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Abstract

A search for evidence that fundamental particles are madenafler subconstituents is
performed. The existence of excited states of fundameatdicies would be an unam-
biguous indication of their composite nature. Experimksigmatures compatible with the
production of excited states of charged leptons in elegbmsitron collisions are studied.
The data analysed were collected by the OPAL detector atE#edollider. No evidence
for the existence of excited states of charged leptons wasifdJpper limits on the prod-
uct of the cross-section and the electromagnetic brandnaogion are inferred. Using
results from the search for singly produced excited leptapper limits on the ratio of
the excited lepton coupling constant to the compositerede sire calculated. From pair
production searches, 95% confidence level lower limits emtasses of excited electrons,
muons and taus are determined to be 103.2 GeV.
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Chapter 1

Introduction

This thesis presents a search for evidence that the fundahpnticle$ of nature are
themselves composed of subconstituents of a new type oémadt undiscovered. The
observation of excited states of fundamental particledeMo& an unambiguous indication
of their composite nature. Much like a hydrogen atom, thesuabtituents would generate
a series of excitations, each of which would decay to thermpt@tiate, the known particles,
via the emission of radiation. A search for evidence of theegated states is performed
by looking for the simultaneous presence of emitted ramiieéind ground state particles
in electron-positron collisions.

The remainder of this chapter summarises our current utahetisg of the subatomic
world followed by a brief description of the work presentadhis thesis. Chapter 2 intro-
duces the relevant aspects of the Standard Model of paptigisics as well as details of
the theoretical framework used to interpret results of thadyasis performed. The experi-
mental apparatus is presented in Chapter 3. Chapters 4 arstblak the selection criteria
that were developed to identify the experimental signatoeéevant for this work and the
kinematic fit technique used to improve the sensitivity @& siearch. Results are presented
in Chapter 6. Chapter 7 summarises the work described inhbgss and presents a brief
outlook on the future of the subject.

1.1 Theory Overview

In order to determine if the current known set of fundameptaticles are themselves
composite, it is important to understand their basic prioger The most familiar form of
matter is composed of two leptons, the electronand electron neutrina/), and two

Fundamental particles are considered to be point-like adigtisible.
1
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Fermions (spin=1/2)

Leptons Quarks
flavour| @ mass flavour| @ mass
(GeV) (GeV)
-9 2 | -3
1t generation Ve 0 <3x10 u +3 3x 10
e -1 | 511x10™ d | -f|~7x107
-4 2
2nd generation vy 0 <19x 10 C +£ ~ 1.2
7] -1 0.106 S -1 ~ 0.1
-3 2
31d generation vy 0 |<18.2x10 t +5 174
T -1 1.777 b -1 ~ 4.2

Table 1.1: Properties of Standard Model leptons and quar&aged in three generations.
The electric charge) is expressed in units of the positrorfeharge. For each particle
in the table there exists a corresponding antiparticle.

types of quarks, the up (u) and the down (d) quarkShese spin 1/2 particles, called
fermions, make up the first generation of matter. More exgpes of particles, observed
in cosmic rays or produced in high energy collisions, form second and third genera-
tion. Table 1.1 shows some of the properties of the threergaors of leptons and quarks.
Particles of different generations have identical prapsréxcept for their masses which
increases from one generation to the other. This threerfptica of nature and mass
hierarchy are fundamental aspects of the Standard Modehwdre not currently under-
stood. In addition to the leptons and quarks presented iteTaf, there exists for every
particle a corresponding antiparticle with the same rhdasr example, the antiparticle of
an electronq’) is called a positrone().

Particles interact with each other via the electromagnetak and strong forces. Al-
though a fourth force exists in nature, the force of gravisyelative strength between two
subatomic particles is more than 30 orders of magnitudelsnthhn the relative strength
of the other three forces and its effect can therefore bdysatglected. The electro-

2Atomic nuclei are made up of protons and neutrons which amselves made up of quarks. Protons
are bound states of two up and one down quarks while neutrenscenposed of two down and one up
quarks.

3Antiparticles are usually identified with a horizontal lioeer the corresponding particle’s symbol. The
electron antineutrino, for example, is written:as
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Bosons (spin = 1)

electric| mass force
charge| (GeV)
y 0 0 | Electromagnetic
W= +1 80.4 Weak
Z° 0 91.2
g (8 gluons) 0 0 Strong

Table 1.2: Properties of Standard Model bosons and the tbegemediate.

magnetic force is responsible for the Coulomb attractioopgositely charged particles.

Nuclear beta decay, on the other hand, is a phenomena aeddontby the existence of

the weak force. Finally, the strong force tightly binds tiigee quarks to form particles

called hadrons. Leptons, such as the electron and eleattdnmo, are particles that only

interact through the weak and electromagnetic forces. Eack is mediated by integer

spin particles called bosons. For example, the messendke @lectromagnetic force is

the photon, represented by the Greek letterThe repulsive electromagnetic force be-
tween two negatively charged electrons results from théaxge of photons. Table 1.2
summarizes some properties of the known bosons and the tloegemediate. Leptons

and bosons are considered to be fundamental building blufakature.

The Standard Model embodies our knowledge of how the fundgathleuilding blocks
of our universe interact with each other. It forms a coheamak predictive framework that
has been tested to unprecedented precision. Yet, manytagie¢lse Standard Model re-
main unexplained. The observed mass spectrum of leptorthanckell-ordered pattern of
generations, for example, were historically introducethenStandard Model based on ex-
perimental observations. Additional shortcomings inelttie lack of a unified theoretical
framework that could describe all four forces.

Many different extensions of the Standard Model have beepgsed over the years in
an attempt to address some of these issues. One such idsadsdrathe assumption that
leptons and quarks, thought to be fundamental buildingsdslof nature, could instead be
made of even smaller subconstituents. The substructunesétparticles would be visible
only when probed at very small distance scales or altemlgtiat very high enerdy One

4To experimentally resolve small structures requires a lswafelength. In quantum mechanics, the
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natural consequence of lepton and quark compositenessweuhe existence of excited
states of leptons and quarks.

1.2 Analysis Overview

The work presented in this thesis consists of a search fararpntal signatures compat-
ible with the production and subsequent decay, via the eomis¥ a photon, of excited
charged leptong¥) in electron-positron collisions.

Excited charged leptons could be created in paits { — ¢*¢*) or singly in associa-
tion with a Standard Model leptoa{e~ — ¢*¢)°. Such states would promptly decay to a
photon and a Standard Model lepton and thus cannot be di@asierved. The invariant
mas$ of the detected photon and Standard Model lepton should bal éojthe mass of
the excited state. For excited states produced in a paim#aeant mass of both photon
and lepton pairs should be equal.

A set of criteria was developed to select experimental sigea consistent with the
production of excited charged leptons. The sensitivityhaf $earch is substantially en-
hanced by the use of a kinematic fit technique which improve®stimates of the energy
and direction of the particles detected. This informat®nsed to precisely calculate the
invariant mass of each possible pair of lepton and photoerebsd.

The invariant mass of the excited lepton candidates is coedpaith predictions from
the Standard Model. No evidence indicating the existencexoited leptons is found.
The results of the analysis are used to calculate constramparameters describing the
properties of excited states in theoretical extension efStandard Model. The limits
presented in this thesis are currently the most stringenstcaints on the existence of
excited leptons.

wavelength associated with a particle is inversely prapoal to its momentum. Thus the higher the energy
of particles, the smaller scale that can be probed.

5To keep the notation simple throughout the thesis, the rideftarge of leptons is often not explicitly
written. Charge conjugation is assumed. Thus, the notatiem — ¢*¢ implies both reactionste™ —
T4~ andete” — £* 4T,

6The invariant mass of two particles is definednas = \/(El + Ez)? — (p, + p,)?, whereE,, E, and
p;. p, are the energy and momentum vector of the two particles.




Chapter 2

Theory

The first section of this chapter introduces particular etgpef the Standard Model most
relevant for the work presented in this thesis. This is tr@loied by general remarks
about some of the outstanding problems and shortcomingseaftandard Model. The
last section is devoted to the particular theoretical fraor& describing the properties
and interactions of excited states of leptons and quarks.

2.1 The Standard Model

The Standard Model is based on two quantum field theorieseldwroweak model of
Glashow, Weinberg and Salam [1] which describes in a commamédwork both the
electromagnetic and weak forces, and the theory of quantuenwdynamics (QCD)
which offers a description of the strong force exclusivetperienced by quarks. In-
teractions between particles are a natural consequendeeahvariance of the quan-
tum field theories under a class of local symmetry transftiona associated with the
SU(3). x SU(2) x U(1)y gauge group. The invariance of a theory under local gauge
transformations is a crucial property that ensures thernealisability of a theory [2], i.e.
the fact that physical observables such as the lifetime aodygtion rate of particles are
finite quantities calculable to all energies and all ordersdupling constants. The quan-
tum mechanical description of particles is made invariardas some set of symmetry
transformations by introducing integer spin fields (gauggdms) which couple to the par-
ticles. The local SU(3)symmetry transformation generates the strong interabgtween
guarks which couples to the colour charge (c) of particlenil&rly, the electroweak force
is a result of the invariance of the theory under local SY) (1) transformations where
the subscript L indicates that only left-handed fermioas$form non-trivially under the
SU(2) group symmetry. The electroweak force is proporfiemtehe weak isospinT) and

5
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weak hyperchargeYj of particles defined such th@ = T; + Y/2 whereQ is the electric
charge and, the third component of weak isospin.

Fermion fields exist in two different chiralities, left anigit-handed components.
Left-handed fields form weak isospin doublets while rightitied one only exist in weak
isospin singlets. For leptons of the first generation, tlyemstates of the electroweak
theory can be written as

L= ( ve ) ,  Lr=er (2.1)
L

e

wheree andv, represent the electron and electron neutrino fields anduthecsipts refer
to the eigenstates chirality. Table 2.1 summarises thetgomanumbers of leptons of the
first generation which dictate their transformation projsrunder the SU(2)x U(1)y
symmetry.

By analogy to the formalism used in classical mechanicsdghamics of particle
fields and their interactions are usually expressed, in tguarfield theories, in terms of
a function called the Lagrangian densitg)( As an example, the Lagrangian density
describing the interaction between two leptons and a gaagerby = ~, Z°, W*) can be
written as

. T Y = Y
Ly =Ly" QEWM +9 EB“} L. + Lr?” [g EB/,L:| Lr (2.2)

wherer denotes the Pauli matrice¥ is the weak hyperchargey, = (W;, W2, W?) and
B, are the gauge fields associated with the SJg2)d U(1), symmetry. These are related
to the physical gauge boson fields observed in nature byaheformation

1 :

W = 7 (W, Fiw?) (2.3)
Z, = —B, sinfy+W; cosbw (2.4)
A, = B, cosfw + Wﬁ’ sin Gy (2.5)

wheresin 6y, is called the weak mixing angle and is a free parameter oftdwedard Model
which needs to be experimentally measured. The parangterdg’ are the SU(2) and
U(1)y coupling constants. The interaction between two chargadts and a gauge boson
can be equivalently described by the Feynman diagram shoviaigure 2.1 where the

1In group theory, the Pauli matrices are said to be the gesraraf the SU(2) group. They consist of
three linearly independentx 2 matrices which satisfy the commutation relationsr;| = 21 €, ;1 7 where
€5, represent the totally antisymmetric structure constafiiseogroup.
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Lepton T T3 Y Table 2.1: Quantum numbers of leptons

Vel : : 1 0 of the first generation wherg T3, Y and

N 11 1 1 Q are Fhe W_eak isospin, third component
2 2 of the isospin, the weak hypercharge and

erR 0 0 2 -1 electric charge, respectively.

arrows represent the flow of the electroweak current.

Fermions and bosons in the Standard Model are given massesdgucing a scalar
Higgs field [3] which spontaneously breaks the electrowdai@} x U(1), symmetry of
the theory. This mechanism is needed as mass terms cannio¢tiycadded ‘by hand’ to
the Lagrangian without spoiling gauge invariance. Instéae coupling of the Higgs field
to the weak gauge bosons and fermions is found to generatpfitepriate mass terms
without destroying the gauge symmetry of the theory. Theragtny of the Lagrangian is
simply hidden by the choice of a specific ground state or vacexpectation value.

2.2 Beyond the Standard Model

The Standard Model has been extremely successful at degctite interactions between
particles observed in nature. It has so far been tested tmpressive one part in £0
Despite all its achievements, the Standard Model howeweaires somewhat of aad hoc
theory which relies on the experimental measurements ofyrhardamental quantities
such as the masses of particles and their couplings. It alsoté explain the three-fold
pattern of fermion generations and the observed mass spectdther shortcomings of
the Standard Model include the inability to explain the &ase of left-handed doublets
and right-handed singlets as well as the lack of unificatietwken all forces including
gravity.

A number of models attempt to address some of the mystergpects of the Stan-
dard Model, albeit with varying degree of success. One agirpostulates that particles

/ / Figure 2.1: Feynman diagram of the in-
teraction between two Standard Model

N charged leptong(= e, i, 7) and a gauge
N boson ¥ = v, Z%).
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currently considered to be fundamental might instead beposed of smaller subcon-

stituents. Historically, in our understanding of naturenfratoms to quarks, systems that
were originally thought to be fundamental building blockghe universe have revealed

substructure when probed at increasingly larger energgsckermions that are thought
to be point-like particles in the Standard Model could thppear to be made of smaller

constituents when studied at high energy. This unique ambréo physics beyond the

Standard Model could explain in a natural way the pattereohfon generations as well

as the observed mass spectrum.

2.3 Model of Excited Leptons

There have been various attempts at building a complete lnbdemposite fermions [4].
It has however proved to be quite challenging to develop aehoahsistent with current
experimental observations and precision measurementspiteehe lack of a complete
model, searches for possible experimental consequendesnuibn compositeness have
been and continue to be pursued. These searches are caitriedhe framework of a low
energy approximation of what the complete and yet unknowarhmight predict.

Experimental consequences of fermion compositeness autlldde the existence of
excited states of the Standard Model fermions. Much likeairangement of subcon-
stituents in a hydrogen atom or a hadron results in boundsstaith properties different
than the ground states of the system, excited fermions g@eceed to exhibit unique char-
acteristics distinguishing them from the known Standarai®dermions.

The theoretical framework used in this thesis to calculatestraints on the exis-
tence of excited electrons*), muons (*) and taus{*) is a phenomenological model [5,
6]. This model describes the possible interactions betveseited leptons and Standard
Model particles without explicitly describing the naturedadynamics of the fermion sub-
constituents. Although this phenomenological model i€dked here only in terms of the
leptonic sector relevant for the present work, it is strafghward to extend the formalism
to include excited states of quarks.

Excited states of Standard Model fermions are assumed aédrave both spin and
weak isospin 1/2, although other spin assignments havebalso considered in the lit-
erature [7]. To accommodate the fact that the unobserveitedxstates must be much
heavier than the Standard Model fermions, they are assusreettjtiire their mass prior to
the spontaneous symmetry breaking of the Standard Modehhg@n. Details of how the
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excited T T3 Y Q

lepton Table 2.2: Quantum numbers of excited
Vi ! ! 1 0 leptons of the first generation wheilg
. L L T3, Y andQ are the weak isospin, third
Ver 2 2 -1 0 component of the isospin, the weak hy-
ef i 1 -1 percharge and electric charge, respec-

tively.

e 11 g4

masses of these excited states arise is not relevant foowhernergy phenomenology in
the present theoretical framework. They should howeverdneqi any model attempting
to describe the full dynamics of fermion constituents. Idesrto retain the fundamen-
tal SU(2) x U(1)y gauge invariance of the Standard Model in the presence dti@uizl
mass terms, excited states must exist in both left-handedn(d right-handed (R) weak
isodoublets, unlike Standard Model fermions. For exciggatdns of the first generation,
the two weak isodoublets can be written as

Li=<”‘;) , L;:(”i) (2.6)
€ €
L R

wheree* andv; represent the excited electron and excited electron meuiglds respec-
tively.

Given the assumptions presented above, the quantum nuofexsited leptons are
fixed to the values given in Table 2.2. Furthermore, in orddyd able to calculate exper-
imental observables such as the production rate and det¢hgs# excited states, the two
interaction vertices shown in Figure 2.2 must also be intced!.

(@) (b)
- 0 0 4
\\\\\\/ \\\\\/

Figure 2.2: Diagrams showing the interactions of chargetted leptons{* = e*, u*, 7*)
with Standard Model leptong & e, i1, 7) and gauge boson¥ = ~, Z°).
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The interaction between two excited leptons and one gaugmbp*L*V) is assumed
to have the same form and coupling strength as the corresmp8thndard Model interac-
tion between two leptons and one boson. In addition, onljteddeptons from the same
generation can interact with each other. Following clog&yation 2.2, the Lagrangian
density describing the*L*V coupling is usually written as

- T Y . - T Y .

Given the composite nature of leptons in the present motel,rteraction described
above should contain form factors to take into account dievia from a point-like interac-
tion due to the presence of subconstituents. However, fige lzalue of the compositeness
scale, the effects of these form factors are negligible.

