulomb interaction: (a) represents the
polarisation of the vacuum and (b) the anamalous magnetic moment of the electron.

The problem with diagrams containing such radiative terms is that their cor-
responding integral is divergent, rendering perturbation theory unphysical. These
infinities were overcome by the technique of renormalisation. Firstly the integrals

are regularised with some factor which involves a cutoff mass M, assumed to be very
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large and taken to infinity at the end of the calculation. The integral then separates
into a finite part independent of M, and a term which diverges as M — oco. At
the end of the calculation this latter term infers an additive term to the masses
and coupling constant, which means that the troublesome infinities can be absorbed
into redefinitions of the coupling constant and particle masses. The fact that these
additive factors are infinite as M — oo does not matter, since it is only the physical
values that are experimentally measured (nature sums all diagrams automatically),
thus these renormalised parameters are the correct ones to compare with experi-
ments. The remaining finite part of the integral leads to an energy dependence in
the particle masses and coupling constant.

The success of QED, along with the work of 't Hooft which showed that in fact all
gauge theories are renormalisible [20], motivated similar theories for the strong and
weak interactions. The larger symmetry group SU(3) was proposed to describe the
strong interaction. The corresponding gauge theory is known as Quantum Chromo-
dynamics (QCD) based on the gauge symmetry of strong interactions, namely the
colour transformations which leave its Hamiltonian invariant. The SU(3) group has
eight generators and thus QCD has eight coloured gauge bosons, called gluons. The
diagrams of QCD are similar to QED with the electron lines replaced with quarks
and the photon propagator by gluons. However, calculations in QCD are much more
complicated due to the fact that gluons themselves carry colour and the expansion
to higher orders diverges, since at this scale s > 1. Perturbation theory can only
be applied to the simplist bare quark-gluon processes not directly observed, and in
practice phenomenological QCD models are heavily relied upon.

A description of the weak interaction was first proposed by Fermi [21], however
despite its success in explaining radioactive §-decay it could not incorporate the ob-
servation that the weak force couples only to left-handed fermions (maximally parity
violating) [22]. To fully incorporate the phenomenology of the weak interaction into
a renormalisible gauge theory, the electroweak (EW) theory was built. This unifies
the weak and electomagnetic interactions into a symmetry group which contains as

a subset U(1)q and is described in more detail in the next section.
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2.2 The Standard Model

The Standard Model (SM) [23, 24, 25] is a quantum field theory based on the total
gauge symmetry of the fundamental SU(2);, ® U(1)y electroweak and SU(3)c strong

interactions in particle physics,
SU(3)c ® SU(2)L, ® U(1)y.

By demanding local gauge invariance of the Standard Model Lagrangian, the spin-1
fields mediating the interactions are massless. This makes the theory unphysical as
the bosons and fermions are then massless. The mechanism that generates masses
in the SM is based on the spontaneous symmetry breaking (SSB) of the electroweak
SU(2)r, ® U(1)y symmetry, which causes the weak and electromagnetic force to
decouple, while preserving local gauge invariance [26]. A consequence of SSB is
the prediction of a massive scalar (spin-0) particle known as the Higgs boson which
has not yet been discovered experimentally. The combination of the electroweak
theory and the Higgs mechanism is referred to as the electroweak Standard Model,
which to date along with QCD describes all observed phenomenon in particle physics.
Attempts at unifying EW theory and QCD into a single gauge theory (Grand Unified
Theory, or GUT) have so far proved to be unsuccessful.

To illustrate how the fundamental principle of gauge invariance leads to the pre-
diction of physical fields, an example using the electromagnetic (U(1)g) interaction
is given in the following section. This will be used as the basis for interpreting the

W boson in Section 2.2.2.

2.2.1 The U(1)g Group

Before writing down the EW Lagrangian, consider the case for the U(1)g group.

The Lagrangian for a free Dirac (spin—%) particle v,
L = P(iy"0, — m)y, (2.4)

is not invariant under local phase transformation 1 — @), Therefore introduce

the gauge-covariant derivative:

D, = 8, —icA,, (2.5)
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and replace 9, by D, in Equation 2.4 to give the gauge invariant Lagrangian
L = P(in"d, — m)y + ey A, (2.6)

By demanding local gauge invariance the vector field A, has been introduced, which
couples to the Dirac particle with strength e. Interpreting this as the photon field®

and therefore including in the Lagrangian its kinetic energy term,

1
~ 5 FwF", (2.7)

where the field strength tensor F,, = ,A,—0,A,, the Lagrangian of QED is arrived

at:

. - 1
Loep = Y(iv*0, — m)¢/+ e?,[)’y”’sz,i— ZF‘WFW ) (2.8)

N

E; and mass of ¢ Interaction Ex of Ay

The addition of a mass term %mzA,,A“ would cause Lggp to change under a local
gauge transformation and is therefore not allowed. This ensures that the gauge
particle, the photon, is massless.

In short, by imposing local gauge invariance of the free electron Lagrangian,
the interacting field theory of QED is produced. In the Standard Model all of the

fundamental interactions are produced in this way.

2.2.2 Electroweak Theory: SU(2), ® U(1)y

The SM electroweak symmetry SU(2), ® U(1)y is required to be a local symmetry
of the electroweak Lagrangian. SU(2), is the weak isospin group which acts only
on left-handed fermions and U(1)y is the weak hypercharge group. Within the
electroweak formalism there is an electromagnetic and weak unification since U(1)q

appears as a subset of the total electroweak group:
U(l)g C SU2),@U(1)y. (2.9)

The quark mass eigenstates {d, s,b} are not the same as the quark weak eigen-

states {d', b/, s'} and they mix via the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

°In classical electrodynamics the equation of motion for a charged particle moving through an
electromagnetic field is obtained by the transformation, p, — p, —ieA,.




14 Theoretical Framework

In this way the weak interaction is sometimes described as QFD, Quantum Flavour
Dynamics, as it transforms quarks from different generations. For this reason it

is clearer to illustrate electroweak theory for the case of the leptons than for the

quarks.
The SU(2)r ® U(1)y group has four generators, three of which are the SU(2).,
generators, T; = % with ¢ = 1, 2, 3, and the fourth the U(1)y generator, %, where

o are the Pauli spin matrices. Left handed fermions transform as doublets under

SU(2)L, which for the case of the leptons is

fL—) eiTofL; fL: ( Zj ),<Zi )a"',

whereas the right-handed fermions transform as singlets,

fr— fr;  fr=er,ur,dpg,..

The quark and lepton quantum numbers for the first generation are shown in Ta-
ble 2.2. Notice the absence of the right-handed neutrino, which is not observed in
nature. The relationship between them is incorporated into the SM via the electric

charge matrix @,

Q=T+ % (2.10)
IT|Ts] Q[ Y|
Leptons
vy, -;— % 0 -1
€L % —% -1 -1
€r 0 0f 1] -2
Quarks
UL il 2| 3| 3
de | 3|-2|-3| 3
dr 0O 0]-31]|-2

Table 2.2: Lepton and quark quantum numbers, shown for the first generation only.

The number of associated gauge bosons, being equal to the number of generators,
is four: W!, i =1, 2, 3 (the weak bosons of SU(2).) and B, (the hypercharge

boson of U(1)y). The discussion of U(1)g (Section 2.2.1) becomes more general for
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the EW case because Logp describes the electron field where the generator (the
charge operator @}, Equation 2.10) is equal to 1. To incorporate weak processes, the

interaction term in Equation 2.8 has to be replaced by the fundamental structure:
—i [gT.W* +g'%B*], (2.11)

where g and g represent the coupling strengths to SU(2); and U(1)y, respectively.

The electroweak Lagrangian is built from three parts:
Legw = [«f + Lo+ [:Higgs- (212)

The first term, Ly, represents the lepton and quark kinetic energies and interactions
with the W# and B, fields. It arises by imposing SU(2), ® U(1)y invariance which,

for a generic fermion field f, requires the covariant derivative
D,=0,+igT.-W, + 'ég'%BN (2.13)
(compare with Equation 2.5). The gauge invariant electroweak interactions are
generated from the term
L; = fy*D,f. (2.14)
To be more specific: knowing that right-handed fermions do not couple to the W*
fields; summing over the weak isospin (lepton) doublets and inserting the actual
hypercharge values from Table 2.2, this becomes
Li=1 Y fL (8# —igT. W, + ig'%B#) Yfr +i > fr (3“ + ig'Bu) Y fr .
e e (2.15)
The second term of the EW Lagrangian (Equation 2.12) represents the kinetic en-

ergies and self-interactions of the W# and B,

1 1
Lo =~ W W — 2B, B". (2.16)

Combined with Ly, the SU(2), ® U(1)y Lagrangian describes the interactions of
fermions with the electroweak fields, but it contains no mass terms. Preservation of
gauge invariance forbids the insertion of terms like m*W:W for the gauge fields and
since the left and right handed fermions transform differently, their masses cannot
be included either. This phenomenological ‘disaster’ is cured by the scalar sector of
the SM (the Higgs Mechanism), which breaks the SU(2); ® U(1)y symmetry and
gives rise to the gauge boson masses, while retaining local gauge invariance of the

electroweak Lagrangian.
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2.2.3 The Higgs Mechanism

To accommodate massive gauge bosons by the Higgs mechanism [26], a complex

weak isospin scalar ¢ is introduced, which must belong to SU(2),®U(1)y multiplets:

¢ — ¢+ — 1 (¢1+7’¢2
¢° VE\ ¢s+igy |’

along with the scalar potential V(¢). The contribution to the electroweak La-

grangian is then
LHiggs = (Du¢)T(D”¢) - V(¢), (217)

where D, is given in Equation 2.13. Subject to the constraints of U(1)q gauge

invariance, the simplest possible form of the Higgs potential is

V(¢) = u?¢'¢ + A(8'¢)?, (2.18)

6

which has a 4-sphere® of global minima at |¢|? = —pu?/2X = v?, taking ¢3 =

v, @124 = 0. The arbitrary choice of a specific minimum gives ¢ a non-zero vacuum
expectation value, ¢g = v and the subsequent absence of apparant symmetry in the
ground state means the SU(2), ®U(1)y symmetry has been ‘spontaneously broken’.

This gives rise to massless scalars (the Goldstone theorem).

1
2

T3 = —7 and Y = 1 breaks both SU(2), and U(1)y gauge symmetries but leaves

Choosing the vacuum expectation value at: ¢3 = v, ¢124 = 0 with T' =

the U(1)p symmetry unbroken since @ = 0. This ensures the photon is massless,
while generating masses for the gauge bosons. The resulting particle spectrum

becomes apparant upon expansion around ¢g:

¢ = \/Lieif,T/v ( . _EH ) ’ (2_19)

where £ and H are a parameterisation of the vacuum fluctuations. The components
of £ are called Goldstone bosons, one for each generator of the spontaneously broken
gauge group. These are not physical particles, but scalar degrees of freedom which
are absorbed into longitudinal polarisation states of massive gauge bosons. H is

a massive neutral scalar field (the Higgs boson). Due to gauge invariance, the

6A ‘4-sphere’ is a sphere in four dimensions which arises due to the four components of ¢ (if ¢
were a single complex scalar field, its minimum would be described by a circle).




2.2 The Standard Model 17

SU(2)L ® U(1)y Lagrangian does not contain the £ fields, thus it is sufficient to
express ¢ in terms of the Higgs field H only and insert the translated field v + H
into the Higgs Lagrangian (Equation 2.17).

Expanding the covariant derivative D, in Lgiggs gives
1 1 9\ 172
Ligss = 5(0H)OH) + 520N H
1
+ 5P IW)? + (W2
1 / /
+ §U2(9 B, - 9W3)(9 Bt — gWs,,)
+ LpH,

where Lppy represents the interaction between the H, W and B fields. Writing

Wi = %(W/} F iW?), the physical gauge bosons W can be identified with the

mass term expected for a charged boson, MZW*TW =, to give
1
My = —Z—(gv). (2.20)
In addition, writing the fourth term of Ly;44s as
1 / ,
gV (aWi — g'Bu)’ +0(g Wl + gB.)’, (2:21)

the physical fields Z, and A, can be associated with the mass terms expected for

neutral gauge bosons, %M%Zﬁ and ;M3 A2. The normalised fields are

‘W3 +¢B W3 —4¢'B
a, =005 g 9Th 9k (2.22)
192+g’2 /g2+g'2
so that My = 0 and Mz = 34/g% + g"2.
By defining ,
tan Oy = —Z—, (2.23)

the physical fields can be expressed in a more informative way as

1 .
Z, = cosbyW} —sinfy B,

A, = sinOWWE—i-cosGWBu.
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In particular, the relationship between the Mw and My is predicted (see Equa-
tion 1.2),
MW = MZ COos ew (224)

The Z boson and the photon thus emerge as orthogonal combinations of the Wﬁ
and B, fields and the fact that My # M3 is due to the mixing of Wg and B,. The
electroweak Lagrangian contains no terms of the form A,A*, which ensures that the
photon remains massless as a direct consequence of the U(1)g gauge invariance of
the vacuum. This fact is a consistency check rather than a SM prediction, whereas
the relationship between My and My is a direct prediction of the SM which depends
on the particular Higgs doublet chosen and thus allows a check that the minimal

SM Higgs picture is correct.
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2.3 WT™W~ Cross Section

Since the measurement of the W mass from direct reconstruction relies on the ac-
curate modelling of the shape of the invariant mass distribution, it is necessary to
correctly set the ratio of signal to background in the MC simulation. This requires
knowing the W+W ~ cross-section as a function of /s very well. The cross section

o for the process
ete™ — fifafsfa (2.25)

can be expressed as the sum of a signal oww and background s, component,
o =0y (14 8pw + dqop) + Tekg, (2.26)

where background is intended to mean physics from non-W*W ™ processes and the

contributions to oww are described below:

e o/VW represents the lowest order cross-section (Born approximation) for the

CCO3 diagrams in Figure 1.3. This is described in more detail in the next

section.

e dpw are higher order electroweak corrections to GXV W Close to threshold
the dominant contribution is from the long range electromagnetic interaction
between almost stationary charged particles, the Coulomb correction. This
is an example of a QED interconnection phenomenon between the two W
bosons. The exchange of a soft photon distorts the W*tW ™ lineshape and
thus is expected to affect the measurement of My from the method of direct
reconstruction. The estimated effect is to produce a negative shift in the aver-
age reconstructed mass of the order 20 MeV/c? [27]. The largest electroweak
correction to the cross section comes from initial state radiation (ISR) which is
the emission of photons collinear with the e*e™ state prior to the ete™ interac-
tion. This smears the W+W ~ lineshape near threshold by adding logarithmic
terms to the cross section and thus makes it less sensitive to My. More im-
portantly for the method of measuring Mw by direct reconstruction, imposing

the constraint of the precisely known nominal centre of mass energy ’ causes

"This is a central feature of the analysis described in this thesis and will be discussed at length
in Chapter 4.
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a positive shift in the invariant mass distribution, since energy is carried away
by the ISR photon. Finally, certain important higher-order fermion and bo-
son loop corrections are incorporated by a suitable choice of the electroweak

coupling constant a.

e dgcp are higher order QCD corrections for W*W ™ final states containing ¢gG
pairs. In general these can lead to additional jets in the final state from hard
gluon emission, which may cause a bias in the reconstructed mass distribution

since events are currently assumed to contain only four jets.

The actual ee™ — 4f process proceeds (for signal processes) through a double-
resonant W+W ~ stage, where the W bosons are off-shell due to their finite width.
A first step in describing this process is to consider the on-shell case where the W
bosons are treated as stable particles. Unless otherwise stated, references for this

section are in [11] and [28].

2.3.1 The On-Shell Cross Section

By considering the W*+W ™~ pairs as stable particles (on-shell) it is possible to cal-
culate the total lowest order cross section analytically. The on-shell (Born approx-
imation) cross section determines the essential features of W+W~ production and
decay, which are the building blocks for handling the proper off-shell case. The total
on-shell cross section calculated for the CC0O3 diagrams in Figure 1.3 is [29]

Ta?

1 3
OBorn & —s—mﬁ + O(6°), (2.27)

where 6y is the weak mixing angle and § = \/1_—@ s is the centre of mass
energy squared and the sharp dependence of op,mp, 0n 4/s can be seen in Figure 2.3.
The term proportional to § arises from the t-channel neutrino exchange diagram
only, while the s-channel and the s—¢ channel interference are proportional to 33. At
Vs = 189 GeV 3 ~ 0.5, making the ¢-channel process the dominant contribution to
the W*TW ™ cross section. In addition to the CC03 diagrams there is a tree level Higgs
contribution to the cross section. However, this is suppressed by a factor m./Myy,
where m, is the mass of the electron, and is therefore completely negligible. For the
full calculation however, it is necessary to include it to avoid unitarity problems at

high energies.
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2.3.2 The W Width

The production and decay of each W boson is described by a Breit Wigner (BW)
resonance. The total width, 'y, of the BW is the result of summing the partial
decay widths, ['y+_,y,,, for each of the accessible W decay channels shown in Fig-
ure 1.4. These are calculated from the matrix element for each W — ff process
assuming massless fermions®. A precise measurement of I'yy may therefore provide
evidence for physics beyond the Standard Model, for example the decay of a W
boson into supersymmetric particles. The width for each decay channel is affected
by the corrections dgw and dgep described in the previous section. These can be
accounted for by parameterising the lowest-order (Born) width in terms of G and
Mw, giving an improvement to the width calculated from the Born approximation

in each channel [30],

GrM3,
Cwzt_p, = , 2.28
Wt —t,v; 6\/§7T ( )
for leptonic decays, and
GrM} as(M3,)
Cwi g = 6\/5:: 3|V (1 + TW , (2.29)

for decays into quarks. The factor 3 in Equation 2.29 corresponds to the number
of quark colours® and V;; is the CKM matrix which describes the flavour mixing
between quarks. The fact that the strong coupling constant o, appears only in the
quark partial decay width is due to the dgcp correction. The W width is then the
sum of I'yx_,q.q. + 30w _p,,°

3GrM;, 2a5(ME))
I'w = 1 .
v 2v/2m ( * 3m

The W mass measurement technique is discussed in detail in Chapter 5, but in short

(2.30)

it relies on the calculation of the Born matrix element for the ete~™ — 4f process
to fit Myw . The dependence of My on I'w used in the fit to measure the W mass
is taken to be the (Standard Model) relation in Equation 2.30 for the analysis in

this thesis. Other approaches concerning the Myw measurement may be adopted,

8This is considered a valid approach since my < My .
9The electroweak interaction does not distinguish colour, so there are three identical contribu-
tions for a given decay mode.
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for example I'w can be fixed to the SM prediction or be treated as a free parameter
and fitted simultaneously with M.