The particular choice of the interaction Lagrangian dgndéscribing the transition
between an excited lepton, a lepton and a gauge basai) dictates not only the decays
of excited states but also, as will be discussed later, tiegle production in & colli-
sions. The requirement that the interaction be SU{)J(1)y gauge invariant uniquely
determines the coupling between a spin 1/2 excited lept&taadard Model lepton and
gauge boson to be of a tensorial nature [7]. A simple vedtimt@raction similar to Equa-
tions 2.2 and 2.7 would not be gauge invariant under SU{ginmetry as the right-handed
component of excited leptons forms a weak isodoublet whiensforms differently from
the usual Standard Model right-handed weak singlet. Furtbee, in light of existing
constraints on the existence of excited leptons, desciibéetails in Section 6.5, only
left-handed leptons are allowed to couple to excited st&te®upling without this chiral
symmetry would lead to large contributions to the anomaloagnetic moment of lep-
tons, in conflict with current precision measurements of tuantity. For these reasons,
the interaction between an excited lepton, a Standard Megébn and a gauge boson
is usually described by the following chiral conserving 3}J(x U(1), gauge invariant
Lagrangian density [5—7]

1

Cx T Y
‘CL*LV = ﬁLRO—M |:g f EWMV —+ g/ f, EBul/:l L|_ +

1 1 v T / /Y *
Lo [ngWWJrgf EBW} Lx 2.8)

wherecs* is the covariant bilinear tens?ohNW andB,, represent the Standard Model

2oV = iy — 4V whereyt andy” represent Dirac matrices.
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gauge field tensofsand the couplingsg, g’ are the SU(2) and U(1), coupling constants

of the Standard Model introduced in Section 2.1. The conteosss scale is set by the
parameterA which has units of energy. Finally, the strength of thiéV couplings is
governed by the constantsindf’. These constants can be interpreted as weight factors
associated with the different gauge groups.

The only unknown parameters of the phenomenological maéskemted in this sec-
tion are the mass of excited leptons, the compositeness Acahd the strength of the
couplingsf andf’. To reduce the number of free parameters it is customarysonas
either a relation betweeinandf’ or set one coupling to zero. For easy comparison with
previously published results, limits calculated in thigp@acorrespond to the coupling
choicef = f’. As will be shown in the next section, this assignment is ainahichoice
which forbids excited neutrinos from decaying electronemally.

Physical observables such as the production and decayah&exited leptons are
calculated from the Lagrangians 2.8 and 2.7. Approximapeessions for these observ-
ables are presented below as an indication of the expectesicphproperties of excited
leptons. In the analysis presented in this thesis, efficésrand expected distributions of
kinematical variables for excited leptons are insteadinbthusing the Monte Carlo event
generator EXOTIC based on the exact expressions for thaiptioth and decay rates.

2.3.1 Excited Lepton Decays

The decay of an excited charged lepton into a Standard Megth and a gauge boson is
shown schematically in Figure 2.2(b) and is determined ylLthgrangian density given
in Equation 2.8.

Neglecting the decay width of the gauge bosdng {+ 0), the decay rateinto the
different gauge bosons can be approximated, for excitedhapasses larger tha,, by
the following formula

a m3 M2\ 2 M2
F:Z%f\,z< _Eg> <1+—V2> (2.9)

wherem, and My are the excited lepton and gauge boson masses respecinekiha
quantitiesf,, are defined in terms of the parametémndf’, the excited states electric

W, = 9,W, — 9, W,
4The branching fraction of a particle into a specific final stist defined as the ratio of the final state
decay rate to the total decay rate of all possible final states
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charge Q) and third component of the weak isospin for left-handetestfi;, )

f, = Qf' +Ta (f—f) (2.10)

1
4T3 (cos® Oy 4+ sin® Oy f') — 4 Q sin? Oy '

f, = ) 2.12
z 4 sin Oy cos Oy ( )

The branching fractions of excited neutrinas’)( are identical to that of excited
charged leptons/{) under the transformatiorf’ — —f’. This symmetry is a direct
consequence of the weak isospin assignment of excitedigpkigure 2.3 shows the pre-
dicted electromagnetic branching fraction of excited ghdrieptons and excited neutrinos
for different values of and f'. As seen from Equation 2.10, the branching fraction for
excited charged leptons decaying into a lepton and photoisies for the special case
f = —f’. Alternatively, the electromagnetic branching fractidexcited neutrinos is zero
under the assumption théit= f'.

Figure 2.4 shows a comparison of the branching fraction oitea charged leptons
into each possible gauge boson as function of mass for twofgpeoupling assignments,
f=1f"and f = —f’. These branching fractions were calculated from the cormafitemula
found in [5], without relying on the assumptions that led te epproximate decay rate
given in Equation 2.9. For excited charged lepton massesbitle W= and 2 masses,
the electromagnetic branching fraction is 100% regardbésise values of the couplings
f and f’, except forf = —f’ which entirely forbids this particular decay. Given that th
electromagnetic branching fraction of excited chargedbolep is non-negligible for most
values of f, f’ and the clean characteristic experimental signaturescéxgethe photon
decay constitutes one of the most sensitive channels fadaeeh for excited leptons

2.3.2 Pair Production

Charged excited leptons could be produced ‘i@ eollision in pairs for masses up to
approximately half the centre-of-mass energy. The panlgpecton would proceed through
the exchange of a photon or 4 Boson as presented in Figure 2.5(a). Excited electrons
could also be produced via tivehannel diagram shown in Figure 2.5(b). This production
mechanism, however, depends directly on two interactiehsden an excited electron, an
electron and a gauge boson. Given the existing constrairttssostrength of this coupling
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Figure 2.3: Electromagnetic branching fraction of (a) geaticharged leptons and (b)
excited neutrinos for different values @f, f’ and for excited lepton masses of 100, 200

and 300 GeV.
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Figure 2.4: Branching fraction of excited charged leptosi@dunction of mass for (a)
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excited neutrinos upon the substitutibh— —f".
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Figure 2.5: Pair production of excited charged leptons & s-channel and (b{-channel
diagrams.

discussed in Section 6.5, the contribution of ttehannel diagram (Figure 2.5(b)) for the
pair production of excited electrons is much smaller that tf thes-channel diagram
and can be safely neglected.

The interaction described in Equation 2.7 therefore cotepledetermines the pair
production rate, or cross-section, of excited leptons. &g the decay width of the
heavy gauge bosonE\{ — 0), the pair production cross-section can be approximated as

2Vo Ve (82 +V2)VE
1-M2/s  (1-M2/s)2

2ra’?

3s

(2.13)

o= 3(3— 32 ll +
whereq is the fine structure constaml; is the mass of the Zboson, /s is the collision
centre-of-mass energy and= /1 - 4m?/s. The constants,, v,- anda, are defined in
terms of the electric charge and weak isospin as

278" + 2T —4Q sin? 6y

Ve * - 214
o 4 sin Oy cos Oy ( )

= ) 2.15
% 4 sin Oy cos Oy ( )

The pair production cross-section at a given centre-ofsnea®rgy only depends on the
mass of the excited leptons. An example of the expected ¢odak-section for the pair
production of excited charged leptons as function of mapsdasented in Figure 2.6.

The pair production of excited charged leptons followed Ipyanpt electromagnetic
decay of each excited state would result in event final stateserved in the detector,
containing exactly two leptons of the same flavour and twtated photon {¢~~). The
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7 Figure 2.6: Total cross-section)(for

E the pair production of excited charged
leptons as a function of mass) in
e'e” collisions at a centre-of-mass en-
ergy of 200 GeV.
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search for pair produced excited charged leptons thusstsnsiidentifying events of the
typeeeyy, puyy andrryy.

2.3.3 Single Production

Excited charged leptons could also be produced in associatith a Standard Model
lepton. In contrast with the pair production discussed i pinevious section, excited
states with masses up to the centre-of-mass energy coulddig produced. The single
production of excited charged leptons would proceed viaettehange of a photon or a
Z° boson coupling directly to an excited state and a lepton ssribed by the Lagrangian
density of Equation 2.8 and shown schematically in Figur€ad. In addition, excited
electrons could be produced via thehannel diagram shown in Figure 2.7(b). Unlike the
pair production of excited electrons for which the conttibn from thist-channel diagram
is relatively small, both diagrams shown in Figure 2.7 dej@mthe strength of thie"LV
coupling and thus contribute to the single production oftexicelectrons. The interaction
Lagrangian of Equation 2.8 dictates the single productida of excited charged leptons.
Given the coupling assignmerft = f’, the single production rate only depends on the
unknown quantityf/A and the mass of the excited state.

The complete equation describing the differential crasgisn of singly produced
excited leptons will not be presented here as itis nonaramnd not particularly enlighting.
It can however be found in [5] and [6]. Figure 2.8 shows thglgiproduction differential
cross-section expected for different excited chargedtefliavours. As a consequence of
the existence of thechannel diagram (Figure 2.7(b)), excited electrons apeeted to
be singly produced predominantly in the forward directiotike excited muons and taus.
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Figure 2.7: Diagrams contributing to the single productbexcited charged leptons; (a)
s-channel and (b)-channel diagrams.

The total cross-section for the single production of extiteions or taus is given by

o =

Ta?B? ¢ » 2Vef fz  (a24Vv?) £2
A <1_ §> [fv C1-MZ/s  (1—M2Z/s)? (2.16)

where the quantitiesy, f, andv,, a, have been previously defined in Equations 2.10, 2.12,
2.15 and 2.14, respectively, afid= 1—m?/s. The total cross-section for singly produced
excited electron is more complicated due to the additiooatrdoution of Diagram 2.7(b).
For centre-of-mass energy greater than thenass and keeping only the dependence on

the electron massit) in the leading terms, the total cross-section can be appai®rd to
f2 2 1+ 32 s 32
=ra’f L |(1-= - log | —
i mﬁAzK )3 Og(ﬁ%(l—ﬁV)

Figure 2.9 shows the total cross-section of singly produmetted charged leptons as

(2.17)

10

=

&

o 1

4 Figure 2.8: Differential cross-

% 100 section of singly produced excited

_g charged leptons with a mass of
10-2 150 GeV at a centre-of-mass energy

of 200 GeV and assuming/A =

10 | | | f'/A=1 Tev'.
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function of mass.

As can be seen from Equations 2.16 and 2.17,ffer f’, the total cross-section of
singly produced excited leptons is directly proportioralf/A)2. Given existing con-
straints on the coupling parametdys\, the production rate of singly produced excited
charged leptons is expected to be orders of magnitude grttedie that of pair production.
However, the single production search extends the kinemaéich of an experiment to
masses up to the centre-of-mass energy.

The prompt decay of excited charged leptons singly prodwesald lead to event
final states containing two leptons of the same flavour andemeggetic photon/(~).
Since excited electrons are expected to be predominardtjuped in the forward region
of the detector, the electron produced in association wighexcited state may be outside
the detector acceptance resulting in event final statesaicomg only one electron and
one photondy). The search for singly produced excited charged leptonshygromptly
decay electromagnetically therefore consists in idemmifyevents of the typesev, ey,

ppy andrry.
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Experimental Environment

The CERN laboratory, located just outside Geneva in Swéndr was home of the Large
Electron Positron (LEP) collider. It was recently deconsiaged in December 2000 after
10 years of remarkable operation. Particles createdeén ellisions were detected by
four large all-purpose detectors ALEPH, DELPHI, L3 and OPAL

During its first phase of operation from 1990 to 1995, LEP piamtl millions of 2
bosons which allowed physicists to study to unprecederntzigion the various properties
of this particle and test the Standard Model to a precisittebthan one part in 10 Phase
2 of LEP operation (LEP2) began in 1995 after major upgradesonous accelerator
components which increased the rate of collisions and thee®f-mass energy. The
substantial amount of data recorded combined with the Biglentre-of-mass energy ever
reached in & collisions provided a unique environment to search for neenmena
beyond the Standard Model.

This chapter first presents some details of LEP operationdasdribes the various
components of the OPAL detector relevant for this work. Té¢wrding of data and subse-
guent reconstruction of events are also briefly discussegll¥; the data set and various
event simulation programs used are described.

3.1 The Large Electron Positron Collider

The Large Electron Positron collider [8] was a 26.6 km ineméerence storage ring com-

missioned in 1989. The ring consisted of eight 500 m longgttasections interspaced

with eight 2.8 km arcs. All LEP components were contained tarmel approximately

100 m underground. Electron and positron beams travellegdposite directions inside an

evacuated aluminum tube of about 10 cm in diameter. Dipolgrmeis guided the beams

around the arcs while focusing of the beams was achieved liyugacombinations of
18
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guadrupole and sextupole magnets. The energy needed tierateeand subsequently
maintain the two beams at the nominal collision energy waglksed by Radio Frequency
(RF) resonant cavities. Electrons and positrons ciraugiround the ring constantly lost
energy via the emission of photons. Each electron lost orageeabout 2% of its energy
from synchrotron radiation in one revolution around theyriin its last year of running,
the LEP accelerating system consisted of 288 supercomduiRr cavities (272 niobium-
coated copper and 16 pure niobium) and 56 conventional cdppecavities providing
together a total RF voltage of about 3400 MV per revolution.

The two beams were made to collide at four specific pointsratdbe ring, at the
heart of massive detectors (ALEPH, DELPHI, L3 and OPAL) gesd to record the rem-
nants of the collisions. During the accelerating phasearsgpr magnets located near
the interaction regions separated the two beams to avoigiook. When the electron
and positron beams finally reached the desired energy, teey rought into collisions
by turning off the separator magnets. In addition, supetaoting quadrupole magnets,
also located near the interaction regions, squeezed thashdawn to a cross-sectional
size of approximately 1@m in the vertical plane and 250m in the horizontal plane.
Such a small beam size was desirable in order to increaseliisan rate. The rate of
a particular physics process is related to the beam intermsiiuminosity £, according
to Rate= L o, whereo is the cross-section (or probability of occurrence) of dipalar
physics process. Luminosities of ¥&cm2s™ were routinely achieved at LEP.

The entire CERN accelerator complex is shown in Figure 3.the TEP injection
system was designed to exploit the existing CERN acceleratélectrons were initially
produced by an electron gun and immediately acceleratedl ¢mergy of 200 MeV using
a short linear accelerator (linac). A fraction of these &tets were then directed to a
tungsten target to produce positrons. Both the positrodgtaremaining electrons were
further accelerated to 600 MeV by a second linac and storéekirlectron-positron accu-
mulator (EPA). Pulses (or bunches) of electrons and positnere stored in the EPA until
the next injection cycle of the Proton Synchrotron (PS). PIs¢ CERN'’s oldest acceler-
ator, operated as a 3.5 GeVee synchrotron. Electrons and positrons were subsequently
injected into the Super Proton Synchrotron (SPS). Both RSSRS operated in a multi-
cycle mode whereby electrons and positrons were acceligoatereen proton cycles and
thus simultaneously provided both electron/positron amdgm beams to various CERN
experiments. The SPS boosted the energy of electrons aittdopeso 22 GeV before
they were finally injected into the LEP ring. The final accatem stage took place in
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LEP where, since 1996, beams have been accelerated to gyneeggr then 80.5 GeV. In
its last year of running, beams up to 104.5 GeV were routisatycessfully brought into
collision at the heart of the four LEP detectors.

The LEP storage ring mostly operated in a configuration whdnenches of electrons
and 4 bunches of positrons circulated simultaneously imnthehine. Each bunch was
composed of approximately 45 10%° particles resulting in a total current circulating in
the machine of about 5 mA at the beginning of a collision cyéle time went by during
a collision cycle, the particle density in each bunch desdaresulting in a decrease in
the collision rate. The ring was emptied of its remainingulating particles when the
collision rate had decreased significantly, at which pdiatas more efficient to refill the
machine with new patrticles. In its last year of running, tighkst collision energies were
reached using “miniramps”, a novel technique in which beami® further accelerated in
small incrementing steps while in stable collision modeingghis technique, collisions
at a centre-of-mass energy of 209 GeV were achieved, an\ebesgpnd the original
machine design of 200 GeV.

Many analyses, including the work presented in this thesig,on a precise measure-
ment of the collision energy. At LEP2, the beam energy wasrdehed using nuclear
magnetic resonance (NMR) probes [9] located in dipole misgamund the LEP ring.
The 16 NMR probes were calibrated at lower energy using @smdepolarisation [10],
a technique that can only be used for beam energy less thaoxaypptely 60 GeV. Preci-
sion on the beam energy measurement is currently limitetdé®wmhcertainty on the linear
extrapolation to physics energy of the NMR probe readingeke©methods of measuring
the beam energy were used as consistency checks and as a inestimating various
systematic errors. In particular, a dedicated spectranjgéfig¢ was installed in the fall
1999 with the aim of measuring the beam energy to a relatiearacy of one part in
10*. Studies of the spectrometer response necessary to athiegmal are still ongoing.
The preliminary uncertainties on the beam energy for tha dat analysed varies from
20-25 MeV.

3.2 The OPAL Detector

The OPAL (Omni-Purpose Apparatus at LEP) detector [12] wessad four multi-purpose
detectors at LEP. As shown in Figure 3.2, its cylindricalmhbngitudinally aligned with
respect to the beam direction provided nearly full angutessecage of the interaction re-
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Figure 3.1: Schematic diagram of the accelerator compléxeaCERN laboratory, show-
ing each component of the LEP injection system as well a®pssantiprotons and heavy
ions accelerators.



CHAPTER 3. Experimental Environment 22

gion'. Particles created in ari& collision traversed different components of the detector,
called subdetectors, as they travelled radially outwarhfthe interaction region. In order
of increasing radius, the first subdetectors surroundiadpdam pipe consisted of a set of
tracking devices which recorded the spatial position ofrgbd particles as they moved
through the subdetectors’ volumes. A solenoidal coil waehdutside the tracking sub-
detectors provided a constant uniform longitudinal maigrfetld of 0.435 Tesla within
the tracking volume. Surrounding the solenoidal colil, thecttomagnetic calorimeter
measured the energy of electrons, positrons and photorer Gfpes of particles occa-
sionally deposited only a fraction of their energy in theclemagnetic calorimeter and
continued their journey outward, entering next the hadrealorimeter. Most remaining
particles at this point deposited all their energy and stdpp the hadronic calorimeter.
Muons however usually continued on and escaped the detaitone after traversing the
outermost subdetector, called the muon chambers. In tleaviolg sections, subdetectors
particularly pertinent to this work are described in mortade

3.2.1 The Central Tracking System

The central tracking system consisted of four subdetectotsgh resolution silicon mi-
crovertex detector, a small drift chamber, a large volurhehamber and Z-chambers. To-
gether, these subdetectors provided information on cldgrgeicles momenta, track ver-
tices and particle identification through ionization eryeimss measurements. Figure 3.3
shows a schematic diagram of the central tracking systementhe size and position of
individual components can be inferred.

The silicon microvertex subdetector [13] was located instimall volume between the
beam pipe and the inner wall of the pressure vessel. It peovadprecise starting point
for track reconstruction. This information is crucial f@constructing possible secondary
vertices resulting from the decay of short-lived particlése silicon microvertex detector
consisted of two concentric cylinders made of flat rectaagtiadders” arranged in a
slightly overlapping geometry as shown in Figure 3.4. Eaadér was made of back-
to-back pairs of silicon wafers oriented at an angle to eableran order to provide a
measurement of both theand ¢ directions. Read-out electronics were located at both

1The OPAL coordinate system is defined to be right-handeth, thi¢ z-axis pointing along the electron
beam direction and the-axis pointing toward the centre of the LEP ring. The polaglad is measured
with respect to the-axis and the azimuthal angdeis given by a rotation about thecoordinate from the
X-axis.
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Figure 3.2: Schematic diagram of the OPAL detector showieddyout of different com-
ponents.
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Figure 3.3: Schematic diagram of the OPAL tracking subdetscA Silicon microvertex

surrounds the beam pipe. The central vertex drift chambegelvolume jet chamber
and the Z-chambers are contained within a common presssseiv@hich maintains a
pressure of 4 atmospheres .

H

ends of each ladder. As a charged patrticle traversed a lagéicon, a small current was
produced and recorded as a “hit”. In the process of recartstiguthe path of a charged
particle, hits in the silicon microvertex were associateithwhe information coming from

the other tracking subdetectors.

The central vertex detector, the jet chamber and the Z-chesnere drift chambers
of various geometries. They were all contained in a commessure vessel and operated
within an Argon/Methane/lIsobutane gas mixture at a pressiM bar.

Drift chambers consist of a gas filled volume across which figinse (anode) wires
are strung and, together with cathode wires or planes, ppdweonstant electric field. As
charged particles travel through the volume of these datgdhey ionize the surrounding
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Figure 3.4: Schematic cross-sectional diagram of the OR#dor microvertex detector.

gas. Electrons resulting from the gas ionization drift iwaod the anode wires where
they cause an avalanche in the high electric field, resultinglectric pulses read out
from the ends of the wires. The particular gas mixture andqune used to operate the
OPAL chambers were chosen to maximize the spatial resalotrer the widest possible
momentum range and obtain precise measurements of a chpagite ionization energy
loss in the gas.

The central vertex detector [14] was a small cylindricattadfiamber of 1 m in length
and 23.5 cm radius. It consisted of an inner layer of axiakwistrung longitudinally
and an outer layer composed of stereo wires mounted witreadle between endplates.
The inner layer of wires provided a high resolution spatiabsurement in the ¢ plane
while the slightly off axis stereo outer wires allowed a meament of thez coordinate.
A total of 18 hits (12 axial + 6 stereo) could be recorded fove9@f the full solid angle.
Originally designed as the main vertex detector of OPAL ai$ Imainly been used, after
the addition in 1996 of a higher resolution silicon micraegrdetector, to match track
segments between the jet chamber and the silicon micraverte

The main component of the tracking system was the large velcentral jet cham-
ber [15] measuring 4 m long and extending from an inner raoli@s5 m to an outer radius
of 3.7 m. The chamber was composed of 24 identical pie shagedrs each containing
159 longitudinally strung anode wires and two cathode wiae@s forming the boundaries
between adjacent sectors. Anode wires were staggered bhym @0 resolve the left-right
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Figure 3.5: Scatter plot showing the measured ionizatiarggnloss (E/dXY of tracks
contained in hadronic and muon pair events. The solid lihes/she energy loss predicted
by the Bethe-Bloch equation [16].

ambiguity of a signal recorded on a given wire. Full threeahisional spatial information
was extracted from the position of the wimd,(the measured drift time of electrons to the
anode ¢) and the ratio of the integrated charges at both ends of tree(@i In addition,
the total integrated charges on a wire provided a measuteofienparticle’s ionization
energy lossdE/dX in the gas.

A total of 159 wire hits along a charged particle trajectanthe jet chamber could
be recorded for 73% of the total solid angle. As charged @asditravelled radially out-
ward, their trajectories were bent by the constant longi@ldnagnetic field of the magnet
wound around the outside of the tracking detectors. Theaturg of a track as measured
in the central jet chamber is directly proportional to thetigle momentum component
transverse to the beam direction. Combined with a measumeohéhe ionization energy
loss in the gas, good particle identification could be adde¥igure 3.5 shows the ioniza-
tion energy loss of different types of particles as functbtheir momentum. The charge
of a particle could be inferred from the direction of curvatin the magnetic field.
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Finally, an accurate measurement of greordinate of a particle trajectory was pos-
sible using the Z-chambers [17]. These 24 thin rectangultirathambers were mounted
longitudinally around the outside of the jet chamber. Edwmntber was 4 m long, 50 cm
wide and 59 mm thick. The Z-chambers covered the polar aegiem between £4and
136°. Unlike the vertex and central jet chambers, wires in théaZrabers were strung per-
pendicular to the beam direction in order to precisely mesathez-coordinate of particles
leaving the jet chamber. A total of six layers of anode wiresenpositioned at increasing
radii. A spatial resolution in the-direction better than 300m was achieved. A mea-
surement of the coordinate of a track is also obtained using a charge divisiethod in
order to facilitate matching hits with tracks observed ia tientral jet chamber.

The combined performance of the tracking subdetectorsteelsin a momentum res-
olution of op,/p? ~ 1.6 x 10 GeV! and a spatial resolution of the impact parameter in
the plane perpendicular to the beam axig) @f 21 m.

3.2.2 Calorimeters

Calorimeters are detectors that measure the energy o€leartiThe calorimetry system
of the OPAL detector consisted of electromagnetic and hadrcalorimeters, the main
components of which are described briefly below.

The energy of electrons, positrons and photons was meabuyrtbeé electromagnetic
calorimeter [18] surrounding the tracking system. It wastaltabsorption calorimeter
made of lead glaslocks and divided into a barrel part and two endcaps.

Electrons, positrons and photons entering the high delesityglass initiated an elec-
tromagnetic cascade of lower energy secondary particlelsalinthe energy of the inci-
dent particle was completely absorbederenkov light produced by relativistic charged
particles in the shower was internally reflected and cadiétty photomultipliers glued to
each block. The energy deposited by a particle was propattim the amount of light
collected. Each block represented the equivalent of 24lGitian length3 of material
ensuring the full containment of most electromagnetic sraw

A total of 9440 blocks of lead glass made up the barrel parhefdlectromagnetic
calorimeter. Each block measured approximately 10xcd0 cm x 37 cm and weighed
about 20 kg. Blocks in the barrel were arranged in a nearlytpaw geometry min-

°The lead glass used in OPAL has a composition of (% by weigh§®46 SiQ and 74.80% PbO.
3A radiation length X,) is defined to be the mean distance over which a high energyrefeloses all
but 1k of its energy by bremsstrahlung.
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imizing the probability of a particle traversing more thameoblock while preventing
neutral particles from escaping through gaps between bloElue to tight geometrical
constraints, each endcap consisted of an array of 1132 lead glocks mounted par-
allel to the beam line. The barrel and both endcaps togethesred 98% of the total
solid angle. The energy resolution of the electromagneticroneter was approximately
oe/E = 1.5% @ 16%/+/E[GeV] [19, 20] where the first term represents instrumental
uncertainties and the second corresponds to inherent dlimhs in the development of
electromagnetic showers. A spatial resolution for elentignetic showers of about 5 mm
was also achieved.

The instrumented iron return yoke of the magnet, surrougtie electromagnetic
calorimeter, formed the hadronic calorimeter [21]. Therbadt calorimeter was used to
measure the energy of hadronic showers and help in idemgifiuons. This sampling
calorimeter, made of a barrel part and two doughnut-shapddaps, consisted of lay-
ers of 100 mm thick iron plates interspersed with limitegéaimer tube chambers. The
hadronic calorimeter corresponded to 4 interaction lestgtf material. Most particles
which penetrated through the 2.2 interaction lengths oenmltin front of the hadronic
calorimeter where absorbed before reaching the muon chamblee energy of a hadronic
shower was estimated by combining the information from libéhelectromagnetic and
hadronic calorimeters. The energy resolution of hadrohmaers was measured to be
oe/E = 17% + 85%/+/E[GeV] using pions fromr decays [22].

The luminosity recorded by the OPAL detector was measurddibgilicon-tungsten
calorimeters encircling the beam pipe#2.385 m from the interaction region in thze
direction. Since the production cross-section of electraim events at small angles is
well-known, the luminosity recorded by the OPAL detectouldobe calculated by sim-
ply counting the number of‘e™ events observed in the silicon-tungsten calorimeters.
These two cylindrical sampling calorimeters covered thalspolar angle region between
26 mrad and 59 mrad. They were made of 18 tungsten platetested with 19 layers of
silicon wafers. In order to obtain a luminosity measuremertetter than 0.1%, the elec-
tron trajectories had to be accurately measured. The clelam-tungsten calorimeter
design allowed one to determine the radial position of eb&cshowers in the calorimeters
to a precision of 0.2 mm.

4Length scale used to describe hadronic cascades defined\towh85 g cm2A 1B,
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3.2.3 Muon Chambers

The muon chambers [23] made up the outermost layer of the QAd¢ctor. Muons pri-
marily lose energy in matter by ionization. Therefore, theywersed the entire OPAL
detector without stopping, only depositing a small amourgrergy in the electromag-
netic and hadronic calorimeters. The role of the muon chasnvas to provide spatial
information on charged particles leaving the detector. Muwere identified by match-
ing hits in the muon chambers with tracks measured in the&emacking system. The
muon detection system was divided into a barrel part and twlea&ps, together covering
93% of the total solid angle. The barrel section consistddwf layers of large area drift
chambers arranged in a slightly overlapping geometry tadagaps between chambers.
The endcaps were made of 4 layers of streamer tubes arrapgaehgicular to the beam
direction to form an area of approximately 158 at both ends of the OPAL detector. The
muon chambers achieved a spatial resolution of 2 mm.

3.3 Data Acquisition

A trigger system is a combination of hardware and softwarepmments which combine
information from different subdetectors and determinetivbean event should be saved
for further analysis or rejected. At LEP, the crossing otelen and positron bunches at
the interaction region occurred at a frequency of 22 MHz. E\®v, most of the time,
the electron and positron bunches simply passed throudh aher. Events, triggered
by activity in the tracking detectors and calorimeters,em@&corded at a rate of approx-
imately 5 to 10 Hz. Approximately half of the recorded evemtye not from genuine
electron-positron collisions but from different sourcésackground such as beam-wall
collisions and cosmic rays. Digitized information from aillbdetectors pertinent to an
event was merged into a single data structure of 10 kbytesenage. A software system
then performed a fast analysis of the selected events wigghified an online monitor-
ing of data quality and subdetector’'s performance. Eveeps for further analysis were
archived both on 1.3 Gbytes magneto-optical disks and niagape cartridges. Follow-
ing the archiving of events, a system of 14 dedicated Hewdatkard workstations fully
reconstructed raw detector information from each eventtiaticks and clusters of energy
ready for offline analysis. The fully reconstructed evengsenstored on disks for ease of
access. Data ready for offline analysis were available sitlen one hour after collisions.
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3.4 OPAL Data and Simulated Event Samples

The data analysed for the work presented in this thesis vee@ded at centre-of-mass
energies between 183 GeV and 209 GeV during the LEP runs iyetfnes 1997 to 2000.
The analysis is based on a total of 684.4pbf dat& for which all relevant detector
components were fully operational. In order to accuratetgrpret the results in terms
of limits on excited lepton masses and couplings, the data wirided into 16 centre-
of-mass energy bins analysed separately. The energy ramgmosity weighted mean
centre-of-mass energy and integrated luminosity of eatclat®@ summarised in Table 3.1.
In addition to the high energy data, approximately 10t calibration data collected in
the year 1997 to 2000 at a centre-of-mass energy near’threaZs were used to study the
detector response.

Distributions of various kinematical quantities and oVlepaoperties of events are
compared to the Standard Model predictions using MonteoGadhniques [24]. Large
numbers of €™ collisions were simulated by various Monte Carlo event gatoes which
output lists of four-vectors containing information on fival state particles for each sim-
ulated event. These four-vectors were then processedghm@GEANT [25] simulation
of the OPAL detector and saved into a data structure sinolaawv OPAL data. Finally,
simulated events were fully reconstructed using an idahpimcedure as that used for real
data. In some cases, corrections were applied to some Marte €amples in order to
improve their modelling of real data. Comparisons betweahdata and simulated events
are crucial in understanding the physics of the underlyioggss studied. Efficiency cal-
culations and many estimates of possible systematic sfféat example, are carried out
using simulated events.

All dominant Standard Model processes occurring’i@ eollisions were simulated
using a variety of Monte Carlo event generators. In orderraperly model the data,
simulated event samples were generated at 11 differemecsefitnass energies (183, 189,
192, 196, 200, 202, 204, 205, 206, 207, 208 GeV) approximamiresponding to the
energies at which most data were recorded. Table 3.2 listh@lMonte Carlo event
generators and the total effective luminosity combininghed samples at different centre-
of-mass energies used in this analysis.

°The time integrated luminosity((£ dt) is commonly used as a measured of the amount of data etord
at a particle colliding experiment. It is expressed in unftswerse barns (b') where 1 barn = 104 cn?.
The number of events of a particular type collected by anéxpat is given by the product of the integrated
luminosity and the cross-section of the process.
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y/Shinrange | < /s> L

(GeV) (GeV) | (pb™)
178.00 - 186.00 182.7 63.8
186.00 - 190.4Q0 188.6 183.2
190.40-194.00 191.6 29.3
194.00-198.00 195.5 76.5
198.00-201.00 199.5 76.9
201.00-203.75 201.9 44.5
203.75-204.25 203.9 1.5
204.25-204.75 204.6 9.7
204.75-205.25 205.1 60.0
205.25-205.75 2054 3.6
205.75-206.25 206.1 14.3
206.25-206.75 206.5 107.3
206.75-207.25 206.9 57
207.25-207.75 207.5 0.5
207.75-208.25 208.0 7.2
> 208.25 208.3 0.5

684.4

Table 3.1: The luminosity weighted mean centre-of-maseggrand integrated luminosity
of each energy bin.

The single {te~ — ¢*¢) and pair ¢Te~ — ¢*¢*) production of excited leptons were
simulated using the EXOTIC [37] Monte Carlo event generafbe matrix elements [38]
implemented in EXOTIC include all the spin correlationshie production and decay of
excited leptons as well as a complete description of thesitian between 3-body to 2-
body decays. Samples of 1000 events were generated akediffexcited lepton masses
and centre-of-mass energies.
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Physics Event Luminosity
process Generator (fb™)
efe” —ete (7) BHWIDE [26] 9.47
efe” —et(e7)y TEEGG [27] 5.04
ete”™ — utu(v) KK2F [28] 99.11
efe” — 777 (7) KK2F 101.99
ete” — qq(y) KK2F/PY6.125 [29] 34.15
ete™ — vi(7) NUNUGPV [30] 80.63
ete™ — yy(v) RADCOR [31] 23.66
ete” — 4 fermions KORALW [32] 510.03
grcaf 2.1 [33]
ete”™ — 440 - (ete )ff | PHOJET [34] 43.96
HERWIG [35]
Vermaseren [36]

Table 3.2: Summary of event generators used to simulatetirel&d Model processes
and the total effective integrated luminosity used in thalysis for each process combin-
ing all the different centre-of-mass energy samples.
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Selection of Candidate Events

This chapter describes the set of criteria used to isolaeifspevent types expected from
the production and subsequent decay of charged exciteonkepiGeneral requirements
applied to all types of events are first presented, followed Bescription of the selections
designed to identify events containing two leptons and totpns (/~+), two leptons
and one photor¢(~) and one electron and one photen). The selections presented here
were developed specifically for this analysis.