The current world average measurement of the W width is [31] 'y = 2.06 +
0.05 GeV, in agreement with the SM prediction of 'y = 2.067 & 0.021 GeV.

2.3.3 The Off-Shell Cross Section

In a proper treatment of the process
ete” = WW™ — fifafsfs, (2.31)

the W bosons must be described as BW resonances with a finite width (off-shell)
and their presence analysed through their decay products. In lowest order this is
described by the CC03 diagrams in Figure 1.3 where both W’s decay into a ff pair.
However, the full four-fermion process contains contributions from other diagrams
(452 in total) which have the same initial and final states, but proceed through
different intermediate states. These are summarised in Table 2.3. Notice that only
the two lightest quark generations are included, as the W cannot decay into ¢ quarks
and mixing between quark generations is suppressed by the CKM matrix, while the

full lepton family is present. The total cross section for process 2.31 in terms of

du | 5c | eve | v, | Ty

du |43 |11 20 | 10 | 10
ev, |20 20| 56 | 18 | 18
uv, | 10110 18 | 19 9

Table 2.3: Number of diagrams contributing to the ete™ — W+W= — 4f process. The vertical
and horizontal columns represent the W~ and W bosons, respectively.

the total cross section for the process ete™ — W*TW = with two off-shell W bosons,

o(s, s1,S2), is [32]:

s (v/5—y/51)?
o(s) ———/0 dslp(sl)/o dsap(82)a,(s, 81, $2), (2.32)

where s is the ete™ centre of mass energy squared and s;, s, are the invariant masses
squared of the two virtual W bosons. o,(s, s1, s2) is the ete™ — W+ W~ cross section

from the CCO3 diagrams (including their interference). The on-shell WtW ™ cross
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section is then simply Oon—shen = 0o(s, M3, M2,). The weight factor p(s;) comes
from the W boson propagator (BW resonance),

N ['(s;)
P = T — MG A T2(s)’

(2.33)

where, -
o { 8, e

Equation 2.32 shows that the dependence of the cross section on I'yy and My en-
ters exclusively through the off-shell W propagator (neglecting the small dependence
through radiative corrections) and has a large effect on the I'y and Mw measure-
ments in the threshold region (see Figure 2.3). Precision measurements made during
LEP1 at the Z resonance used a running width in the description of the Z boson
propagator, while the Monte Carlo used for the W mass measurement in this thesis

uses a fized width in the W propagator?®.

To make the measurements consistent
for the LEP result combination, the following correction must be applied to the
measured W mass, M{pe** [33]:

1 (I"TVT./eas)2

My = meas __
w meas
2 My

= M — 27 MeV/c>. (2.34)

The issue of gauge invariance arises from two sources when going from the on-shell
to the off-shell W*W ~ pair production cross section. The first is the result of using
an incomplete set of diagrams (only the CC03 diagrams) in the cross section calcula-
tion. The only way to obtain a gauge invariant result is to include all contributing
four-fermion diagrams. However, this is inefficient due to the complexity of the cal-
culation and in practice the CCO3 approximation is sufficient, at least for the direct
W mass measurement within current statistics.

The second and more fundamental source concerns the poles which occur in the
resonant diagrams. This is the case where s = M3, in Equation 2.33. These singu-
larities have to be cured by introducing the finite width in one way or another, while
at the same time preserving gauge invariance and unitarity. Again, the inclusion of

all contributing diagrams can solve this, since in field theory such a width naturally

10This is not to be confused with the way the My dependence on I'w is treated in the fit
procedure (as discussed in Section 2.3.2); the current discusion is the actual treatment of the finite
W width in the W boson propagator.
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Figure 2.3: The ete™ — W*W™ cross section showing the effect of various approximations: (i)
Born (on shell) cross section, (ii) Born (off shell) cross section, (iii} including Coulomb corrections,
and (iv) including initial state radiation (ISR correction).
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arises from the imaginary parts of higher order diagrams. A discussion of the many
schemes that have been developed to solve this problem, including the fized and

running widths mentioned above, is given in ref. [28] pp. 110-115.

2.4 Fragmentation

The short distance interactions of fundamental particles can be described using
perturbative quantum field theory, which is sufficient for the case of leptons and
colourless bosons. For the case of the quarks and gluons, which are confined in
colourless hadrons by the nature of the strong force, an additional picture is nec-
essary to describe the transformation of coloured partons into colourless jets. This

process can be divided into three stages:

Parton shower: where the initial partons split into quarks and gluons (per-

turbative QCD);

Hadronisation: where these combine to form jets of hadrons, leptons and

photons;
Decay: the subsequent decay of particles formed after hadronisation.

These definitions vary between texts, but for the purpose of discussion in this sec-
tion, and in the evaluation of their systematic effects on the W mass measurement
(Section 5.6.2), they are replaced by the single term ‘fragmentation’ in the following.
For the case of ete™ — W*W~ — qqqqQ processes the initial parton structure of
four quarks therefore becomes considerably more complicated, producing final states
of perhaps > 50 particles. The hadronisation process is not yet understood from
first principles, and is based on phenomenological models.

The most developed hadronisation model to date is the ‘string fragmentation’
model [34], which describes the colour dipole field between the initial g¢ pair as a
narrow flux-tube or ‘string’. The constant energy per unit length of the tube causes
the energy stored in the colour field to increase linearly with the quark separation,
which may become large enough to create a new ¢g pair, thus ‘breaking’ the string.

The adjacent quarks at the end of each string are then combined to form hadrons
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(baryons containing 3 quarks and mesons containing quark pairs) which may sub-
sequently decay further. The decay stage is simulated using tables of decay modes
and branching ratios to distribute the contents of the final state. The string frag-
mentation model forms the basis of the JETSET program [35], which is implicit in
the W*W~ — qgqq Monte Carlo event simulation used in the analysis in this
thesis.

The HERWIG program [36] is an alternative general purpose event generator which
describes the hadronisation process using a ‘cluster fragmentation’ model. In this
picture, jets of quarks and antiquarks are formed from gluon splitting which are
then combined in all allowed colour-singlets to form clusters. Each cluster has a
mass distribution and spatial size and fragments into hadrons according to these

properties.

2.5 Final State Interactions

The Monte Carlo event simulation used in this analysis assumes the W* and the W~
decays are independent and that each W system proceeds through the fragmentation
stage without reference to the other. At LEP2 energies the average separation of
the W*TW ™ decay vertices is ~ 0.1 fm (due to the large W width), which is less
than the typical hadronisation distance (~ 1 fm). In the hadronic decay channel
the subsequent fragmentation of the two W’s into streams of hadrons (jets) may
therefore no longer be considered independent. This will influence the W-mass
reconstruction [37]. These Final State Interactions (FSI) can be identified as two
different physical processes, colour reconnection and Bose Einstein effects. Their
understanding is of paramount importance for a precision measurement of the W

mass from the hadronic channelll.

Since the semi-leptonic channel contains only a single hadronic W decay, and therefore no
interconnection effects, evidence for FSI may be revealed through comparing observables from the
semi-leptonic and hadronic channels. This will be discussed in Chapter 7.
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2.5.1 Colour Reconnection

Colour reconnection (CR) is a QCD phenomenon relating to the connection of
coloured partons parented by the two different W’s in the hadronic final state. In
the process ete™ —» WtW ™ — ¢14293ds, the colour singlets (¢1G2 and ¢334) may be
transmuted to new ones (¢1g4 and g3@). This can therefore bias the reconstruction
of the invariant mass distribution.

The perturbative part of W decay is firmly based on fundamental QCD and
the effect of CR in this region is predicted to be small [37]. However, the non-
perturbative stage where CR is predicted to have a large influence relies on phe-
nomenological models. All current CR models are based on a space-time picture,
in which objects are formed at the hadronisation stage through a local interaction
which may combine products of the two W decays in regions where they overlap.

JETSET contains two main models labelled (I) and (II), based on different hy-

potheses on the structure of the QCD vacuum and of the confinement mechanism.

e Model (I) Fragmentation strings are viewed as cylinders and the probability

of reconnection in each event is related to the overlap ¢ of the colour strings:
Preco =1- €_k¢¢, (235)
where k, is a parameter governing the strength of CR.

e Model (II) Strings are viewed as vortex lines with thin cores and reconnec-
tion takes place when the core regions of two strings intersect. An additional
model IT’ is similar but reconnection is suppressed if there is no reduction in

the overall string length.