4.1 Preselection

Event final states expected from the production and electgmretic decay of excited lep-
tons contain no more than two leptons and two photons. Thesgs in contrast with
multihadronic evenfs contain a small number of observed tracks and energy ciuiste
the detector, and are selected by requiring at least onedbotare than six good tracks
in an event. Good tracks are defined as charged particletages reconstructed from
a large number of hits on consecutive wires in the centraking detector. Quality re-
guirements are also imposed on electromagnetic and hadeoergy clusters deposited
in the detector. The entire set of track and cluster quadiguirements is summarised in
Appendix A.

Collisions between high energy electrons or positrons anthining gas molecules
in the beam pipe or with the pipe itself can sometimes resddackground in the detector.
These beam-gas and beam-wall collisions mostly producef@tgy secondary particles
that often get absorbed in the few inner layers of the detéedoling to short reconstructed

1Events composed of many hadrons. These originate from quaducing processes suchels~ —
qq. Due to the nature of the strong force, primary quarks combiith other quarks, created from vacuum
fluctuations, to form various types of hadrons in a processvras hadronisation.

33
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tracks that do not point back to théee interaction vertex. These background events are
substantially reduced by requiring that the fraction of mluenber of good tracks to the
total number of tracks reconstructed in the central detdmgreater than 0.2

Cosmic rays travelling through or interacting in the detectre a further source of
background events. The background from cosmic rays is eztita a negligible level
using the timing measurements from the time-of-flight cemmand tracking information
from the central tracking detectors. Events are rejecteldey are not in time with the
beam crossing or if reconstructed tracks do not point batheanteraction region.

Tracks and energy clusters are grouped together into ‘{estisig the algorithm de-
scribed in [39]. Jets are formed by iteratively looking adiindual tracks and energy
clusters, adding together the 4-momentum vectors of ewvédytianal object contained
within a cone of 0.25 radians about the direction of the tackluster under considera-
tion. If the total energy contained in the cone is greaten & GeV, then the group of
tracks and energy clusters is identified as a jet. The praeaduepeated until all possible
jets in an event are found. A jet can, but is not required tdaiarone or more tracks. The
parameters defining a jet were chosen to maximise the effigi@ndetecting excited lep-
ton events over the broadest possible range of masses aneloémass energies. Events
containing between two and four jets, inclusive, are retin

A total of about 2.3 million events are selected by the abaiter@ out of approxi-
mately 96 million events.

4.2 Jet Classification

Each jet in an event is classified as a type of lepton or photeording to the criteria
described below. The order in which the different clasdiiice are presented represent
the order in which they are applied to each jet. A jet can oelydentified as one type of
lepton or a photon.

4.2.1 Photon Identification

Photons travelling through the OPAL detector do not leavs im the central tracking
system owing to their neutral electric charge. They evdlytstop in the electromagnetic
calorimeter, depositing all their energy.

Jets containing a cluster of energy in the electromagnatarimeter and no tracks
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are tagged as photons. To ensure that an electromagnetiyyaester in a jet genuinely

corresponds to a particle, all photon candidates are redjtarcontain a minimum amount
of energy equivalent to 5% of the beam energy. In the forwagion of the detector,

photons travel through additional material such as theexettift chamber read-out plates
and various types of cables. This additional material iases the probability of photon
interactions and is difficult to model accurately. Therefoto avoid poorly modelled

regions of the detector, all photon candidates must lieiw|ttos | < 0.9 to be considered

in the rest of the analysis.

At LEP2 energies, approximately 10% of photons interachwwiaterial in the detec-
tor prior to entering the electromagnetic calorimeter aoavert to an electron-positron
pair. The characteristic signature of a photon conversidhe presence of two oppositely
charged tracks very closed to each other pointing to at m@sstcluster of energy in the
electromagnetic calorimeter. A neural network technigl fleveloped to identify pho-
ton conversions is used to select these phdtalets are identified as a converted photon if
the most energetic track in the jet has a neural network ¢ogp@ater than 0.9, on a scale
from O to 1. To reduce the number of fake photon conversionzaiticular from hadronic
particles, the associated energy deposited in the hadecatacimeter must be less than
10% of the beam energy.

4.2.2 Muon ldentification

A jetis considered a muon candidate if it contains exactly wack lying within the larger
angular acceptance pfos f| < 0.95. Since muons do not produce electromagnetic show-
ers or interact strongly with matter, the forward region loé tletector containing addi-
tional material is well modelled. Typically, muons dep@sgmall amount of energy in the
electromagnetic and hadronic calorimeters before travgthe muon chambers. Muon
candidates are required to contain less than 3 GeV of enegysited in the electromag-
netic calorimeter. For tracks pointing to the overlap regietween the barrel and endcap
parts of the calorimeter, the amount of electromagneticggneust be less than 5 GeV.

2The neural network [40] uses the information from 9 différeariables to judge how likely a pair
of tracks resembles what is expected from a real photon esiove The variables used as input to the
neural network are: the distance between the two tracksattias of the first measured hit of both tracks,
the radius of the reconstructed secondary vertex, theiamamass of the pair assuming both tracks to be
electrons, the impact parameter of the reconstructed pheith respect to the primary vertex of the event,
the momentum of both tracks times the sign of their chargeothtput of another neural network trained to
identify electrons applied to the partner track.



CHAPTER 4. Selection of Candidate Events 36

Furthermore, a muon candidate must either have hits in tl@robbambers matched with
atrack in the central detector or hits in the hadronic caleter associated with a track and
consistent with the particle being a muon. Muons that occedly stop in the hadronic
calorimeter will generally deposit their energy in the l&ést layers of the calorimeter
without producing a large cascade of secondary particlgiedy of strongly interacting
particles. Thus, jets containing a minimum of four hits i thadronic calorimeter of
which at least one is located in the last three layers, arsidered muon candidates. In
addition, the number of strips per layer hit must be less thancorresponding to a very
small number of secondary particles produced.

4.2.3 Electron Identification

Electron candidates must contain exactly one track requadie within| cosf| < 0.9 to
avoid, as for photons, poorly modelled regions of the deteé&lectrons, unlike muons or
hadrons, generally deposit all their energy in the elecagmetic calorimeter. Thus, for
electrons, the ratio of the electromagnetic energy to thektmomentumE/p) is close
to unity. Jets considered as electron candidates mustys@i& < E/p < 1.2. Jets that
do not fulfill this requirement can still be selected as etats if the output from a neural
network [40] designed to identify electrons is greater tAah This criteria particularly
improves the detection efficiency for low energy electrons.

4.2.4 Hadronic Tau Lepton Identification

Tau leptons are unstable particles that promptly decayfterdint numbers and types of
particles. Taus are not directly observed in the detectbobly inferred by their decay
products. Taus decaying to leptérare tagged as electron or muon candidates by the
criteria described above. Unidentified jets containingeast one track and lying within

| cos 0] < 0.95 are considered to be hadronically decaying tau leptiets satisfying the
electron or photon requirements in the region 090cos | < 0.95 are discarded from
the sample of tau candidates.

3The branching fraction of taus into leptons is about 35%.
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Figure 4.1: Schematic diagram representing the
production of a pair of excited leptong*) and
their subsequent decay. Due to their predicted
short lifetime, only the decay products of the ex-
cited leptons would be observed in the detector.

4.3 Event Selection

In the context of a search for excited leptons decaying ®lewignetically, three different
types of event final states are studiétly~, /¢ andey events. The particular characteris-
tics of each final state and the criteria used to identifyehgpes of events are described
in the following sections.

4.3.1 Selection of¢~~ Final States

The production and subsequent electromagnetic decay aof afpexcited leptons would

result in events observed in the detector containing exaeth leptons and two photons.
A schematic diagram of this reaction is shown in Figure 4.&mshthe flight paths of the
excited leptons have been exaggerated for illustrativegaes only.

Candidate events for the pair production of excited leptmesrequired to contain
exactly two lepton candidates of the same flavour and twogotsoin the event. Events
containing two leptons of a different flavour and two photares selected asr~~ candi-
dates.

For eeyy and upvyy candidates, the sum of the energy of the two leptons and two
photons is expected to add up to the centre-of-mass enerthe afollision. Figure 4.2
shows the distributions of the varialdRs, defined as the sum of the energies of the two
leptons and two photons divided by the centre-of-mass gné&gndidate events are re-
quired to have a value d&®,s greater than 0.8 fotey~y and v~y candidates and greater
than 0.4 forrr~~ candidates where some energy is lost due to the presencetoiios
in the event. This criteria almost completely eliminateskgaound events from Standard



CHAPTER 4. Selection of Candidate Events 38

Entries/0.04
i
o

A

10

i
o o

Entries/O 04

|_\

2
E (b) uuW
0 .

ZE(C)TTW%
0 i | . _

vis

e
o o

Entries/O 04

H

Figure 4.2: Distributions of the sum of the energies of the eptons and two photons di-
vided by the centre-of-mass enerdg;) for pair production candidate events. The points
represent the data from all centre-of-mass energies cadbimile the solid lines show
the total expected background from Standard Model prosesBkre dashed and dotted
lines represent an example of pair produced excited leptents with arbitrarily chosen
masses of 40 GeV and 90 GeV, respectively, and with an eleefjoetic branching frac-
tion calculated assuming a coupling over compositeneds std/A = 1 TeV'l. The
arrows indicate the position of each cut.
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Model two-photon interactiongte~ — (ete™ )¢/ or (ete™)qq). Two-photon events typ-
ically contains particles produced in the forward regiomsale the detector acceptance
resulting in events with a large amount of missing energy.

The remaining background in the~y~y and uuyy samples is composed almost en-
tirely of Standard Model electron and muon pair events witirerthan one photon ra-
diated off the leptons. The background in theyy sample consists mostly of radiative
7t7~ events and a small fraction gf] events. A total of 34, 8 and 13 events in the en-
tire data set are selected@s/y, uuyy andrryy candidates, respectively. Examples of
candidate events of each type selected by the requiremesdsiloed above are shown in
Figure 4.3.

4.3.2 Selection of¢~ Final States

Events consisting of two leptons and one photon are the ctaaustic signature expected
from singly produced excited leptons. The schematic diagrBFigure 4.4 illustrates the
mechanism producing such final states.

Events considered &%y candidates must contain two lepton candidates of the same
flavour and at least one photon. In addition, events with gpddns of a different flavour
and at least one photon are taggedag candidates. If more than one photon is identified
in the event, the most energetic photon is chosen and the otigeis ignored. Events
selected as candidates for the pair production of exciteiies by the criteria described
in the previous section are also considered as single ptioduzandidates.

Typical eey and iy events resulting from the single production of excited etets
and muons are expected to have very little missing enemgythie sum of the energies of
the two leptons and most energetic photon should approgignatld up to the centre-of-
mass energy of the'e™ collision. Distributions of the quantitiR;s, defined as the sum of
the energies of the two leptons and one photon scaled by titeeeaf-mass energy, are
shown in Figure 4.5. Onlgey andupuy events with a value oR s greater than 0.8 are
retained. Due to the presence of neutrinos produced in tbaydaf tau leptons, events
selected as7+ candidates must have, instead, a valuRgfgreater than 0.4.

The observed discrepancies at small value®ggfin Figure 4.5(a) and (b) corre-
spond to a region where the background is dominated by leptam-photon events (
ete™ — (eTe™) 4l ). The discrepancy is less pronounced in thes sample since ad-
ditional Standard Model processes, such as four-fermiahta-fermion interactions,
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Figure 4.3: Examples afeyy, uuyy andrry~ candidate events in the data selected by
the criteria described in the text. Each figure shows a csestion of the OPAL detector
where each concentric circle represents the boundary ofegtde system. The electron-
positron beams travel in the direction perpendicular tgothae of the paper and collide at
the centre of each picture. Lines travelling outward repmésracks produced by charged
particles. Light and dark grey boxes represent energy dteylas the electromagnetic and
hadronic calorimeters, respectively. The size of the baxpsoportional to the amount of
energy deposited. Arrows indicate hits in the muon cham@édrseey~y, puuyy andrryy
events shown were recorded at a centre-of-mass energy of, 188.7 and 204.8 GeV,
respectively.
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14
Y Figure 4.4. Schematic diagram representing the
* production of an excited lepton in association with
e l et a Standard Model lepton. The excited lepton is
>/ expected to decay promptly leading to event final

states containing two leptons and one photon.

contribute in producing events with small valuesRyf. This mis-modelling does not af-
fect the analysis since the event final states of interest leeregion ofR s that is well
modelled.

The background in theey sample is further reduced by requiring that the angle be-
tween the most energetic electron and photan) (be greater than 90 Figure 4.6 shows
thed., distribution obtained for all data combined and for two eliéfint masses of excited
electron events. The expected angjlemeasured for signal events depends on the mass of
the excited electron produced. For masses close to the kiielimit, the excited electron
would be produced almost at rest in association with a lowggnelectron, resulting in
its decay products travelling mostly back-to-back. Coseht, an excited electron with a
smaller mass would be produced with a non-negligible moomerfitaction resulting in its
decay products being boosted in its momentum direction. eléetron recoiling against
the excited electron, in this case, could also have highenggrthan the electron produced
by the decay of the excited state. For small massesj thdistribution expected from
the production of excited electrons is thus broader and lsasadler mean angle than for
larger excited lepton masses. The search for singly prabtlegeited leptons primarily
focuses on excited states with masses greater than abow\d@&smaller masses would
be observed in the pair production search. The cut positiowsone to reduce the back-
ground from ée” events without loss in signal detection efficiency for highited lepton
masses.

The sample of 7y events contains background frorreeandy ™ 1.~ events where one
electron or muon is misidentified. Electron pair events dépuoost of their energy in the
electromagnetic calorimeter while muon pair events deposdy very little energy. Since
tau leptons decay to different types of particlesy events are expected to contain on av-
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Figure 4.5: Distributions of the sum of the energies of the teaptons and one photon
divided by the centre-of-mass enerdy;{) for /¢~ candidate events before applying se-
lection cuts. The points represent the data from all centreass energies combined
while the solid lines show the total expected backgrounchf&iandard Model processes.
The dashed and dotted lines represent an example of exefigahlevents with arbitrarily
chosen masses of 90 GeV and 180 GeV, respectively, and weleamomagnetic branch-
ing fraction calculated assuming a coupling over compostis scale of /A = 5 TeV™.
The arrows indicate the position of each cut.
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Figure 4.6: Distributions of the angle between the photahranst energetic electron for
eey events. Selection criteria have been applied in the orasradbe described in the text,
up to the requirement on the quantity .. The points represent data from all centre-of-
mass energies combined and the solid line shows the baakdjeypected from Standard
Model processes. The dashed and dotted lines representaarpkexof excited lepton
events with an arbitrarily chosen mass of 90 GeV and 180 Gesyactively, and with an
electromagnetic branching fraction calculated assumiegupling over compositeness
scale of f/A = 5 TeV™ . The arrow indicates the position of the cut.

erage an amount of electromagnetic energy equivalent tat &08%6 of the centre-of-mass
energy. Figure 4.7(a) shows the total amount of energy diegois the electromagnetic
calorimeter scaled by the centre-of-mass eneEJ/(/1/S). The background from both
e'e andu ™~ events in the-ry sample is reduced by requiring that the total energy de-
posited in the electromagnetic calorimeter be between 20986% of the centre-of-mass
energy.

The total momentum of 7+ candidates often does not appear to be conserved due
to the presence of neutrinos produced in tau decays. Thengissmentum vector of
an event is defined as the vector pointing in the oppositetireto the total momentum
component from all the visible particles in an event. The events can have a missing
momentum vector pointing in any direction. At LEP2 energiegents from Standard
Model processes producing two fermions in the final statemnafontain an initial state
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Figure 4.7: Plots of the total energy deposited in the edbactignetic calorimeter and the
polar angle of the missing momentum vectorfaty events. Selection criteria are applied
in the order they are described in the text, up to the requargran the variable plotted.
The points show the distribution obtained from data conmgrall centre-of-mass ener-
gies and the solid lines represent the corresponding backgrexpectation from Standard
Model processes. The dashed and dotted lines show an exafrgdeited lepton events
with an arbitrarily chosen mass of 90 GeV and 180 GeV, resmdygt and with an elec-
tromagnetic branching fraction calculated assuming a loogipver compositeness scale
of f/A = 5 TeV™’. The arrows indicate the position of the cuts.
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Background

| Cut | Data| Total [e'€(y)|pu"pn(y) ]| 777 (7) | other
eey
2 electrons + 1 photon| 1752| 1715+ 13 1671 0 18 26
Riis 1440\ 1507+ 12 1497 0 1 10
Ocy 1317|1374+ 11 1364 0 1 9
Ly
2 muons +> 1 photon 424 363+ 2 0 339 12 12
Ruis 235 256+ 2 0 252 1 3
TTYY
2 leptons +> 1 photon | 1600 | 1417+ 19 596 68 309 | 445
Riis 963 | 1006+ 8 595 67 267 77
Efata/ /S 447 449+ 4 93 47 250 60
| OS Onis 283 292+ 2 17 33 209 33

Table 4.1: Numbers of selected events in the data and expeatkground from Standard
Model processes in they, upu~y andr7y samples combining data from all the centre-of-
mass energies and after applying each cut. The statistical @ the total background
expectation is shown.

photon emitted along the beam pipe. The missing momentutovet these types of
events thus points in the forward region of the detectorrdéieoto reduce the background
in the 77y sample from such events, the polar angle of the missing mamewector is
required to lie within| cos Onis < 0.9. Figure 4.7(b) shows theos Onis¢ distribution of
77 events with all other cuts applied.

Table 4.1 shows the number of selected events in the dataxgedted background
from Standard Model processes in they, uuy and 77y samples after applying each
cut described above. The remaining background inetheand upy samples consists
almost exclusively of radiative'e” and .t~ events while the background in the~y
sample consists mostly of radiative 7~ events and a small fraction ofe, x" .~ and
qq events.

4.3.3 Selection ok~ Final State

Excited electrons are predominantly singly produced viahannel diagram. This pro-
duction mechanism results in a large fraction of excitedted@s being produced in the
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Figure 4.8. Schematic diagram illustrating
the single production of excited electrons at a
small angle where the associated electron is
undetected. The expected prompt decay of
excited electrons results in events observed
in the detector containing only one electron
and one photon.

forward region of the detector with the associated Staniardel electron often outside
the detector acceptance. Figure 4.8 shows a schematiadiagfrthis type of interac-
tion. A separate selection for events with only one elecand one photon in the final
state ¢v) was thus developed to increase the efficiency for the sesdrsimgly produced

excited electrons.

Candidate events are required to contain at least one phatbat least one electron.
Additional jets in an event, if present, are ignored. Alletgeselected by the set of general
requirements discussed in Section 4.1 but that failethe selection are considered as
possibleey candidates. This requirement is necessary to avoid dadalating of events
when combining results from they andey selections in order to calculate a limit on the
production rate of excited electrons.

The amount of visible energy in the detector is expected teuficiently large to
distinguish candidate events from the two-photon backgiolA plot of the sum of the
energies of the electron and photon divided by the centreads energyR,s) is shown
in Figure 4.9(a). Candidates events are required to s&igfy- 0.4.

The dominant source of background in thesample is from Standard Modete
events. A requirement on the angle between the electronhanphioton ¢, ), identical to
that described in Section 4.3.2, reduces the numberefavents selected with minimal
loss in signal efficiency. Figure 4.9(b) shows the distitnutof the angle between the
electron and photon for data from all the centre-of-massgge®combined. Candidate
events must satisfyos 6., < 0.

In e*e” events produced at small angle, it is possible for one of kbetrens to be
misidentified as a photon, resulting in the event being sedeas ary candidate. Part of
this background contamination is reduced by rejecting sahere the identified photon
lies in the forward region of the detectdr:¢s 6.,| < 0.8). A plot of the photon polar angle
of ey candidate events is shown in Figure 4.9(c). In additionntare rejected if the
photon is identified as a conversion.
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Figure 4.9: Distributions foey events of (a) the sum of the energies of the electron and
photon divided by the centre-of-mass energy, (b) the cosfrithe angle between the
electron and photon and (c) the absolute value of the cos$itie photon polar angle. Se-
lection criteria are applied in the order they are describélde text, up to the requirement
on the variable plotted. The points with error bars show ik&iutions of data obtained
by combining all the centre-of-mass energies and the siwle$ Irepresent the expected
background from Standard Model processes. The dashed &tadi dioes show an ex-
ample of excited lepton events with an arbitrarily choserssnaf 90 GeV and 180 GeV,
respectively, and with an electromagnetic branching imactalculated assuming a cou-
pling over compositeness scale §fA = 1 TeV™’. The arrows indicate the position of
each cut.
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Background
Cut Data Total ee@) | utu () | 777 (v) | other
> 1 electron +> 1 photon| 8970 | 7227+ 35| 6422 4 147 | 654
Riis 4560 | 4614426 | 4423 2 72| 118
Oecry 2971| 28804+ 20| 2698 2 67| 113
| cosd,| 1795| 1779+ 16| 1653 1 51 75
conversion veto 1601 | 1608+ 15| 1492 1 48 68

Table 4.2: Number of selected events in the data and expeatiground in they sample
for all centre-of-mass energies combined after applyirgp eat. The statistical error on
the total background expectation is shown.

Table 4.2 shows the number of data and expected backgroentsefrom all centre-
of-mass energies combined, selected after applying eadesaribed above. The remain-
ing irreducible background in they sample consists almost entirely geeevents.



Chapter 5

Kinematic Fits

This chapter explains the kinematic fit technique used taravg the sensitivity of the
search for excited leptons. A general description of thabiégue is first presented, fol-
lowed by details of the particular implementation used is #imalysis. This is the first
time kinematic fits are used in the context of a search forteddeptons. The devel-
opment and implementation of the fits used in this analysdlae original work of the
author.

5.1 Motivation

The existence of excited leptons would reveal itself as aegxof events with identicél
reconstructed invariant mass. A kinematic fit techniquesesdun this analysis to improve
the estimates of the energy and direction of the particlesirvent. This information is
then used to calculate precisely the invariant mass of eashilge/y pair in an event.
The improvements in the mass resolution result in an inergethe search sensitivity and
discriminating power between background and excited lept@nts.

5.2 General Principles

A kinematic fit is a technique used to improve the values ofsuesd parameters and
provide estimates of unknown quantities by exploiting thewn physical properties of
the observed process. The technique consists of findingptimal solution to a set of
eqguations satisfying external constraints.
Given a set of measured parametérsvith an associated covariance matvx the
49
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problem consists of finding a new set of parametethat minimises
Y=@G—-a)'V!a-a) (5.1)

but also satisfies the set of constraint equations giveg(by p) wherep is a vector of
unmeasured parameters. The superscript T representspdsamd vector. The constraint
eguations can be incorporated in the problem using Lagramnggpliers [41], A\, and the
function to minimise becomes

L=(&—-a)"Via—a)+2\gla,p) . (5.2)

The new parameteks, p and that minimise this function are in general found using an
iterative procedure. The initial estimates of both meadwaed unmeasured parameters
are updated, at each iteration, by small corrections uniilescriteria of convergence are
achieved. The criteria of convergence should ensure thahiawm in the functionL is
reached and that the constraints equations are satisfietthislanalysis, a kinematic fit
is chosen to converge whely?/x? < 107, A(2ATg) < 107 and (2ATg)/x? < 1072
whereA represents the change in a given quantity between twoidegstThe solution to
this minimisation problem is described in Appendix B.

When the convergence criteria are satisfied, the fundtisaduces to the? value
of the measured parameters. Thfsvalue is often used to test the goodness of the fit by
quoting the probability that the physical process studiedld lead to ay? value worse
(i.e. greater) than the one obtained. This probability fineel as

P— /;f(z, n) dz (5.3)

where the functiorfi(z, n) is they? distribution withn degrees of freedom. The number of
degrees of freedom in the type of problem studied here is\giyehe number of constraint
eguations minus the number of unmeasured parameters. dibatplistic interpretation of
the y? value is only valid if, as it is usually the case, the disttibn of the residualsd —

«) does not deviate strongly from a Gaussian distributione data are usually deemed
consistent with the fit assumptions when the probabilityrisater than approximately
6x 107 or 6x 1077 (or equivalently 4 to 5 standard deviations for a Gaussismidition).

The value of the cut on the probability distribution shou&darefully chosen as to
not bias the sample of selected events by preferentiaictieg events with a particular
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kinematic configuration such as, for example, low momentacks. A linear plot of the
probability distribution of a kinematic fit should be flat Wia peak near zero correspond-
ing to background physics processes. The uniformity of tiedability distribution is an
indicator that the input parameters of the fit are not biasetlithat their errors are cor-
rectly estimated. Reliable estimates of parameters asgr@ut using a kinematic fit only
if the errors on the input quantities are realistic.

5.3 Inputs

In the context of particle interactions, the measured patara taken as input to a kine-
matic fit generally consist of the energy and direction ofhepatrticle in the event. In
addition, an estimate of the error on each measured parammeteeded to calculate the
covariance matrix used in the fit. In this analysis, the datiens between the different
measured quantities are small and hence neglected. As aqpmsce, the covariant ma-
trix V is diagonal. The following sections describe in detail thedfic input quantities
used in the kinematic fits for each type of jet.

The measured centre-of-mass energy of each event is addedras an input parame-
ter of the fit. This is a unique feature of the fits performedhis tinalysis. The uncertainty
on the centre-of-mass energy is taken to be the LEP cenineas$ energy spread which
is approximately 250 MeV [9]. The expected mass resolutioexoited leptons is of the
same order of magnitude as the spread in centre-of-masgyerEnus this method en-
sures that results from a kinematic fit do not lead to masdutgns better than what is
experimentally achievable.

5.3.1 Photon Candidates

The energy of photon candidates is taken to be the energgiocenditin the jet deposited in
the electromagnetic calorimeter. Since photons do notléacks in the central detector,
the direction, expressed in terms of the polyrand azimuthalg) angles, is given by the
position of the observed electromagnetic energy cluster.

The resolutions and uncertainties of the energy and paostfaan electromagnetic
cluster are measured using electron pair events, as deddnAppendix C. Photons are
expected to have similar properties to electrons. The gnesplution is typically 2 GeV
for a 45 GeV photon and the angular resolution is approxitypdtenrad ind and 3.5 mrad
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in ¢.

5.3.2 Electron Candidates

Electrons are similar to photons in that they deposit all theergy in the electromagnetic
calorimeter. Therefore, the measured electromagnetiggmssociated with an electron
candidate provides a good estimate of the energy of thatretec As for photons, the
uncertainty on the measured energy is about 2 GeV for a 45 Geten.

The direction of electron candidates is given by the polarazimuthal angles of the
reconstructed track in the central detector containedenjah Appendix C describes in
detail a parameterisation of the angular resolution peréat using events containing two
back-to-back tracks. The uncertainties on the measureat pald azimuthal angles of a
track are obtained from this parameterisation of the tragkietector resolution and are
found to be approximately 2 mrad and 0.4 mrad respectively.

5.3.3 Muon Candidates

The parameters used as input to the kinematic fit are the moimepolar and azimuthal

angles of the track contained in jets identified as muons.efitwg on the track momentum
as obtained by the OPAL track reconstruction fitting aldomitwas found to be a good
estimate of the tracking detector momentum resolution arttlarefore used as input to
the kinematic fit. For muon candidates selected in this amglyhe uncertainty on the
track momentum is approximately 5 GeV for a 45 GeV muon. Theetainties on the

polar and azimuthal angles of tracks identified as muongiarical to the ones obtained
for electron candidates.

5.3.4 Tau Candidates

The kinematic fit input parameters for tau jets do not depanthe specific type of tau
decay. Input parameters for leptonically and hadronicdégaying taus are calculated
from the same kinematic variables.

The energy deposited in the detector is not representdtie @ctual tau energy due
to the presence of undetected neutrinos produced when attole decays. Thus, for
kinematic fits performed onrv andr7v~y events, the energy of the two jets assumed to
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originate from tau leptons is treated as an unknown parangte jet energy is only used
as an initial estimate of the tau energy.

Despite the production of neutrinos in tau decays, the aikihe observed decay
products is in general a good estimate of the tau directiohis & especially true for
high energy taus where the decay products are strongly éxosthe tau flight direction.
The polar and azimuthal angles of a jet main axis are usedpas ia the kinematic fits.
An estimate of the uncertainties on the polar and azimuthgles due to the presence of
additional undetected neutrinos as well as from the finitecter resolution are obtained
from studies of tau pair events as described in Appendix GQvak determined that the
direction of a tau is known to approximately 7 mrad in bothgp@nd azimuthal angles.

5.4 General Constraints

Events selected by the criteria described in the previoapten are required to satisfy
energy and momentum conservation.

The three constraint equations requiring the total monmertteach event to be con-
served can be mathematically written in terms of the kinei&input variables as

M-

9 = p; sinb; cosp; =0 (5.4)
i=1
n

g = Z b sin#; sing; =0 (55)
i=1
n

0; = Z p; cost =0 (5.6)

Il
—

where the scalar momentum of a patrticle is related to its raadsenergy through the
relationp = /E? — m2. The sum runs over the number of partictesonsidered in the
event.
Conservation of energy is enforced by requiring eventstisfgahe constraint equa-
tion
g,=) E—5=0 (5.7)
whereE; are the energy of each particle in the event afedepresents the centre-of-mass

energy of the & collision which is treated as a fit parameter and thus alloteedhry
within the measured spread in beam energy.
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5.5 Kinematic Fits for Each Event Final States

The following sections describe the different kinematis &ipplied to each type of event
final state. Since the direction of the particles is in gelmae precisely known than their
energy, the angles of the particles in an event usually ohéer whether a kinematic fit
will or will not converge under a given set of constraintsthis analysis, events are judged
consistent with an the physics process considered if theofitgbility is greater than 0.001.
The value 0.001 is chosen to retain a maximum number of evdhits rejecting the ones
that are obviously incompatible with the final states ofriegt. Distributions of various fit
probabilities are presented later.

5.5.1 Kinematic Fits for £4~~ Events

For pair produced excited lepton events, the reconstruntediant mass of the twéy
pairs originating from the decay of each excited lepton fhba equal within the precision
of the detector's measurements. Thus, in addition to themmronstraints described
above //~~ events are also required to satisfy

05 = Meyyy — My,
=0

where the subscripts are used to identify each lepton antbpho the event. For each
event, two kinematic fits are performed corresponding tawloepossibleg/y pairings used
to calculate the invariant masses. The constraint equggionthe second fit performed is
obtained by simply interchanging changifig— /.

In high energy & collisions, initial state photon radiation is often proddg re-
ducing the effective centre-of-mass energy of the coltisibhese photons are generally
emitted nearly collinear to one of the beams, escaping tietedn order to account for
this physical phenomenon, an additional kinematic fit, facke/~y pairing, is performed
assuming the presence of an undetected initial state platdog the beam axis. The mo-
mentum of the photon in theandy direction is assumed to be zero while th@omponent
(pz) is treated as an unknown parameter of the fit. An initiaheate ofp; is calculated by
enforcing conservation of momentum in théirection. The angular region allowed for
initial state photon is expressed in terms of the parameéxaaddy which represent small
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distances away from the beam axis in thandy direction as measured at the entrance
of the endcap electromagnetic calorimeter. In the kinenfdtithe quantitiesx anddy
are treated as measured parameters with initial valuesrofarel variances given by the
radius of the beam pipe.

For each selecte/~y~ event, a total of four kinematic fits are therefore performed
one fit with and without assuming the presence of an initetkesphoton radiation for each
two possible/y pairings. Only one fit per event is chosen. If every kinemitettempted
fails to have a probability greater than 0.001, then the exgerejected. When more than
one successful kinematic fit is obtained for an event, therfith performed without the
presence of an initial state photon radiation are first c®rsid. They pairing giving the
highest successful fit probability without the presencerpingtial state photon is chosen
regardless of the probability of the other fits. Otherwike,/ty pairing giving the highest
probability assuming the presence of an initial state phaa@hosen.

This algorithm for choosing the most appropriate kinemfitis constructed to min-
imise distortions of the invariant mass distribution ofrefievents from a pure Gaussian.
By construction, events for which a fit without an initial t&#@hoton converges, also suc-
cessfully pass the corresponding fit assuming the presdrare additional photon down
the beam pipe. In the second case, the initial state photsimigly assigned a small
amount of energy. These types of events, however, do noaicoatgenuine initial state
photon and the reconstructed invariant mass would be snibl@ the actual invariant
mass since some energy is assigned to the initial state mhbhis effect is clearly shown
in Figure 5.1. To obtain the best estimate of the actual iamamass of eachy pairing,
the fit without assuming the presence of an initial state @at therefore favoured. Re-
sults from the fit with an additional photon along the beans axe only chosen when other
fits fail. This indicates that the event most likely containgenuine initial state photon
and that the reconstructed invariant mass representstine atass of thé~ system.

Figure 5.2 shows the probability distributions of the choefor eeyy, puuyy and
717y events. Since no Standard Model processes consistentiy@ecevents with two
identical/y invariant masses, only a very small fraction/éf~ events have at least one
successful fit. The requirement on the kinematic fit prolighjP > 0.001) reduces the
number of selected events by more than 70%. The expectedressstion of excited
lepton events depends on the mass of the excited lepton aih@ aentre-of-mass energy.
Typical mass resolutions of 0.2 GeV, 0.2 GeV and 0.8 GeV ataionéd for excited elec-
trons, muons and taus, respectively. The use of kinematiorproves the expected mass
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resolution of pair produced excited leptons by more thanrderaf magnitude.