The reconnection probability in Model (II) is partly predicted, while in Model (I)
it is a completely free model parameter, k4. The effects of CR are therefore difficult

to estimate as their strength is not predicted absolutely.
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2.5.2 Bose Einstein Correlations

BE effects are phenomena arising from Bose Einstein statistics [38] and account
for a significant uncertainty on the measurement of My in the hadronic channel.
The effect was first observed in the angular distributions of like charge pions in
pp collisions [39], which showed deviations from the angular distribution for unlike
charge pions. In the standard (Fermi-Dirac) statistical model this distinction cannot
be made.

The BE effect in collider physics is studied using the two-boson correlation func-
tion f(Q), where Q% = (p? — p2) is a measure of the distance in momentum space
between two bosons with momentum p; and p;. The BE enhancement f(Q), relative

to a reference with no BE effects, occurs at low Q? and is parameterised by
FQ) =1+ 29 (2.36)

where R is the radius of a Gaussian source describing particle production and A is
the incoherence (effective strength) parameter, in the range 0 < A < 1.

The overlap of the hadronisation regions of the W* and W~ might cause an
enhancement of the production of identical bosons (mainly pions) from different W’s,
relative to the production from two single W decays. This could result in a bias in
the reconstructed invariant mass distribution. The effect on the W mass is difficult
to estimate because BE correlations arise from quantum mechanical interference
which is simply not included in Monte Carlo simulation.

Attempts at describing BE effects include models where the final state parti-
cles are redistributed to reproduce the expected two-boson momentum correlations,
although in adjusting particle momenta to respect overall energy and momentum
conservation this induces spurious long-range correlations and the implications for
the W mass may be severe [38]. Other models prescribe a weight for each event
which gives more statistical power to events with, for example, pairs of equal-sign
particles closer in momentum [40]. This method arises naturally in a quantum me-
chanical approach but is lengthy because all final state particle permutations must

be computed.
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Chapter 3

Experimental Apparatus

3.1 Introduction

The Large Electron Positron collider (LEP) is the world’s largest ete™ storage ring,
situated beneath the Franco-Swiss border at CERN, Switzerland. It was built pri-
marily for the study of the Z and W bosons and also to search for physics beyond
the Standard Model. ALEPH [41] is an experiment located around one of the four
interaction points (IPs) of LEP, the other experiments being DELPHI [42], OPAL
[43] and L3 [44]. ALEPH was designed to offer a large acceptance for the particles
produced in ete™ collisons. This chapter is devoted to a brief description of LEP
and the ALEPH detector with emphasis on the measurement of the centre of mass
energy of LEP, which is important for the W mass measurement described in this

thesis.

3.2 The LEP Experiment

LEP [45] is situated within a tunnel of diameter 3.8m, at a depth of between 80 to
150m. (see Figure 3.1). Its 26.67 km circumference is constructed from 8 straight
sections, linked together by curved ones and the ring lies in a seam of soft rock at an
incline of ~ 1.4%. The beam pipe itself is elliptical in cross section and surrounded
by various magnetic optics necessary to manipulate the bunches of electrons and
positrons as they travel around the ring at a rate of ~ 11 kHz under a vacuum of

pressure ~ 107° Torr. There are 3400 dipole bending magnets to guide the beams
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Figure 3.1: Situation and layout of the Lep collider (exaggerated depth).

through a circular orbit and some 1902 quadrapoles, sextupoles and corrector mag-
nets to contain them within the beam pipe. A system of superconducting radio
frequency cavities are used to accelerate the electrons and positrons through poten-
tial gradients of up to 2300 MV. The beam pipe is constructed from aluminium to
prevent field distortions, and is narrower at the IPs where the beams are further
focussed with superconducting quadrupoles to ensure a high luminosity (particle
production rate).

Lep is the final stage of a large accelerator complex at CERN, illustrated in Fig-
ure 3.2. From their production using a pulsed electron gun, electrons are accelerated
in a 200 MeV linear accelerator and positrons produced by firing a portion of these
into a tungsten converter, producing e+e_ pairs. The Lep Linear Injector (LIL)
then accelerates the electrons and positrons to 600 MeV whence they are fed into
the Electron Positron Accumulator (EPA) and separated into bunches. The EPA
then injects these into the Proton Synchrotron (PS), a 3.5 GeV e+e® synchrotron.
These are then fed to the Super Proton Synchrotron (SPS) where they are acceler-

ated to an energy of 20 GeV. Finally they are transferred into Lep where they are
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further accelerated to their collision energy.

LINACS

Figure 3.2: Plan view of the LEP injection system.

The LEP1 phase of the machine was devoted to colliding e*e™ beams of energy
~ 45.5 GeV, allowing particle production via the production and decay of the Z°
boson. ALEPH collected over four million Z° decays which, combined with the other
LEP experiments, enabled rigorous tests of the Standard Model. Since 1996, LEP
has been operating at a centre of mass energy above that for W*W ~ pair production
which is approximately /s = 161 GeV. The LEP2 phase will continue into 2000
when the centre of mass energy is expected to reach above 200 GeV'! .

By the end of LEP2 the combined luminosity from all four experiments is ex-
pected to allow a statistical precision of 25-30 MeV /c? on the W mass measurement.
The uncertainty on the LEP centre of mass energy Fpeam translates directly to My,

AM w AE'beam

3.1
MW Ebeam ’ ( )

and needs to be < 15 MeV if it is not to make a significant contribution to the

systematic error on the W mass measurement.

!During 1999 LEP reached a centre of mass energy of 202 GeV.




32 Experimental Apparatus

3.2.1 Energy Measurement at LEP1

At LEP1 the average energy around the LEP ring was determined very precisely
by a method known as resonant depolarisation (RDP) [46]. This method has been
used at other ete™ storage rings, providing accurate measurements of the mass of
the w, ¢ and J/v¢ mesons, and led to the determination of the Z boson mass at
LEP1 to within 2 MeV /c2.

RDP makes use of the transverse polarisation of the electrons in the beam
(Sokolov-Ternov effect). The evolution of the spin vector S of a relativistic elec-

tron in electromagnetic fields E and B is described by the Thomas-BMT equation

S - .
Et- = QBMT X S, (32)
where,
Opmr = — (14 ay) B+ (1 +a)B) — [aey + —— Exé (3.3)
BMT = Py eY) DL e)D|| e 1+ c .

and B, 1 and Bh are the transverse and parallel magnetic field components with re-
spect to the particle’s velocity Bc. e is the charge, m, the mass, a, the anomalous
magnetic moment and v the Lorentz factor of the electron. The electrons are main-
tained in a circular orbit by strong vertical fields B, produced by the dipole bending
magnets, and their precession frequency in the ring is given by the cyclotron fre-
quency §c = —(e/ym.)B,. Comparing the definitions of Qpp7r and Q¢ the spin
vector will precess a.7y times for one revolution in the storage ring, where the term
a.7y is called the spin tune v. The spin tune is directly proportional to the beam

energy :
_ aeEbeam _ Ebeam[MGV]

T mec?  440.6486(1)[MeV]
Since a, is known to within 20 parts per billion (ppb), a measurement of v provides

(3.4)

Epeam to high accuracy.

RDP is produced by exciting the beam with an oscillating radial field generated
by a vertical kicker magnet. If the resulting spin kick is in phase with the spin
precession a resonance condition occurs, the electron spins are swept away from the
vertical and polarisation disappears. Because the beam encounters the field only
once per turn, the frequency of the resonance depends on the fractional part of the

spin tune d;.
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3.2.2 Energy Measurement at LEP2

Transverse polarisation cannot be maintained at LEP2 energies since the natural
increase in beam energy spread overlaps the integer depolarising resonances, there-
fore RDP cannot be applied?. Instead the LEP2 beam energy is determined by an
extrapolation of RDP measurements at lower energy points to physics energies.

Since the beam energy is proportional to the total LEP bending field,
Eyou, o f{ B.de,

the linearity of this extrapolation can be checked at high energies. The magnetic field
is sampled at 16 points around the curved sections of LEP using very accurate NMR
probes, and the relationship between these measurements and the beam energy can
be precisely calibrated using RDP. The problem is that the NMR probes do not
actually measure the total bending field of LEP and so their measurements are
cross-checked using the ‘flux-loop’. This is the result of integrating magnetic field
readings from all 3400 bending magnets, which gives a measurement of ~ 97% of
the total LEP bending field. These magnetic measurements are the largest source of
error in the beam energy measurement at LEP2 as non-linearities begin to appear
between the NMR and flux-loop measurements at high energies. This is illustrated
in Figure 3.3. The systematic contribution to the beam energy measurement from
the extrapolation alone is the dominant uncertainty, estimated at 15 MeV for 1998
data taken at /s = 188.6 GeV . The total error on the beam energy is estimated
to be 20 MeV [47].

In order to realise 0(Fpegm) ~ 10 MeV, new methods have been sought. The
most promising method is known as the LEP Spectrometer project [48]. This utilises
a simple principle, illustrated in Figure 3.4, to measure Fj.., based on precise
measurements of the deflection of the beam through a known magnetic field.