5.5.2 Kinematic Fits for £/~ Events

Events selected as candidates for the single productioxcaéd leptons are only required
to satisfy the general constraints of energy and momenturaezwation. Following the
same approach as outlined in the previous section, a totatfmkinematic fits are per-
formed for each//~ event. In the first case, only the two leptons and one photen ar
included in the fit. In the second case, the fit is performedragsy the presence of an
initial state photon radiation along the beam axis. If bathditempted fail to have a prob-
ability greater than 0.001, the event is rejected. If moamthne fit successfully converges,
the fit performed without the presence of an initial statetphds chosen given that the fit
probability is greater than 0.001. Otherwise, results ftbmfit performed assuming the
presence of an additional photon along the beam axis is U$ekinematic fit performed
without assuming the presence of an initial state photoamsured in order to reduce bias
in the /~ reconstructed invariant mass as shown in Figure 5.3.

Figure 5.4 shows the probability distributions of seleatédevents where the prob-
ability is taken to be that of the chosen fit on an event by elasis. The requirement on
the fit probability reduces the number of selected eventsbioytal0%. Approximately
30% of these events are selected assuming the presencensfiarstate photon. Using
results from the chosen fit, mass resolutions of approxim&&5 GeV, 0.4 GeV and
1.8 GeV are obtained for excited electrons, muons and tapecévely, which amounts
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Figure 5.2: Probability distributions of the chosen kinéimét for (a) eey~, (b) puyy
and (c)r7vyy events. The points are data and the solid lines show theexpaicted back-
ground from Standard Model processes. The right most bimdh @distogram represents
events for which all the fits attempted failed. The dasheddwotted lines are the distri-
butions expected from pair produced excited leptons witkgaa of 40 GeV and 90 GeV
respectively. The normalisations of the signal histogranesreduced by a factor of 0.01
in order to fit on the plots. The arrows indicate the acceptgbns. The following distri-
butions plotted as a linear function of the probability ae¢ With a sharp peak near zero
as expected.
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to an improvement of more than an order of magnitude witheeisto values obtained
without a kinematic fit.

5.5.3 Kinematic Fit for ey Events

A single kinematic fit is performed on selectedcandidate events. In addition to energy
and momentum conservation, the kinematic fit also requireptesence of an undetected
electron along the beam axis. This electron is describebarfit by the parameters;,

ox anddy, identical to the ones used to simulate the presence of #alisiate photon
radiation as described above. The only difference is thatatiditional particle, instead
of being treated as massless, is given the mass of an eledhanfit probability distri-
bution forevy candidates is shown in Figure 5.5. Events that fail to obaagrobability
greater than 0.001 are rejected. The number of selecteddede@vents is reduced by ap-
proximately 10% as a result of the fit probability requiremeéviass resolutions between
approximately 0.5 and 0.9 GeV are achieved using results fh@ fit. This constitutes an
approximately five-fold improvement on the mass resolutibtained without the help of
a kinematic fit.
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Figure 5.4: Probability distributions of the chosen kinémét for (a) eev, (b) uu~y and

(c) 77y events. The points are data and the solid lines show theexpaicted background
from Standard Model processes. The last bin of each histograthe right represents
events for which all the fit attempted failed. The dashed anttkd lines are the distribu-
tions expected from singly produced excited leptons witesea of 90 GeV and 180 GeV
respectively. The signal histograms are normalised toia odtthe coupling constant to
the compositeness scaf¢{) of 1 TeV™’. The arrows indicate the accepted regions. The
following distributions plotted as a linear function of paility are flat with a sharp peak
near zero as expected.
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Figure 5.5: Probability distribution of the kinematic fitrfey events. The points are data
and the solid line shows the total expected background frtandard Model processes.
The last bin on the right represents events for which thedithdit converge. The dashed
and dotted lines are the distributions expected from sipgdgduced excited electrons with
masses of 40 GeV and 90 GeV, respectively. The signal hmstegare normalised to a
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ratio of the coupling constant over compositeness séale of 1 TeV™. The following

distribution plotted as a linear function of probabilityfiat with a sharp peak near zero as

expected.



Chapter 6

Results

The first section of this chapter summarises results oldaafiter applying the event se-
lections and kinematic fits described in Chapter 4 and Ch&pt&he procedure used to
interpret the results and calculate constraints on paemef the excited lepton model
are then described in detail. The last part of the chaptesusted to a comparison of the
limits calculated in this thesis to existing bounds obtdibg other experiments.

6.1 Results

After applying the event selections and kinematic fits dbscrin Chapter 4 and Chap-
ter 5, the numbers of events observed in the data and thespording numbers of back-
ground events expected from Standard Model processes esernped in Tables 6.2 and
6.1. Both the statistical and systematic uncertaintieshenbiackground estimates are
shown in those tables. A description of the various souré¢esystematic uncertainties
investigated is presented in Section 6.3.3. The numbermdidate events selected for
each type of final state is compatible with expectations ftieenStandard Model.

Figures 6.1, 6.2 and 6.3 show the invariant mass distribatad selected?(y~y, (¢,
andey events obtained using results from the kinematic fits. lufggs.2, there are two
entries per event corresponding to the two possgiblpairings. The presence of excited
leptons would appear as an excess of events forming a peh& ne¢onstructed invariant
mass distributions.

No evidence for excited leptons is found in either the simgleair production search.
The results are therefore used to calculate constraintsuanpeters of the excited lepton
model introduced in Chapter 2. Details pertinent to thetlicailculation procedure are
presented in the next sections.
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<y/s> eeyy [ TTYY
(GeV) || data| bkg data bkg data bkg
18266 0 [0.2+0.1+0.1) 0 |0.3+£0.0+0.1} O |1.0+0.2+0.8
188.63|| 1 |1.8+0.4+0.6 1 |05+0.1+£0.2 2 | 22+03+1.7
19159 0 [04+£01+0.1) 0 |0.1+£0.0+0.0) O |0.3:0.1£0.3
19553 0 [0.2+£0.1+0.1) O |0.1+£0.0+0.1} O |0.9+0.1£+0.7
19952 1 [(0.6£0.2+0.2| O |0.2+£0.1+0.1 2 109+0.2+0.7
20189 1 |0.2+02+01 O |0.1£+£00+£01| O [04+£0.1+04
203.89 0O | 0.0+0.0+0.0| O |0.0£0.0+0.0) O |0.0Lt0.0+0.0
20464 0 |0.1+0.0£0.0| O |0.0£0.0£0.0 1 {0.1+£0.0£0.1
205.08/ 0 [04+02+0.1 1 |0.1+£0.0£0.0 2 106+0.1£+05
20537 0 | 0.0+0.0+0.0(| O |0.0£0.0+0.0)f O |0.0£0.0+0.0
206.10{f O | 0.0+0.0+£0.0 1 [01+£0.0£00( O |0.2+0.0£0.1
20650 O [ 0.1+01+00| O [{04£01+0.2| O |1.2+£0.3+0.9
206.86)f 0 | 0.0+0.0+0.0| O |0.0£0.0+0.0) O |0.1+£0.0+0.0
20751 O | 0.0+0.0+£0.0| O |0.0£0.0+0.0)f O |0.0£0.0+0.0
208.00f 0 | 0.1+00+0.0| O |0.0£0.0+0.0) O |0.1+£00+01
208.34) 0O | 0.0+0.0+0.0(| O |0.0£0.0+0.0|f O |0.0Lt0.0+0.0
[ Total | 3 [40+06+13] 3 [2.0+02+0.7]] 7 |80+06+6.2]

Table 6.1: Observed numbers of events in the data and expegtebers of background
(bkg) events in the different centre-of-mass energy binsictered for//y~ event final
states. The first column of the table indicates the lumigosgighted centre-of-mass
energy of each bin. The first and second uncertainties ondbected numbers of back-
ground events represent the statistical and systematidlwations, respectively. The sys-
tematic uncertainties at each centre-of-mass energy #dyecfurelated. The statistical
uncertainties are uncorrelated except for centre-of-reassgies greater than 202 GeV
for which the same samples of simulated events are useddhrt@® consecutive centre-
of-mass energy bins. The background estimates and untertaare rounded off to the
nearest decimal place.



<y/s> eey ey [y TTY
(GeV) | data] bkg data] bkg data bkg data] bkg
182.66| 127| 134+ 3+ 22 149 | 134+ 3+ 22 32| 26+£0+4 27| 28+1+4
188.63|| 368| 376+6+61 322| 336+ 7455 66| 68+ 1+10 72| 75+1+10
191.59 47 58+1+9 48 51+ 3+8 15| 11+£0+2 5| 12+0+2
19553 116| 141+3+23 104| 142+ 6+ 23 20| 28+1+14 26| 29+1+4
199.52|| 140| 14443423 128| 136+ 4+ 22 19| 27+£1+4 28| 28+1+4
201.89 66 80+3+ 13 64 75+3+ 12 8| 15042 16| 16+1+2
203.89 5 3£t0+0 1 2+0+0 O 0+£0+0 1| 0£0+£0
204.64 12 18+ 0+£3 13 16+1+3 0 3£0+0 5 3£0+0
205.08 92 97+ 3+ 16 84| 105+4+17 18| 19+£0+3 24| 20+0+3
205.37 5 6+0+1 4 6+0+1 0 1+0+£0 3 1+0+0
206.10 22 24+1+4 24 24+1+4 3 4+0+1 3 5£0+1
206.50| 153| 181+5+29 162 1784+ 7+ 29 25| 33+1+5 32| 38+1+5
206.86 5 9+0+2 8 10042 0 2+0+0 2 2+0+0
207.51 0 1+0+0 0 1+0+0 O 0+£0+0 0| 0+£0+0
208.00 13 12+ 0+ 2 11 12+ 0+ 2 5 2+0+0 4 2+0+0
208.34 1 1+0+£0 1 1+0+£0 1 0+£0+0 0 0+£0+0

[ Total [ 1172] 1283+ 11+ 208 [ 1123 1229+ 14+ 203 || 212] 239+ 2 + 35 || 248] 260+ 2 + 35|

Table 6.2: Observed numbers of events in the data and expeatabers of background (bkg) events at different lumiryosit
weighted centre-of-mass energies\(s>) for /¢~y andey event final states. The first and second uncertainties orxjhected
numbers of background events represent the statisticalymtematic contributions, respectively. The systemataetiainties at
each centre-of-mass energy are fully correlated. Thestitati uncertainties are uncorrelated except for centr@ass energies
greater than 202 GeV for which the same samples of simula@ufare used for each two consecutive centre-of-masgyener
bins. The background estimates and uncertainties are edunitito the nearest integer value.
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Figure 6.1: Reconstructed invariant mass distributions for selected ¢a)~y, (b) pu~yy
and (c)r7vyy events. The points are data and the solid lines show theexpaicted back-
ground from Standard Model processes. Example distribatad excited lepton events
with arbitrarily chosen mass of 60 GeV are shown in the insgtg signal histograms are
normalised to the data luminosity and plotted in bins of 06%/G
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Figure 6.2: Reconstructed invariant mass distributions for selected &), (b) ppy
and (c)77v events. The points are data and the solid lines show theexpacted back-
ground from Standard Model processes. The shaded histegepresent excited lepton
signal events with arbitrarily chosen mass of 150 GeV andatised to a coupling over
compositeness scale of (a) 0.7 Té\and (b,c) 2 TeV:. There are two entries per event
corresponding to the two possilie pairings.
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Figure 6.3: Reconstructed invariant mass distribution for selectegevents. The points
are data and the solid line shows the total expected backgrbom Standard Model
processes. The shaded histogram represents excitealsanal events with arbitrar-
ily chosen mass of 150 GeV and normalised to a coupling ovempositeness scale of
0.3TeV™.

6.2 Hypothesis Testing

The general goal of a search is either to discover or excluglexistence of a signal with
as high a level of certainty as possible. This is usuallyedd by testing the degree to
which the observed data are compatible with the existenbetbf signal and background
as compared to only background. The general procedure aifthgpes testing can be
summarised as follow. The first step consists of choosingmbbles in the experiment
sensitive to both hypotheses. A test statistic (or estim&ahen constructed, using these
observables, to discriminate between the two hypothesimlly; a criterion of accep-
tance or rejection of the signal must be defined in order toarektatement about the
compatibility of the data with respect to the two differegpbtheses. Results are usually
expressed in terms of the significance of the observed disgar exclusion.

6.2.1 The Likelihood Ratio

The goal of a search is to distinguish, given a set of dataydet two hypotheses: the
‘background-only’ hypothesis () and the ‘signal plus background’ hypothesis)HA
good test statistic is called the likelihood ratio [42—49]his fact is a consequence of
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the Neyman-Pearson lemma originally presented in [46] kg described in various
textbooks such as [43—-45]. The likelihood ratio simultarstp maximises the probability
of rejecting a false hypothesis and maximises the proltgbilichoosing a true hypothesis.
For a given experimental resuf the likelihood ratio Q(x)) is defined as the ratio of the
probability density functions of the two hypotheses beegjed,
QX) = = —7+ (6.1)
The simplest experimental observable is the number of svesatisfying a certain

set of criteria. Given an estimated number of backgroundtsye, and signal events,
the likelihood ratio is simply a ratio of Poisson probalilitensity functions,

—(s+b) n —b KN
Q(n):e (s+b)/e b ‘ 6.2)

n! n!

For the purpose of calculating confidence levels, this tesissic has the desirable prop-
erty of being monotonically increasing with the number c$elved candidates

The likelihood ratio can also be calculated in terms of otfiscriminating observ-
ables. In general, it however results in a more complicatgaession for which both
the signal and background probability distribution fuoos of the discriminating variable
must be known. The task of calculating a likelihood raticngsbne or more discriminat-
ing observables measured for each event is equivalent tbioomg the likelihood ratios
obtained in each bin of a histogram of these observablesh Eacis treated as a sepa-
rate search channel for which the likelihood ratio is cadted according to Equation 6.2.
The estimator of a set ¥ independent channels is simply the product of the indiMidua
likelihood ratio Q,(n;)) for each search channel,

N N —( +bi) . A\ N —bi 7Ni
Q(n) = l:IQi(ni) = I_I e n(.'s ) /e ni!b' (6.3)
or equivalently,
N .
QM) = —Ser+ 3.1 {m (1 + %)} (6.4)

i=1
wheresy; is the sum of the number of signal evergs, = ZiN:l s. The combination of
different experiments, event final states or centre-ofsveaergies therefore reduces to a
sum of event weights and is thus simple and unambiguous.
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The likelihood ratio based on the number of observed andatgfdesvents is the
test statistic chosen in this thesis to discriminate betvibe signal plus background and
background-only hypotheses. In order to maximise the geitygdf the search, events are
binned as a function of reconstructed invariant mass. Tistesce of excited leptons is
expected to distort the invariant mass distribution of obse events in a unique way. To
calculate the total likelihood ratio using Equation 6.4gthessential ingredients are re-
quired in each bin of reconstructed invariant mass: the rmurobobserved data, expected
background and expected signal events.

6.3 Background and Signal Expectations

This section describes the methods used to obtain an estofidte background and signal
invariant mass distributions. The systematic uncertesrissociated with the background
expectations and signal efficiencies are also presented.

6.3.1 Background Expectation

Although relatively large samples of simulated events aezluo estimate the background
for each event final state, once finely binned in terms of tleenstructed’~ invariant
mass, the number of background events in each individualreias small and is there-
fore sensitive to statistical fluctuations. This is patiely true for/¢~- final states where
only a very small number of events are selected. Some crmarefound to contain no
background events when in fact the probability of obtainagkground events is non-
zero. This is a problematic situation that needs to be adddesince the likelihood ra-
tio of Equation 6.2, although a powerful estimator, is unadi for channels where the
background expectation is zero. To reduce the sensitiVitieresults to statistical fluc-
tuations in the background expectations, backgroundiloligions of the reconstructed
mass are ‘smoothed’ using an algorithm [47] that paransssthe shape of a distribution.
Figures 6.4 and 6.5 show an example of the expegtiadass distribution at a centre-of-
mass energy of 189 GeV for each final state considered alaig@sults from the shape
parameterisation. The functions obtained using this shmogtalgorithm are a good ap-
proximation of the background expectation. Sharp changaglistribution are difficult to
parameterise, as seen in Figure 6.5. The discrepancy imtak iegion at the kinematic
limit will result in slightly more conservative constragithan the given confidence level
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stated, as background in that region is underestimated. eXpected number of back-
ground events in each individual channel is taken from ttagslparameterisation of the
background distributions.