The spectrometer will not make an absolute energy measurement, as the Beam
Orbit Monitors (BOM’s) can only give a relative beam position. The absolute energy
scale is set by calibrating the apparatus at the Z resonance using RDP. This enables

the spectrometer to perform a continual beam energy measurement.

2The highest beam energy for which RDP has been observed is 61 GeV .
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Figure 3.3: Schematic illustration of the source of uncertainty in the LEP2 centre of mass energy
measurement. RDP measurements at low energy are extrapolated to LEP2 physics energy, where
there is a disagreement between the two methods for calculating the total LEP bending field.

Precision BOMs

Figure 3.4: The principle of the LEP spectrometer. The beam energy is proportional to the angle
of deflection of the beam through a known magnetic field.
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In order to obtain o(Epeam) ~ 10 MeV the project relies on measurements of
the beam deflection # and the dipole bending field Bjgipoe to the level of 10~3. This
presents a formidable experimental challenge, and due to restrictions in the tunnel
once the spectrometer is in place, the mapping of the dipole has to be performed on
a test bench before installation. The BOMs are able to give relative positions to a
precision of ~ 1um.

Assuming the field can be well modelled, taking into consideration environmen-
tal effects and the time dependence of the field during ramping, there is then the
problem of physical deformation during transit or installation. The problem is com-
plicated further by the fact that the magnetic field extends beyond the physical
length of the dipole by up to 3m either side. The BOM’s lie within these highly
non linear fringe fields, each one shielded with copper collimators to prevent damage
from synchrotron light, which will distort the field further.

To perform the measurement of [ Bd/, an automated system is designed which
will map the dipole completely and record all relevant parameters for B, as men-
tioned above. Work began on the data acquisition program for the twenty three
temperature probes mounted on the dipole, which could later be combined with the
magnetic measurements to parameterise the field.

In 1998 one ‘arm’ of the spectrometer was in place and closely monitored for
its stability. It was found to be mechanically and thermally stable to the desired
level of 1074, In 1999 the spectrometer was fully installed and measurements of the
beam deflection were made. These measurements may be reliable enough to allow
a reduction in the systematic uncertainty on the W Mass due to AFEp.,,, for data

taken during 1999.
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3.3 The ALEPH Detector

The e+e~ interactions at Lep typically produce events with an average of > 30
charged and neutral particles distributed over the entire solid angle. The event rate
is also low, particularly at LEP2 energies. The Aleph detector [4]1] (A Detector
for LEP Physics) was thus constructed to cover as much of the solid angle as possi-
ble 3. Aleph is designed to measure the momenta of charged particles, the energy
deposited by charged and neutral particles and to provide particle identification. In
addition, high spatial resolution in dense jets and the detection of particles with very
short lifetimes were aimed for. To achieve this the detector is built in six cylindrical
layers (sub-detectors) around the interaction point (IP). See Figure 3.5. It weighs

over 3000 tons and has some 700 000 individual readout channels.

m Vertex
Detector

fg| Inner Tracking
Chamber

Time Projection
Chamber

jHI Electromagnetic
Calorimeter

Superconducting
Magnet Coil

Hadron
Calorimeter

Muon
Chambers

mm Luminosity
' Monitors

The ALEPH Detector

Figure 3.5: Schematic showing a cutaway view of the ALEPH detector.

3In practice ALEPH achieves a coverage of ~ 3.97T.
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Tracking is performed by three sub-dectors: a vertex detector immediately sur-
rounding the IP, a drift chamber which also provides part of the trigger system and
a large time projection chamber (TPC) which extends to a radius of 1.8 m. The
magnet bends charged tracks in a field of 1.5 Tesla in order to obtain momentum and
energy measurements from the TPC. Energy measurement is achieved by a highly
granular electromagnetic calorimeter and a 1.2 m thick iron hadronic calorimeter
which also serves as the return yolk for the superconducting solenoid. The outer-
most layer is for muon identification, the only particles energetic enough to penetrate
this far (neutrinos escape the entire detector). In addition, smaller sub-detectors
measure the intensity and condition of the beams delivered to the experiment by

LEP. Unless otherwise stated, references for this section are in [49, 50].

3.4 Tracking
3.4.1 Vertex Detector

The Vertex DETector (VDET) is a silicon microstrip device which extends from a
radius of 5.5 to 12.8 cm, constrained by the beam pipe and inner tracking detector
respectively. Its purpose is to identify short-lived particles, particularly b and c
quarks, with a high efficiency. An upgrade of the original VDET was installed
for LEP2, which increases the angular coverage, contains less passive material and
is more able to cope with the higher radiation dose [51]. This improvement has
provided a better chance for the discovery of the Higgs 4.

It is constructed from two concentric layers of silicon wafers, separated maximally
to increase the lever arm for track reconstruction, which have readout electronics
on both sides. Strips parallel to the beam provide the azimuth angle ¢ of tracks,
while the perpendicular strips measure the z-coordinate. These measurements have
a spatial resolution (normal incidence) of ~ 10 and 16 um repectively, and the 40
cm length of active material gives an angular acceptance of |cosf| < 0.95, where

is the angle relative to the beam direction.

4The Higgs is expected to decay predominantly into b quarks.
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Figure 3.6: Photograph of the LEP2 Vertex Detector.

3.4.2 Inner Tracking Chamber

The second tracking component is the Inner Tracking Chamber (ITC) [52]. This is a
2 m long cylindrical drift chamber which covers the radial region of Aleph between
16 and 26 cm. It consists of eight concentric layers of anode sense wires (960 wires in
total) where each wire acts as an individual proportional counter, thereby allowing
good spatial resolution. Hexagonal drift cells parallel to the beam are defined by six
surrounding wires held at ground potential, illustrated in Figure 3.7. Neighbouring
cells share two common wires, to form a ‘close-packedlstructure which reduces left-
right ambiguity in associating hits to tracks.

The resolution in » — <f is determined by the cell drift time and is on average
~ 100 pm, which provides a maximum of 8 » — $points usable for tracking. The
2-coordinate is measured from the drift time at the ends of the wires themselves and
thus has a resolution of a few cm. The ITC can therefore provide three dimensional
readout of charged-particle trajectories, and the fact that the drift cells are small
means this information is available for the trigger in less than 3 ps. It provides the

only tracking information arriving in time for the Level 1 trigger decision.

3.43 Time Projection Chamber

The Time Projection Chamber (TP C) [53] is the main tracking detector in Alepii.

It is a large, cylindrical drift chamber extending from 0.26 to 1.8 m radially within
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Figure 3.7: Diagram showing the drift-cell structure in the ITC.

the superconducting solenoid, its dimensions being motivated by the need for a good
momentum and angular resolution as well as optimum pattern recognition in the
high multiplicity events resulting from ete™ annihilations. Figure 3.8 shows the
basic elements of the detector.

Electrons produced by the ionising passage of a charged particle through the
argon-methane chamber travel in tight spirals through a highly uniform electric
field and arrive at the two end plates. Here, the signal is recorded by a system
of proportional wire chambers arranged in a pattern of 18 sectors, and read out
using segmented cathode pads arranged in 21 concentric circles lying just behind
the wire planes. The ¢ coordinate is determined by interpolating signals induced on
nearby pads and the 7 coordinate is simply measured by the radial position of those
pads. A measurement of the drift time, along with a knowledge of the drift velocity,
provides a measurement of the z coordinate and thus the TPC system provides 21
three dimensional coordinate measurements for fully contained tracks. Figure 3.9
shows a slice through the edge of a sector.

Above the cathode wire plane lies a grid of wires for the TPC gate, which is
used to prevent the build up of space charge in the drift region due to positive ions
resulting from the avalanches on the cathode plane. Such space charge build up

would influence the local electric field and distort tracks. The gating grid is ‘open’
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Figure 3.8: Cut-away view of the Time Projection Chamber. The central membrane is held at
negative potential while the end-plates are grounded, giving rise to an axial electric field for the
ion pairs to pass through.
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Figure 3.9: Side view of a TPC sector edge showing the pad-wire plane.
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when the trigger decides to read out an event by placing a negative potential on the
wire plane so that it is transparent to the passage of charged particles. In the closed
state a positive potential is placed on alternate wires, thus preventing positive ions
escaping into the chamber.

The spatial resolution in r—¢ is ~ 180 um at # = 90°. It depends on the magnetic
field and the incidence of the track with respect to the pad-wire plane. The z
resolution of ~ 1 mm is dominated by electronic systematics caused by varying cable
lengths and pulse shaping time across the end plates. The error on the momentum

can be expressed by the formula

% =~ 107°p(GeV/c) ( o) ) (1‘5T) @ 0.003,

150pm B

where p is the transverse momentum and (o) the average error on each coordinate.
The last term, which has to be added in quadrature, is due to multiple scattering
in the chamber gas. A momentum resolution of Ap/p? = 1.2 x 1072 (GeV/c)™! is
obtained from studying Z° — u*u~ events.

To monitor track distortion and to provide a measurement of the drift velocity
within the chamber, a laser calibration system is in place [54]. Two NAYAG lasers
fire UV shots which are split into 30 beams within the TPC and arranged so as to
simulate their origin at the interaction point (Figure 3.10). The ionisation tracks left
in the chamber are straight and multiple shots can be fired reducing the statistical
error. It is thus an excellent way to study systematic effects in the detector.