6.3.2 Signal Expectation

Different methods exist for obtainingy mass distributions of signal events for arbitrary
excited lepton mass. The ‘brute force’ scenario consistgeokrating Monte Carlo sig-
nal event samples at every mass for which one wishes to e#dclimits. However, the
large number of possible excited lepton masses and cefitr&ss energies for which
event samples would have to be generated makes it impossilpleactice to use this
approach. Another solution consists of generating evardad@w distinct excited lepton
masses and centre-of-mass energies, and then intergdlagimass distributions between
these points to obtain an approximation of the distribigiahany arbitrary excited lep-
ton mass and centre-of-mass energies. Although done itiggrdo calculate limits from
some searches [48], the interpolation of histograms is e very complicated and not
entirely reliable, especially if only a limited number ofest samples are available.

Instead, the invariant mass distribution of excited leptisrapproximated by a Gaus-
sian distribution centered at the excited lepton mass atidawariance equal to the ex-
pected mass resolution. The Gaussian distribution is ngebto the number of signal
events expected at a given centre-of-mass energy.

Both the expected signal efficiency) @nd mass resolution vary as function of the
mass of the excited leptons and the centre-of-mass enertpeafe” collisions. In or-
der to test the compatibility of the data with the existentexzited leptons of different
masses, the selection efficiencies and mass resolutionbaesticulable for arbitrary val-
ues of mass and centre-of-mass energy. For each event fitetsnsidered, the selection
efficiency and mass resolution are parameterised as adnnatithe excited lepton mass
scaled by the centre-of-mass energy:(/+/s). The results of this parameterisation can be
found in Appendix D.

Typical mass resolutions for each final state were given iapBdr 5. Selection ef-
ficiencies for the pair production of excited leptons vamgnirabout 35% to 55%. The
efficiency for the single production of excited muons is 708d approximately constant
over the entire kinematically allowed range of masses. Neakinematic limit for the
single production of excited taus, the efficiency rapidlgm from 53% down to approx-
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Figure 6.4: Reconstructetd mass distributions of Standard Model background events
obtained at a centre-of-mass energy of 189 GeV for (&¢)and (d-f) £¢~~ event final
states. The solid lines show the shape parameterisatiahing@e limit calculations.
Distributions are normalised to the data luminosity.
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imately 20% since the recoiling tau has low energy and thtendhils the initial set of
selection criteria. For singly produced excited electrahs efficiencies of theey and
ey selections depend strongly on the mixtures@hannel and-channel components. The
sum of thecey ande~y efficiencies lies in general between 50% and 70%.

Efficiency correction factord() were also calculated to take into account deviations
of the signal invariant mass from a purely Gaussian shapesdborrection factors are
defined as the ratio of the area under the best Gaussian figssqal in number of events,
to the total number of selected signal events. As shown ineAdpx D, these correc-
tion factors were found to be independent of the excitecbleptass and centre-of-mass
energy, and vary between approximately 0.7 and 0.85 depegodi the event final state.

6.3.3 Systematic Uncertainties

The credibility of the results relies on a proper estimatgassible systematic effects
affecting the analysis. These effects are incorporatetienimit calculation procedure
using a Monte Carlo method described in the next sections 3&ction contains details
of the various sources of systematic effects on the sigraiericies and background
estimates that were investigated. These are describedén ofimportance.

Radiative Corrections Modelling

Uncertainties in the modelling of initial and final state pioradiation in di-lepton events
affect the background estimates. These uncertaintiesssessed by comparing back-
ground expectations obtained using the KORALZ and KK2F egenerators for the pro-
cesseste” — utp~ andete — 777, The Monte Carlo program KK2F, used in this
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analysis to estimate the background contributions ffomqp~ andr+7~ events, has the
most complete description of photon radiation, includiagand-order subleading correc-
tions and the exact matrix elements for the emission of twd photons [49]. The relative
variations in background expectations between the twoteyemerators are assigned as
systematic uncertainties representing the effect of mgsisigher orders. These are found
to be 11% for final states compatible with the single produrctif excited muons and taus,
and 7% foruu~y~y andr7yy events. The BHWIDE and TEEGG event generators, used
to simulate the background from radiativeseevents, have a precision for radiative cor-
rections similar to the KORALZ program. The backgroundresties for events expected
from the production of excited electrons are thus assigmedngertainty of 7% for the
eeyy final state and 11% for bottey ande~y events.

Efficiency and resolution interpolation

The systematic uncertainties associated with the intatjool of the signal efficiencies
and mass resolutions were estimated by calculating themneain-square spread between
simulated signal event samples and the parameterisatmmtidns. These relative uncer-
tainties range between 3% and 23%.

Error Estimates of Kinematic Fit Input Variables

Uncertainties on the error estimates of the kinematic fitiin@riables are evaluated by
varying the error on each variable independently and paifay the kinematic fits again.
The errors are varied by an amount representing one staddwaiation as calculated from
the uncertainties on the error parameterisations destribédppendix C. Background
estimates for final states containing two leptons and twdgstsoare particularly sensi-
tive to changes in the errors due to the additional congtiaithe kinematic fit requiring
events to have equal reconstructedinvariant masses. Also, the smaller sample of tau
pair events used to parameterise the errors on the tauidivgesults in larger statistical
uncertainties on the error parameterisation which in tuctate the larger variations used
to estimate the systematic error contributions. Relathanges in the background esti-
mates and signal efficiencies obtained from each errorti@miare added in quadrature.
The total systematic uncertainties associated with ther parameterisation and assigned
to each final state are summarised in Tables 6.4 and 6.3.
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Jet Classification

Systematic effects associated with the jet classificatierevinvestigated by studying the
modelling of the lepton and photon identification efficieasi Using di-lepton and di-
photon events recorded at centre-of-mass energies eqaatitgreater than the’Znass,
the systematic uncertainty associated with each set airtegotd photon requirements was
evaluated by comparing the identification efficiencies imleta from data and simulated
events. Relative errors of 1% for electron and muon, and 2%h&tau and photon clas-
sifications were assigned. Systematic uncertainties ededavith each final state were
determined by adding linearly contributions from identijed classifications and adding
in quadrature contributions from different types of leg@and photons. The resulting
uncertainties on the signal efficiencies, shown in Table &8 fully correlated with the
corresponding errors on the background estimates presgniable 6.4.

Energy and angular resolution

The systematic uncertainty associated with the energg seaérgy resolution and angular
resolution of the leptons and photons was evaluated by yiadiEach parameter indepen-
dently in Monte Carlo simulated events. Given the well defikmmematic characteristics
of non-radiative di-lepton events, comparisons betweea dad simulated distributions
of di-lepton events recorded at different centre-of-massgies were used to determine
the size of these variations.

An estimate of the shifts in the energy (momentum) scale of grarticle type was
obtained by plotting the difference between the measuredggn(momentum) and the
beam energy. Variations in the background estimates amalsgfficiencies associated
with a shift of 0.3% in the energy (momentum) of electron ahdtpn (muon) candidates
were assigned as systematic uncertainties. These werd foloe negligible.

For different smearing values, a maximum likelihood teqgieiwas used to calculate
the degree to which distributions of the energy and measanglés of each type of particle
were compatible with data. The energy and angular resalsitid jets were smeared by
the maximum values for which simulated events were comieatifith the distributions
of data within one standard deviation. The measured endrgjyeotrons and photons
was smeared by 0.15 GeV while the momentum of muons was sthbaré GeV. The
measured polar and azimuthal angles was smeared by an avaoying between 1 mrad
and 10 mrad depending on the particle type. Systematic taictes were assigned to be
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Source Uncertainty (%)

cey | ey [py [ 17y [eeyy [y [ 777
Resolution interpolation 148 12.0( 20.6| 6.5 | 22.1| 225 | 134
Efficiency interpolation 85130 24| 76| 46 | 35 3.0
Error estimate of fit variables | 5.0 | 5.0 | 3.0 | 5.0 | 3.0 | 2.0 6.0
Jet classification 28| 22| 14| 45| 45| 45 5.7
Energy and angular resolution] 0.9 | 1.1 | 0.8 | 1.1 | 1.8 | 0.6 | 0.9
Modelling of selection variables 0.0 | 1.5 | 0.1 | 1.6 | 04 | 04 | 0.8

[ Total [18.0] 13.6] 21.0] 12.2] 23.3]| 23.3 | 16.1|

Table 6.3: Relative systematic uncertainties on the sigfi@iencies for each final state
considered.

the relative changes in background estimates and signeibeities.
Contributions to the systematic uncertainty of each firetkesfrom individual changes
in the energy scale, energy resolution and angular resaolatie added in quadrature.

Selection Variable modelling

The systematic uncertainty due to modelling of the evemicsiein variables was estimated
by varying each selection cut independently and measunegarresponding changes in
the overall signal efficiencies and background estimathe.difference between the mean
value of the data and background expectation for each gatedriable determined the

range of variation of each cut. Systematic uncertaintieging between 0.5% and 6.3%

are assigned to the different background estimates. @aoititvns to the systematic error
on the signal efficiencies are shown in Table 6.3.

Summaries of the systematic effects on the background &apmts and signal ef-
ficiencies are presented in Tables 6.4 and 6.3, respectiVély uncertainty on the inte-
grated luminosity measurements (0.2%) is considerablylsnthan the systematic effects
already described and is therefore neglected.

6.4 Limit Calculations

Given that no evidence for excited states of leptons wasdpcwnstraints on the produc-
tion rate of excited charged leptons as function of massaloeilated. Selected candidate
events from each final state and at each centre-of-massyearergginned in terms of their
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Source Uncertainty (Number of events)
cey | ey | ppy [ Ty [eeyy [y | 7Ty
Radiative corrections 141|135, 26| 29| 0.3 0.1 0.6
Error estimate of fit variables 68| 57| 10| 24| 1.1 0.6 6.2
Jet classification 36| 27 3| 12| 0.2 01| 0.5
Energy and angular resolution|] 9| 16 2 2| 0.0 03| 0.6
Modelling of selection variables 6| 54 2 8| 0.3 01| 0.3

[Total [161] 159] 28] 40] 12| 07| 63

Table 6.4: Systematic uncertainties on the backgrounthagts for each event final state,
expressed in number of events.

reconstructed~ invariant mass with each bin being treated as an individemich chan-
nel. Invariant mass distributions of background and sigwehts are obtained using the
methods described in the previous section. Given the nuoftaserved data, expected
background and signal events in each search channel, aoflbe likelihood ratio can
be calculated. This value of the likelihood ratio is thenduse exclude the existence of
a signal at a chosen confidence level using the Modified Fretpa@pproach described
in Appendix E. The degree of compatibility of the data witle gignal hypothesis is ex-
pressed in terms of the maximum number of signal events pemtlin the entire data set
at the 95% confidence leve§s).

Details pertinent to the limit calculation procedure areegiin the next paragraph.
The method employed to account for the systematic uncéeaipresented in the previous
section is then described. Valueshs obtained as function of excited lepton masses are
interpreted as limits on the product of the cross-secti@hkaanching fraction of excited
charged leptons. These limits are in turn used to set contgtran parameters of the
phenomenological model described in Chapter 2.

As candidate events are binned according to their value afnsructed invariant
mass, the size of each bin should ideally be at least of the sader as the mass resolu-
tion. Unfortunately, the computer time required to perfechthe limit calculations grows
approximately exponentially with the number of search cledsn Thus, as a compromise
between the mass resolution achieved in this analysis anthtbe amount of time re-
quired to perform the calculations, a bin width of 500 MeV whssen for each final state
considered. The number of individual search channels @sufolr limits on the single
production of excited electron where two different finatssagey andey) are combined.
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6.4.1 Treatment of Systematic Uncertainties

Statistical and systematic uncertainties on the signalieffcies and background expec-
tations described in Section 6.3.3 are incorporated inithié ¢alculation by fluctuating,
over many iterations, the background expectation and keffieiency according to their
respective uncertainties. The final limits are determinedhfthe average of all thEgs
values obtained at each iteration.

In calculating the expected signal distributions at eaeratton, the mass resolution
defining the widths of the Gaussian distributions is fluaddiy an amount corresponding
to the interpolation uncertainty, independently of theeoources of errors associated di-
rectly with the signal efficiency. Uncertainties on the sibgfficiency, mass resolution and
background estimates are treated as being fully correlsteen centre-of-mass energy.
The systematic uncertainties on the signal efficienciedatiee jet classification are also
fully correlated with the corresponding errors on the backgd estimates and are treated
as such in the limit calculations. The effects of systematiertainties on exclusion limits
have been shown to be small even for uncertainties of the ofd&9% [50].

6.4.2 Limits on Excited Lepton Production Rate

Values ofNgs obtained as function of excited lepton mass are used to leddclimits
on the product of the excited lepton cross-sectioyat 208.3 GeV and electromagnetic
branching fractiond x BR?) assuming the cross-section evolution as a function ofeent
of-mass energy expected for excited lepforiBhe upper limits on the number of signal
events produced in the data summed over all centre-of-nmesgyecan be expressed as

16
Nes = > 0i-BR@. L ¢ f,
i=1
16
= o1sxBR® Y L .ri.q-f, (6.5)

i=1 0716
where the sum runs over all the centre-of-mass energiesdesad and the symbols, ,
f., o and BR represent the integrated luminosity, efficiencycieificy correction factor,

cross-section and electromagnetic branching fractioxcted leptons, respectively. The
symbolo,s represents the excited lepton cross-section expectgda08.3 GeV. Limits

For final states consistent with the pair production of @ctleptons, limits are calculated for the quan-
tity o x BR? while for single production searches, constraints areiogtefor the quantityr x BR.
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on the product of the excited lepton cross-sectiogyat 208.3 GeV and electromagnetic
branching fractiond€ x BR®)) are therefore obtained using

Nos

16 0]
9. L6 f

o x BR® = (6.6)

where the subscript on the cross-sectiogy/at= 208.3 GeV is dropped for simplicity.

The upper limits on the single production of excited muortstan leptons do not de-
pend on the model dependent coupling paraméianslf . The excited electron selection
efficiencies foreey andey event final states, however, depend on the relative magnitud
of the s-channel and-channel production diagrams and therefore depend on the va
the parameterbandf’. For comparison with previously published results, thatinon
excited electrons presented here assfimé’. Figures 6.6(a,b) show the 95% confidence
level upper limits on the product of the cross-sectiog/at= 208.3 GeV and the electro-
magnetic branching fraction obtained from the search foglgiand pair produced excited
leptons.

6.4.3 Mass Limits

Limits on the product of the cross-section and branchingjifva are used to set constraints
on parameters of the phenomenological model describedapt€h2. Lower mass limits
on excited leptons are calculated using results from the graduction searches. The
theoretical calculation [6] of the product of the pair protian cross-section a{/s =
208.3 GeV and the branching fraction squared is overlayeligure 6.6(b). As part of
this calculation, the electromagnetic branching fractsoralculated assuminfy= f’. The
95% confidence level lower mass limits on excited leptonsesmond to the mass at which
the cross-section times branching fraction limit curvesssrthe theoretical expectation.
Lower mass limits ofm.. > 103.2 GeV,m,. > 103.2 GeV andn,. > 103.2 GeV are
obtained at the 95% confidence level. Although systematar&mre incorporated into
the limit calculations, an additional uncertainty on thessiimits arises from the finite
width of the centre-of-mass energy bins considered. Th&@\s centre-of-mass energy
bin width near the kinematic limit corresponds to an undetyaof 0.1 GeV on the mass
limits.
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Figure 6.6: The 95% confidence level upper limits on the pcodfithe cross-section at
\/S=208.3 GeV and the branching fraction for (a) single and i) production of excited
leptons as a function of mass\(). The limit obtained for the single production of excited
electrons is calculated assuminig= f’. The regions above the curves are excluded.
The product of the theoretical cross-section/@=208.3 GeV and the electromagnetic
branching fraction squared assuming- f’ is also shown in (b).

6.4.4 Limitsonf/A

Limits on the product of the cross-section and the branchagtion of singly produced
excited leptons are used to constrain values of the ratibettbupling to the compos-
iteness scald/A. Since the cross-section for the single production of exicieptons is
proportional to (f/A)?2, limits on the ratio of the coupling to the compositenessesaa a
function of excited lepton mass are calculated using

(f/A) Nos

— =/ , (6.7)
(1TeV 1) ] 95%CL Nexp

whereNey, is the number of expected signal events assunfiidg= 1 TeV!and obtained

using
16
Nexp = Z oi-BR-Li-¢-f, . (6.8)

i=1
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Figure 6.7: The 95% confidence level upper limits on the ratithe excited lepton cou-
pling constant to the compositeness scdle\, as a function of the excited lepton mass
and assuming = f’. Figure (a) shows the limits obtained as part of the workemeed in
this thesis and Figure (b), the previous OPAL limits [51]eTkgions above the curves are
excluded by single production searches. In Figure (a), paiduction searches exclude
masses below 103.2 GeV for excited electrons, muons and tausigure (b), masses
below 91.3 GeV for excited electrons and muons, and 91.2 Ge¥Xcited taus are ex-
cluded.

Upper limits onf/ A are calculated for the coupling assignmieatf’. Figure 6.7(a) shows

these limits for each type of excited lepton. Tfye\ limit for excited electrons is approx-

imately an order of magnitude better than for muons and taegathe enhancement of
the cross-section coming from thkehannel contribution.