It is essential that the system be fully automated during the data taking and
there are many practical considerations. The energy output of the lasers must be
sufficient to cause ionisation in the TPC gas with maximum efficiency. The ionisation
levels are constantly monitored and the laser voltage adjusted accordingly to achieve
optimum operation. Over the course of the year dust from the cavern walls entering
the optical path becomes ‘burned’ onto the optical elements. Once a reasonable
maximum laser voltage no longer causes ionisation, manual intervention is required.
Using a soft alcohol solution and acetone each element within the laser itself must be
cleaned, and occasionally replaced. In addition, great care must be taken so as not

to lose the alignment of the system. The lever arm is such that a beam displacement
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Figure 3.10: The TPC laser calibration system.
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of 1 mm at the laser output translates to a few cm in the TPC, which is more than
enough to lose the alignment. The mirrors used to guide the beams into the detector
are mounted on motors enabling rotation and translation of the mirror surface. A
remote system thus enables the alignment to be regained, but only when it has not
moved too much. In one instance the alignment was lost on one side of the TPC
for most of the 1997 physics data taking, due to a disturbance of the inner mirror
knee on the closing of the ALEPH end caps. The laser system does not have enough
priority to force the whole detector to be affected in its maintanence, as although it
provides good cross-checks, it does not affect the ALEPH data taking. During the
run in 1997 the control sofware for the laser system was completely re-written and
improved greatly, ensuring smooth operation throughout 1998 and 1999.

Finally in addition to its role as a tracking detector, the TPC wire plane measures
the energy loss by ionisation, dE/dz, thus providing particle identification via the
Bethe-Bloch formula. This, along with calorimeter information, provides excellent
electron identification in jets and can distinguish pions from kaons or protons. The

resolution on dE/dz measurements is ~ 1.5%.

3.4.4 Track Reconstruction

Associating detector hits to tracks to reconstruct the passage of a charged particle
through ALEPH begins with the TPC. First of all, neighbouring hits are linked to
form track segments, then the segments are connected together with the condition
that a helix hypothesis is fulfilled. The track is then extrapolated into the ITC
and VDET, where consistent hits are assigned, and after fitting with the errors on
the hits the final reconstructed track is built. Table 3.1 summarises the measured
resolution on the fitted track for these stages, using Z — pu*tu~ events, and Figure
3.11 is an enlarged cross section of the ALEPH central tracking region, showing the

associated hits.
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Figure 3.11: A W+W~ decay into 4 jets showing the VDET and ITC (bottom and top left).

Nearly all tracks passing through the VDET have been assigned to hits. The full ALEPH detector

including the TPC and calorimeters is shown in top right.
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Tracking Detector | op/p? (GeV/c)™!
TPC 1.2 x 1073
+ ITC 0.8 x 1073
+ ITC and VDET 0.6 x 1073

Table 3.1: Momentum resolution of the ALEPH tracking detectors.

3.5 Calorimetry
3.5.1 Electromagnetic Calorimeter

The ALEPH electromagnetic calorimeter (ECAL) exploits the electromagetic shower
phenomenon [55] to detect high energy electrons and photons and sample their en-
ergy. It consists of a 4.77 m long barrel surrounding the TPC, along with end-caps
which close it at both ends. Both the barrel and end-caps are made up of 12 mod-
ules, each covering 30 degrees in ¢, which consist of 45 layers of lead sheets and
wire chambers shown in Figure 3.12. The number of layers is justified by the total
number of radiation lengths X, required®, which at LEP energies is provided by ~ 40

cm of lead corresponding to ~ 22X,,.

SERLEAD SHEET

ANODE PLANE

N5 .
extrusions
7

wires fuses

graphited mylar

CATHODE PLANE

readout lines

Figure 3.12: The components constituting an ECAL layer.

Electrons, positrons and photons penetrating the lead sheet will produce an

electromagnetic (e.m.) shower of e*e™ pairs which is sampled by the wire planes.

5One radiation length reduces the energy of a particle by a factor 1/e.
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Ionisation in the gas from these showers produce avalanches to the anode wires and
these induce signals on small cathode pads. To obtain good spatial separation of e.m.
showers for particle identifiation, the cathode pads are read out in projective towers
pointing back towards the interaction point. This way a granularity of 0.9° x 0.9°
is achieved from ~74 000 towers. The depth of ECAL is further segmented into
three stories, corresponding to 4, 9, 9 X,, to allow e.m. shower identification by
measuring the shower profile as it develops.

The energy resolution of Bhabha scattered electrons in ECAL has been param-

eterised as
o(E) 0.8

E E(GeV)

by comparing the measured ECAL energy with the track momentum or beam energy.

+ 0.009,

In addition, the signal on the module wire planes is available as a trigger.

3.5.2 Hadronic Calorimeter and Muon Chambers

The hadronic calorimeter (HCAL) provides the main mechanical support for ALEPH,
the return flux of the magnet and serves as a detector for hadrons and muons. Its
structure is similar to that of the ECAL in that its barrel and end-caps are ar-
ranged in modules covering the full azimuthal angle. See Figure 3.13. The ECAL
and HCAL calorimeters are however rotated with respect to each other, to avoid an
overlap of the inactive ‘cracks’ between neighbouring modules (total inactive region
of a few percent).

Although the calorimeters are similar in design, hadronic showers propagate
through the iron via nuclear processes rather than the electromagnetic processes
in ECAL. About half the incident hadron energy is passed on to additional fast
secondaries, with the remainder being absorbed predominantly in the production of
slow pions®. This has the overall effect of producing showers which are more spread
out laterally and more penetrating, thus hadronic calorimeters must generally be
deeper [55].

HCAL modules are constructed from 23 iron slabs separated by layers of plastic

streamer tubes which constitute ~ 7X\,. The active detector element is a graphite

5The longitudinal development of hadronic showers scales with the nuclear interaction length,
Ao, and depends on the atomic number of the active material.
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Figure 3.13: The hadronic calorimeter surrounding the magnet and electromagnetic calorimeter.

coated plastic tube containing eight wire counter cells. Each tube layer is read out
with pad electrodes to give an integrated energy measurement and, with parallel
digitizing strips, to reconstruct the shower structure’. As in the ECAL, the pads
are connected to form projective readout towers pointing to the interaction point.

The energy resolution obtained is

o(E) 0.84

E  /E(GeV)’

parameterised using pions at § = 90°.

Muons leave a characteristic signature in HCAL (and ECAL), distinguished by a
single track with no shower development, making it important for muon identifica-
tion. In addition, two further planes of streamer tubes situated outside the HCAL
(the ‘muon chambers’) which serve as muon tracking detectors. Their relatively
large separation (0.5m in the barrel) enable track segments to be measured with an

accuracy of 10-15 mrad.

"A two-dimensional readout of the energy deposited is built from logical signals which say
whether the cell is active or inactive.
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3.5.3 Luminosity Monitors

Integrated luminosity is defined to be the ratio of the observed number of ete™ —
ete™ interactions to their cross-section® and its value is important for the calculation
of observed cross-sections, e.g. for the Z° and W+W ™ lineshape scans. In addition
to the main calorimetry described above, three additional, smaller calorimeters exist
at low 6 on both sides of ALEPH to measure the luminosity. They also monitor the
general beam quality delivered to ALEPH by LEP, which is important for the safety

of inner detector components.

e The Luminosity Calorimeter (LCAL) is a lead-wire sampling calorimeter
which extends from 10 - 52 cm around the beam pipe and provides the primary
luminosity measurement in ALEPH . It lies at a distance £2.62 m from the
IP and, being similar to the ECAL in construction, attains approximately the
same energy resolution but is sensitive from a lower polar angle of ~ 2.6°. It
measures the luminosity by counting the number of Bhabha events (symmetric
back-to-back energy deposits observed) over the period that ALEPH is data-

taking.

e The Solid-State Luminosity Calorimeter (SICAL) was responsible for the
luminosity measurement at LEP1 where it achieved a high precision since it
extends to a polar angle as low as 1.4°. However, the increased background
at LEP2 has necessitated low angle tungsten shielding to protect the central
tracking detectors, which obscures part of this detector. Two such detectors
are mounted on either side of the IP and consist of 12 tungsten sheets separated
by active layers of silicon pads. These detectors now provide a larger angular

acceptance in the ALEPH calorimetry.

e The Bhabha Calorimeter (BCAL) consists of two modules of 12 tungsten-
scintillator layers, located £7.7 m from the IP. At this position the rate of
Bhabha events is much higher than the LCAL and SiCAL receive, thereby al-

lowing higher statistical precision on the luminosity measurment. However, it

8The theoretical cross section for efe™ — e*e™ (‘Bhabha’) events is known to great accuracy.
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sits just inside the final LEP focussing quadrupole magnet and needs to be cal-
ibrated with LCAL. It gives an instantaneous measurement of the luminosity

in this region and also provides an online background monitor for ALEPH.

3.6 Data Flow and Event Reconstruction

3.6.1 'Trigger

The ete™ bunch crossing rate in LEP is ~ 11 kHz, which is too high for ALEPH to
record the result of every interaction. In any case, most of these are not genuine ete™
interactions, but the result of beam-gas interactions and off-momentum scatterings
in collimators near the ALEPH IP. A trigger is required to reduce this background to
a manageable level. In particular it has to reduce dead time in the data acquisition,
make it acceptable for the TPC gate and minimise the amount of unwanted data
recorded to tape. To realise these three criteria the signals from the individual
ALEPH sub-detectors combine to build three corresponding logic stages, summarised

in Table 3.2.

| Stage | Decision time | Rate (Hz) | Information used |
Level 1 5 us few 100 | pad/wire readout from ECAL+HCAL
hit patterns in ITC
Level 2 50 us 10 TPC tracking
Level 3 62 ms 1-3 All subdectors

Table 3.2: Summary of the ALEPH trigger system.

Level 1 makes a quick decision on whether or not to read out all detector elements.
Once an event passes a Level 1 ‘YES’, the TPC gate is open and Level 2 checks that
the charged trajectories originate close to the interation point. If the Level 1 state
cannot be confirmed the readout process is stopped and cleared for the next event.
The Level 3 trigger acts on the complete detector readout of events passing levels
1 and 2. It is performed by an online analysis program which reduces the rate for
practical data storage. The combination of these stages provide a highly efficient
and flexible trigger which is sensitive to single particles and jets produced in e*e™

interactions.
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3.6.2 Data Acquisition

The ALEPH detector is highly modular in structure and the data acquisition is
designed to complement this, linking the data from the sub-detectors individually to

eventually record the entire event. Its hierarchical stucture is shown in Figure 3.14.

ALEPH Data Acquisition Architecture

FALCON reconstructed run
* Analysis Computers
Computers
un
— un
K3 Main run
]
g <+
—) Readout Computer
even
Disks Tape
event
Optical
Link Above Ground

sub-event

IROClFROCl |ROC||ROC| |ROC||ROC|

t4t 4o FHE H Htpaa PHE 444

Figure 3.14: Simplified structure of the ALEPH data acquisition (DAQ) process.

The Main Trigger Supervisor (MTS) synchronises the readout electronics with
the bunch crossing and communicates this to the readout controller’s (ROC’s) via
their Trigger Signal Receiver (T'SR). The ROC’s intialise subdector electronics and,
on passing a Level 2 ‘YES’, reads them out. Event Builders (EB’s) then build
the event at sub-detector level (subevent) to be fed into the Main Event Builder

(MEB). The MEB combines and resynchronises all subevents before passing the
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event to an online computer at the surface. The Level 3 trigger then performs
a basic event selection before the accepted event is stored on disk by the Main
Readout Computer. Immediately after a ‘run’ has finished ? it is written to tape, and
the ‘Facility for ALeph COmputing and Networking’ (FALCON) fully reconstructs
events by running the ALEPH program, JULIA [56]. This performs the track fitting
mentioned in Section 3.4.4 and calorimeter reconstruction. Finally the events are
stored in data files which provide the input for physics analyses using the ALPHA
software package [57].

3.6.3 Energy flow

The energy flow reconstruction algorithm [41] builds a set of ‘objects’ from the
hits and clusters in an event, characterised by their energies and momenta, for use
in physics analyses. It uses the track momenta and photon, electron, hadron and
muon identification capabilities of the calorimeters to improve the overall energy
resolution. The first stage in the algorithm requires events to contain at least 4
hits in the TPC, or 8 if pyreck > 15 GeV/c, and tracks which originate in a cylinder
(£ = 20 cm, r=2 cm) around the interaction point. This latter selection will however
reject tracks which are the result of a secondary decay vertex (so called V° decays,
for example v — ete™ ), which are cross checked by considering hits in the ITC. In
addition, systematically noisy calorimeter channels are masked so as not to bias jet-
clustering, and fake energy from occasional noise is removed if pad and wire signals
in the calorimeters are incompatible.

After this stage charged tracks are extrapolated to the calorimeter clusters to
form an energy flow subset called ‘calorimeter objects’. The energy associated with
identified particles e, u, -y, 7°, is not included in the calorimeter objects, thus clas-
sifying the remaining particles as charged and neutral hadrons. The energies of
the former are calculated as if they were pions and subtracted from the remain-
ing calorimeter energy, and the energy remaining in HCAL is attributed to neutrals.
Finally, the neutrino energies are inferred from the total missing energy in the event.

The energy flow algorithm thus produces a list of objects per event which are

expected to be a good representation of the true particles, and allows the total energy

9A ‘run’ is the term used for two hours of data taking, or 600 Mega-bytes of data storage.
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in the event to be measured with an accuracy of ~ 7%. This is an improvement of
~ 5% over simply summing up all the raw energy found in the calorimeter cells with
no particle identification. These objects are the starting point for the measurement

described in this thesis.

3.7 Event Simulation

A central feature of the analysis in this thesis is the Monte Carlo simulation of
the production and decay of W boson pairs through ete~ annihilation, from the
fundamental physical processes involved to the fully reconstructed final state events.
This is generally the case in experimental high energy physics, where a constant
comparison of theory and experiment is exercised. Any discrepency between data
and Monte Carlo means that something has not been understood (in one and/or
the other) and, overall, leads to a deeper understanding of the subject.

Monte Carlo simulation proceeds in three stages: Firstly the event kinematics
are generated according to Standard Model production and decay processes using
the KINGAL package [58]. The particular Monte Carlo generators used in this analy-
sis to simulate the final state events will be described in more detail in the following
section. The next stage is to simulate the response of the ALEPH detector to these
events as they pass through it. This is performed using a GEANT [59] based pro-
gram, GALEPH [60], which simulates the interactions of different particles in the
various detector components '© and converts the ‘energy depositions’ into electrical
signals. Finally the events can then be reconstructed with JULIA as if they were
real, and hence are stored in exactly the same energy flow format. The only differ-
ence in the final simulated data is of course the information available at generator or
‘truth’ level, which is crucial for the optimisation of the W mass analysis presented

here.

3.7.1 Monte Carlo Generators

The KORALW generator [61] was used to simulate the process ete™ — WHW~ at

different W mass values. This has the option of generating W*W ™ final states

10This includes all matter in the detector including the electronic response of the readout.
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through the tree level (CC03) diagrams, or to include all 4-fermion (4f) diagrams,
the latter being used predominantly. Below are listed the features of KORALW of

importance to this analysis:

e Matrix element for W*W ~ production

e All decay channels into lepton and quark pairs

e QED effects in the initial state plus the Coulomb correction
e Arrangement of quarks from W decay into coloured strings

e Fragmentation to hadrons according to the LUND model [62]

e Massive kinematics with exact four-momentum conservation for the whole

ete” — WHYW™ — 4f process [63]

Background from ete™ — ¢g and ete™ — ZZ are simulated using the KORALZ [64]
and PYTHIA [62] generators, respectively. Table 3.3 shows the Monte Carlo samples

used for the analysis in this thesis.

| Process | Cross-section (pb) | Generated events |

Signal (ete™ - WtW ™)

4f My = 79.85 GeV /c? 16.88 59998
4f My = 80.35 GeV/c? 16.926 307958
4f My = 80.85 GeV/c? 16.9599 59995
CC03 My = 80.35 GeV/c? 16.926 98746
Background

ete” — ui 20.299 120000
ete” — dd 20.018 119999
ete™ — s§ 20.055 120000
ete”™ — ¢t 20.310 119999
ete” — bb 19.604 120000
ete” = 727 2.7594 89997

Table 3.3: Number and type of Monte Carlo simulated events used in this analysis and their cross
section at /s = 189 GeV.

There are several additional Monte Carlo samples generated for the purpose of

systematic error studies, which will be described in Chapter 5.
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Chapter 4

Event Selection and Mass
Reconstruction

The most direct way to extract the W mass is from the reconstruction of the
W*+W = decay products at energies above W+W ™~ pair production threshold. At
Vs = 189 GeV, ALEPH collected an e*e™ integrated luminosity of £ = 174.2 pb~},
which corresponds to an ezpected number of W+W ~ events Nyh, = L.oww =~ 2800.
Of these, 46.6% are expected to be fully hadronic W decays. Once a hadronic event
has been selected there a several stages required to obtain the invariant mass dis-
tribution of the final state, from which the W mass can be extracted. A schematic
hadronic event is illustrated in Figure 4.1 in terms of evolution from the point of
initial W*W ™~ pair production.

The final state consists of multiple hadron tracks and energy deposits. Assuming
that these are the products of W*W ™ decay, the next stage is to associate them
with their parent quarks to form jets (jet finding). Once this has been performed,
the four reconstructed jet momenta are varied within their resolutions to make use of
constraints from energy and momentum conservation. This kinematical fit improves
the reconstructed mass resolution. Finally, a jet pairing procedure is applied to
associate two di-jets to two W’s. Each of these reconstruction stages may introduce
a bias in the final W mass measurement and a loss of purity in the sample. This
chapter describes these stages in detail, with emphasis on the selection and jet
finding algorithms. The last section details the final event samples in data and

Monte Carlo which are subsequently used to extract the W mass in Chapter 5.
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Jot 1 Jet 3

Jet 2 Jet 4

Figure 4.1: Schematic of a ete"—=W W~ — qgqq final state, consisting of four jets from which
the mass of the W propagator is reconstructed.

The analysis described in this thesis, which measures the W mass from data
collected at /s = 189 GeV, has evolved from the optimisation of each analysis stage.
Many of these studies have been made at previous LEP centre of mass energies’,
which is considered a valid approach since the topology of hadronic W+W ™~ decays
does not change dramatically once the LEP centre of mass energy is above the

threshold for WtW = pair production (approximately 161 GeV).

4.1 Hadronic Event Selection

Hadronic W*W = decays are characterised by a high multiplicity, a four jet struc-
ture and low missing momentum (see Figure 4.2). Consequently they have a spher-
ical topology and a total energy close to the centre of mass energy of LEP. At

Vs = 189 GeV, the background physical processes to the hadronic channel are:

ee” > qq
ete” —» 27
ete” > WHW~ — qq lv

ete™ — Zete™

1LEP delivered a centre of mass energy of 172 and 183 GeV during 1996 and 1997, respectively.
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ete —W+W —»&kviv,

in decreasing order of four jet final state cross section. By far the most dominant is
the gq contamination, with a cross section of ~ 100 pb (c.f. (Jww ~ 17 pb). Apart
from the ZZ final state, the remaining processes have negligible cross section. The

ete“ —>Ze+e~ process is not included in this analysis.

DALI_E2

ALEPH

Figure 4.2: ALEPH event display showing a 4-jet event. Particle momenta are measured by the
curvature of the tracks shown in the centre while their energies are shown as histograms in the
calorimeters.
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4.1.1 Optimising the Event Selection

The most efficient algorithms for selecting W*W ™ hadronic decays are based on
a preselection stage, consisting of simple event variable cuts, followed by the con-
struction of some dimensionless parameter which further discriminates signal from
background. This, for example, can be a weight or probability built from multidi-
mensional variable space or the output from a neural network. At /s = 183 GeV
three different algorithms were studied to optimise the selection of fully hadronic
W pair decays: ‘Weights’ [65], ‘Probability’ [66] and a 21 variable neural network
‘NN21’ [67]. The value and stability of the selection efficiency are the main critera
for comparison. A first step is to look at the dependence of the efficiency on the W
mass, using MC’s generated with different input W masses, ranging from 79.25 to
81.25 GeV/c?, as is shown in Figure 4.3.

All three show a mass dependence on their efficiency to select hadronic W decays.
This causes a bias in the analysis, as higher masses are preferred to lower ones,
hence a distortion exists in the mass distribution. Therefore the selection with the
least mass dependence is favourable. The NN21 selection shows the least severe
effect, moreover its overall efficiency is the highest of the three selections. A further
important check is the stability of this mass dependence with the selection output
cut. Figure 4.4 shows the gradient of the efficiency versus W mass, plotted as a
function of selection output cut.

As can be seen the neural net is stable with the cut value, while the others are
not, thus combined with its higher efficiency the neural network method was used
for the ALEPH W mass analysis at 1/s = 183 and 189 GeV, rather than the weights
or probability method.

4.1.2 Neural Networks

Neural networks (NN’s) are algorithms which find patterns in data, hence their
use for event selection in particle physics. They are based on a number of simple
interconnected processing elements called nodes and the processing ability of the
network is stored in their connection strengths (weights) obtained by learning from

a set of training patterns. The idea is to train the neural network using Monte Carlo
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Figure 4.3: The mass dependence of the efficiency for three hadronic event selection algorithms
studied at /s = 183 GeV. The NN21, weights and probability selections are shown by the top,
middle and bottom points, respectively.
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Figure 4.4: The mass dependence on the efficiency is defined as the gradient of the plot of
efficiency versus W mass for each selection algorithm (at /s = 183 GeV). The zero corresponds
to the ‘optimum’ cut value for that selection algorithm.

simulated ete™ — W*TW~ — qgqq events and then to run over the real data to
select hadronic WW ™~ decays. The variables used to build the event probability,
on which a cut is made to identify hadronic events, are chosen in terms of their
discriminating power. The number of variables in the NN is arbitrary and generally
includes global event variables and variables describing the jet properties. For a
mass measurement they must have minimal mass dependence as this could cause
biases in the efficiency as discussed above. It is also important that the variables are
well matched between data and MC, which means the minimum choice is favourable.

The neural network used in the analysis at /s = 172 GeV [68] used 21 variables,
which were well matched in data and MC [67]. This agreement was checked further
by looking at the correlations between the variables in both the data and MC,
which should also be consistent. By considering the data/MC ratio of the 21 x 21
covariance matrices, discrepencies are clearly seen. The largest of these was found to
be the correlation between the total charged multiplicity and the ‘number of objects

in jet 1'? which had relative discrepencies of the order of 30 % [69]. The source

2The jets are ordered in energy from high (jet 1) to low (jet 4), defined by the jetfinding
algorithm DURHAM-P, which will be described in detail in Section 4.2.1.
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of this lies in the incorrect modelling of real physics processes in the MC, and in
particular could be due to Colour Reconnection. This is a QCD effect (described
in Section 2.5.1) for which most models predict a decrease in jet multiplicities that
was not modelled in the Monte Carlo used. Other correlations which were not well
matched were those involving the missing energy, which may be due to inadequate
modelling of initial state radiation (this will be discussed in Section 5.6.3). This,
along with results in the WW cross section measurement which showed that certain
variables caused large biases, lead to the dropping of the two variables ‘total charged
multiplicity’ and ‘number of objects in jet 1’. In addition, variables which were found
to be highly correlated with the di-jet masses were replaced and the event selection

was finally revised to ‘NN19’, used in the analysis at /s = 183 GeV [70].

4.1.3 Event selection at /s =189 GeV

For the analysis at 1/s = 189 GeV a neural network event selection has been used
with a better performance yet fewer variables (14) than at /s = 183 GeV. To
remove as much background as possible the event must first pass the preselection

by satisfying the following criteria:

e “CLASS 16”. This is a class of events which have > 5 good tracks (‘good’
tracks must have at least 4 TPC hits and their reconstructed vertex must be
physical), all of which must be within the detector acceptance and the total

energy of all tracks must carry at least 10% of the LEP centre of mass energy.

e |p,| < 1.5(M,;s—Mz), where M, is the total mass of all energy flow objects.

This suppresses radiative returns® to the Z.

e y3, > 0.001, where ys34 is the yq: value where four jets become three jets
(this is described in detail in Section 4.2.1). This cut selects events with four

jets.

e Maximum charged track energy fraction of a jet < 0.9. This rejects semi-
leptonic W*W ™ events, which are characterised by an high energy, isolated

charged lepton.

3 Approximately 50 % of ete™ — Z/v — qq events are affected by initial state radiation, which
reduces the ¢g centre of mass energy to the Z mass.
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e Maximum electromagnetic energy fraction in a 1° cone around any particle <
0.95. This cut eliminates events which have ISR contained within the detector

acceptance.

Events which pass this preselection are then characterised by the response of a 14
variable neural network ‘NN14’ [71]. As in previous NN’s these variables, listed
in Table 4.1, have been chosen for their discriminating power and minimum di-jet
mass bias to give maximum efficiency. It is not straight forward to characterise
these variables in terms of their discriminating power due to the strong correlations

among them.

Thrustt
Sphericityt
Missing energy

Global Variables

Max. e.m. energy fraction of a jet in any 1° cone
Max. charged track energy fraction of a jet
Charged multiplicity of lowest energy jet

Jet Properties

Sum of 4 smallest di-jet angles
Angle between 2nd and 3rd jets
9 | Maximum jet energy

W*W~ Kinematics | 10 | 2nd minimum jet energy

11 | Minimum jet energy

12 | 2nd minimum jet mass

13 | Minimum jet mass

Q0 || T x| DN =

| Flavour Tagging | 14 | b-tag event probability

Table 4.1: The physical variables used as input to the neural network to discriminate signal from
background. t refers the reader to Appendix A for a definition. Their numbers correspond to their
appearance in Figures 4.5- 4.7.

The NN14 is trained on a large sample of 100,000 W+W = and a similar number
of q7 and ZZ events to recognise hadronic WtW ™ decays, thereby discriminating
against background. The agreement between data and MC in these variables is
shown in Figures 4.5 - 4.7, for events which pass the preselection only. Checking
this agreement after the actual cut on the NN output would bias the results since the
NN14 was trained on signal events. The effect of the preselection cuts can clearly be
seen in variables 4 and 5. The agreement between data and MC is generally good,

within the limited data statistics. Relatively large discrepancies are seen for lower
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values of sphericity, variable 2, where the MC predicts more events than are found

in data.
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Figure 4.5: NN variables 1-6, used to discriminate between signal and background using a neural

network. The vertical arrows show the effect of a preselection cut in that variable (variables 4 and

5). The empty histogram represents MC (signal+background), normalised to the observed number

of events. The solid histogram represents the q¢ and ZZ background and the data collected at
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