6.5 Comparisons with Existing Constraints

The limits obtained in this thesis are currently the mosthgént constraints on parameters
of the phenomenological model introduced in Chapter 2. @aimgs on f/A obtained
using a similar technique as the one described in this tlassmell as limits obtained via
different reactions are reviewed in this section.

Searches similar to the one presented in this thesis hangdeemrmed by the OPAL
collaboration [51, 52] and by the other LEP experiments §&3-using only a subset of
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the data analysed in the present work. Limits were also néthusing data collected
at a centre-of-mass energy equal to tHenzass [56]. All four LEP collaborations have
reported lower limits on the mass of excited charged lepddtise order of 95 to 100 GeV

and limits on the strength of the couplirfigA of order 0.1 TeV* for excited electrons and

1 TeV™? for excited muons and taus assumiheg: f'.

The existence of excited electrons could also be inferrexh fdeviations in the dif-
ferential cross-section of the process:~ — ~~. Excited electrons would contribute to
the reaction via the diagram shown in Figure 6.8. The explediféerential cross-section
in the context of the model presented in Chapter 2 has beeunlatdd as part of the work
presented in this thesis. Details of the calculation cando@d in Appendix F. Using
results of this calculation, limits on the excited electomupling strength from studies of
the process™e™ — ~+ have recently been reported by all four LEP experimentsg2p,
These constraints are complementary to the searches @y sind pair produced excited
electrons. This reaction is comparatively suppressed aoeadpto the single production
due to the double interaction of excited electrons with a@hand an electron. However
it extends limits to masses beyond the kinematically altbvegjion of single production.
This is a consequence of quantum mechanical effects whéhnelsxcited electron medi-
ating the production of two photons is a virtti@larticle. Upper bounds on the quantity
f/A for the coupling assignmerft= f’ were calculated at the 95% confidence level to be
of order 5 TeV? for excited electron masses greater than the centre-o§-arasgy.

Searches for the existence of excited leptons have alsopmé&rmed in electron-
proton collisions at the HERA collider in Germany. Figur® 8hows the excited electron
production mechanism in electron-proton collisions. Bttt H1 [58] and ZEUS [59]
experiments at the HERA collider have reported upper limitshe excited electron cou-
pling strength,f /A, of order 1 TeV* for masses below 200 GeV and assuming f'.

2Virtual particles are particles that cannot be observedanahichE + |p|? # m?. They can have any
mass. The existence of virtual particles is a consequenideisEnberg’s uncertainty principlAEAt > h.
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Strong bounds on the existence of excited states also egist the precise mea-
surements of the electron and muon anomalous magnetic meigen). Excited leptons
could contribute to the anomalous magnetic moment of lepteandiagrams similar to the
one shown in Figure 6.10. The possible contributions to timeralous magnetic moment
of lepton have been calculated in [60]. Using results froeséhtheoretical calculations
and the most recent measurements of the electron [61] and fBRpanomalous magnetic
moments, upper bounds on the couplihgf order 0.1(1) for excited electrons (muons)
can be inferred under the assumptiofis= f’ and A = m,. These are strong bounds,
comparable to the ones obtained from searches for singlyugenl excited leptons in
e*e” collisions. Limits from g-2 experiments however rely ondhetical calculations that
are very complex and at this point in time only approximatédeyl are presented here
for completeness and should be interpreted only as an itnaticaf the sensitivity of g-2
experiments to the existence of excited states.

Figure 6.11 shows a summary of the constraints on the strexighee*ey coupling
described above and the corresponding limits obtainedsrthisis.

Figure 6.10: Example of one possible ex-
cited leptons contribution to the anoma-
lous magnetic moment of leptons.
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Chapter 7

Conclusions

A search for the production of excited charged leptons'& eollisions was performed
using data collected by the OPAL detector at LEP. The datéysed were recorded at
the highest centre-of-mass energy ever achievetanollisions. Selection criteria were
developed to identify experimental signatures compatiité the single and pair pro-
duction of excited charged leptons decaying electromacaigt The search sensitivity
was substantially improved by the use of a kinematic fit tespiir No evidence for the
existence of excited charged leptons was found. Upper momthe product of the cross-
section and branching fraction for singly and pair produeecited charge leptons were
calculated. From pair production searches, 95% confideaves lower limits on the mass
of excited electrons, muons and taus were determined to 82 TeV. From the search
for singly produced excited leptons, limits were calcullate the ratio of the coupling
constant to the compositeness sc§ld) as a function of excited lepton mass. The results
are currently the most stringent constraints on the extsten excited charged leptons.

New experiments that will study matter at a much smalleragis¢ scale are being
designed and built. These experiments will provide a unigmeronment to search for
the existence of excited states of leptons in an energy ethiat has never been probed
before.

The Large Hadron Collider (LHC) [64] under constructionhe bld LEP tunnel is ex-
pected to start colliding protons in the year 2007 at a cevftrmass energy of 14 TeV. Al-
though experimental signatures expected from the praoluofiexcited leptons in proton-
proton collisions are harder to disentangle from the laagkbround of strong interaction
processes, experiments at the LHC should neverthelesdd®adxtend the current con-
straints onf/A from single production searches up to masses of order 1 T8V [6

Research and development work is also being carried outtbtva design of a ma-
chine called the Next Linear Collider (NLC). This machineulb provide in different

83
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mode of operation'&", ey and~~y collisions at a centre-of-mass energy of up to 500 GeV.
Lower mass limits of approximately 250 GeV could be obtaifreth searches for pair
produced excited charged leptons i@ecollisions. Given the foreseen luminosity deliv-
ered by such a machine, the upper bounds on the qudiititgould be improved by more
than an order of magnitude. In addition to production medmas identical to the ones
studied in this thesis, excited electrons could also bewmpgduced irey collisions. Of
particular interest is the use of the photon beam polaosatiat could be tuned to en-
hance the excited electron production cross-section fiberdnt values of the coupling
parameter§ andf’ [65].

The next generation of high energy experiments will open ngvawindow of oppor-
tunity to look for answers to some of the shortcomings of tten&ard Model. The next
decade promises to be an exciting time.



Appendix A

Tracks and Clusters Requirements

The following is a summary of the quality requirements agnblio reconstructed tracks
and energy clusters used in the analysis.

Tracks

e The transverse momentum must be greater than 0.15 GeV.

e Tracks must be reconstructed from at least 50% of the hiteagp in the central
jet chamber at the given polar angle, and always more thaiit20 h

e The distance of closest approach to the interaction poititam — ¢ plane must be
less than 2 cm.

e The distance of closest approach to the interaction poititen-direction must be
less than 25 cm.

Clusters in the electromagnetic calorimeters

¢ Clusters are formed from the energy deposited in at leasteaeglass block of the
calorimeter.

e The raw energy of clusters must be greater than 0.1 GeV aBd@e¥ for clusters
in the barrel and endcap electromagnetic calorimetergsentively.

e The corrected measured energy of clusters in either cadbeinmust be greater than

0.001 GeV.

Clusters in the hadronic calorimeter

e The energy in the calorimeter towers must be greater thaGe\6
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Appendix B

General Solution to Kinematic Fit

The solution to a kinematic fit, as outlined in Section 5.2pgists of finding a set of
parametergx which minimises the function

L=(a-a) V*(a-a) + 2ATg(a,p)

where& represents the vector of measured paramepassthe set of unmeasured param-
eters and\ are Lagrange multipliers used to incorporate the set oftcains equations
g (a, p) = 0. If the constraint equations are linear in the parameteasndp, the solution
of the problem can be found in one step. Otherwise, an iteratiethod based on the
linearization of the constraint equations is generallydus€he solution presented here
closely follows that shown in [66]. At each iteration, imitivalues of the parametetg
andp, are updated by the addition of correctiavex and Ap such that

a1 = Og P1 = Po

oy = o+ Aoy P = Po + Ap,
a32a0+Aa3 p3:p0+Ap3
ay = ap + Ao P« = Po + Apg

The initial estimates of the parametersare taken to be the measured values themselves
(ag = &). Initial values of the unmeasured parameters are detednising different
methods, depending on the details of the specific problemstCaint equations are often
used to help calculate these starting values.
On the K" iteration, the Taylor expansion of the constraint equatjcassuming
86
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changes inx andp are small, is given by

99

)
g (o, Px) ~ 9 (o1, Pea)+ Yo (Aak—Aar) + a—g (Apc—Ap,) =0

1, Pra 1, Pt

or more simply as
Ok1 T A (Ao — Aaya) + B (Ap — Apy) =0

whereA andB are the matrices of the first derivatives of the constrairite vespect to
the measured and unmeasured parameters,

A - 3_9‘
“lay s, Pea
B— ? |
Play 1, Py

Defining c= A Aoy, + B Apy; — 9,1, the function to minimize can be written as
L=Aa) V' Aax+2\T (AAoay +BAp,—c¢) .

The necessary conditions for an extremum are

oL
a—azo
oL
a—p_o
oL
8_>\_0

leading to the following system of coupled matrix equations

VAo + AT =
BT\ =
AAax + BAp = ¢ .

This system of equations has to be solvedAax,, Ap and\. This can be achieved by
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rewriting these three equations as

vl o AT Aoy 0
0 0 BT Ap, | =10
A B 0 A

Assuming the inverse of the partitioned matrix is

-1

v?it o AT Cu C; Ci
0 0 BT =| Cxy Cx Cj,
A B O Cs1 Cs Cgs

then the solution to the system of equations is simply

-1

Aak V 1 O AT O C]_]_ C-zrl C;:l O C;'.I;l C
Ap, |=| 0 0 BT 0 |=]| Cu Cyp Ci 0 |=] Cjc
A A B O Cc Ca1 C3 Caz Cc CsscC

The matrix elements;Ccan be found by requiring

vt o AT Cu C); C3, 100
0 0 BT Cny Cp CihL |=|1010
A B O Cs Cs Cas 001

such that

Cnn = V —VATWAV +VATWB (B"WB)™* B"WAV
Cxn = —(B'WB)™*B"WAV

C»n = (B'wB)*

Cai = WAV —WB (B"WB)™*B"WAV

Cy, = WB(B'WB)™

Cyz = —-W+WB(B'WB)?B'™W .

whereW = (AVAT)™ is used to simplify the algebra. Finally, the correctionsdi® up-
date the initial values of the measured and unmeasured ptgesnas well as the Lagrange
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multipliers are

Aax =Clc= VATW — (VATWB (B'WB)™B™W) (AAcuc1 + BAP; — Oys)
Ap, =ClLc= (B'WB)'B'W (AAcy1+BAP; — Uyq)
A =Czgc= (-W+WB(B"WB)?B"W) (AAcy.1 + BAp; — 0yq) -

Thus, at each iteration, updated values of the parameterdagrange multipliers are
given by

o o Aoy
P = Po | | ARk
A 0 A

The updated covariance matrix is found by error propagation

o Jay /0y Do /Opg Do /O V 00 Jag /0y Dok /Opg Do /O
covl p |=| 9p/O0ao Opy/Opy OPk/OA 0 0O op /0y  Opy /0Py  Opk/OA
A OX/Oag  OA/Opy  OA/OA 0 0O OXN/Oag  OAN/Opy  OAX/OA

(Oak/0ap)V (Dak/Ocg)T (Do /Dco)V (0P, /o)’ (O /da)V (OAk/Ocx)T
=| (9px/0c0)V (dak/dcxg)T  (9py/Ocxo)V (9py/Ocxo)T (9P /Ocx)V (A /Oax)T
(ak/aao)V(({)ak/({)ao)T (8)\/8ao)V(8pk/aao)T (ak/aa)V(a)\k/({)a)T

Ci Cl, O
=] Cu Cxr O
0 0 —Cs3

where(dc/dag) = —A was used in the last step.



Appendix C

Error Estimates of Kinematic Fit Input
Variables

Estimates of the energy and angular resolution of diffecemponents of the detector are
obtained using events containing two leptons produced-batlack. These parameteri-
sations of the detector response are taken as an estimdte ohtertainty on individual
energy and angular measurements and are used as input tméneakic fits performed
for each selected event.

Leptons produced from the decay of excited leptons have a vadge of energies
which is a consequence of the excited lepton mass but alée @roduction mode (single
or pair production of excited leptons). Pair produced extieptons of masses close to
the kinematic limit give leptons of about 50 GeV on averagegl® production of excited
leptons, for masses near the kinematic limit, result in amergetic and one low energy
lepton. So the estimates of the uncertainty on the quasitised as input to the kinematic
fits must be valid for a wide range of energies. The data sangalé for this study includes
approximately 10 pB of calibration data recorded at a centre-of-mass energglégthe
Z° mass as well as the entire set of data recordgdsat183-209 GeV.

In order to obtain error estimates independent of MontedCawbdelling, an effort
has been made to extract an estimate of the uncertainty ¢nkéaematic variable from
real data.

Given their well defined kinematic properties, non-radigtdi-lepton events are used
in this study. The two leptons contained in these events ar@uged back-to-back and
their energy is equal to the beam energy. Di-lepton evestsealected by requiring events

1Events that do not contain photon(s) radiated off initidfinal state particles involved in a collision. At
high energy, a photon is often radiated along the beam axi®dsing the effective centre-of-mass energy
of a collision.
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to contain exactly two coplanajets. Each jet is categorised using the same lepton and
photon identification requirements described in Secti@ Events containing two elec-
tron or two muon candidates are required to satigfy > 0.8, where the quantitiR;s is
defined in Section 4.3, in order to reject radiative leptoin @aents and background from
two-photon events. Following closely on the definition ot 4.3, tau pair events are
defined as events with two identified tau candidates, onertdwae electron or muon,

or one identified muon and one electron. Tau pair events ace ralquired to satisfy
Riis < 0.85 in order to reject muon and electron pair events wheszgainvas misidentified

as well as background from two-photon events.

C.1 Electromagnetic Calorimeter Response

The electromagnetic calorimeter response is studied tiseglgrge sample of non-radiative
electron pair events selected using the simple requirestisted above.

Since the energy of each electron is equal to the beam enikegghape of the distri-
bution (E — Epeam) /o€, WhereE andog are the energy and error on the measured energy
of each electron, is an indicator of how well the errors tndpresent the energy mea-
surement uncertainties. Such distributions obtainedgusliectron pair events recorded at
a centre-of-mass energy equal to tHerZass and at 189 GeV are shown in Figure C.1.
These distributions were obtained using the errors cakedlas part of the standard OPAL
event reconstruction. Results of a fit to a Gaussian digtab@appear as a solid line super-
imposed on each histogram. Although the fit agreement with idgoor, it nevertheless
gives a sufficient approximation to each distribution. Imlagy with pulf distributions
which exhibit a standard normal distribution if errors acgrectly estimated, the distri-
butions shown in Figure C.1 should also be Gaussian disétbwith a variance equal to
one. Both distributions do have a variance close to one whiticates that the errors are
indeed a good estimate of the uncertainty on the measuregyeinethe electromagnetic
calorimeter.

Since the two electrons in non-radiative electron pair &/ane produced back-to-

back, the shape of the distributiofts +6,—)/ /05 + 05, and(¢1—po—7)/ /05, + 03,

2Two particles are said to be coplanar if their momentum wsqteojected onto the-y plane are sepa-
rated by exactly 18d

3A pull value is usually defined in the context of least squdittiag and is defined as the difference
between the direct measurement of a variable and its valaktamed from the least squares fit, normalised
to the estimated error of this difference.
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Figure C.1: Distributions of the difference between thetta and beam energy, divided
by the error on the measured electron energy for electrarepants recorded at a centre-
of-mass energy (a) equal to thé fmass and (b) at 189 GeV. The solid lines show the
results of fits to Gaussian functions.

whereo represents the errors on the measured pélaarfd azimuthalg) angles of each
electron, is an indicator of how accurately the errors olatdiby the standard OPAL event
reconstruction represent the actual uncertainties on #gesarements of the angular and
azimuthal angles of a cluster. Figure C.2 shows these twahiitons obtained using
data events recorded at centre-of-mass energy equal td tma&s and at 189 GeV. The
solid lines superimposed on each histogram representtisesiua fit to a Gaussian dis-
tribution. All four distributions have a variance diffeteinom unity suggesting that the
errors obtained by the standard OPAL event reconstructional accurately represent
the actual uncertainties on the measured polar and aziirartgke of a cluster. Although
the two electrons are genuinely produced back-to-backhéyime they enter the elec-
tromagnetic calorimeter, their flight path has been deftebtethe magnetic field present
in the inner part of the detector, resulting in a shift in theam value of the distributions
(o1 — ¢o —m)/\Job, + 03,

An improved estimate of the uncertainties on the measum jpold azimuthal angles
is obtained by parameterising the observed angular résolaf the calorimeter as func-
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Figure C.2: Distributions of the quantities (a(6) + 6, —«)/\/03, + 05, and (c,d)(¢; —
¢o—m)/\/0o3, + o, obtained from non-radiative electron pair events coliéetiea centre-

of-mass energy equal to thé Fhass and at 189 GeV. The uncertainties on the measured
polar (gy) and azimuthald{,) angles of a cluster calculated as part of the standard OPAL
event reconstruction are used. Although the two electnosievent are produced back-
to-back, the distributions (c,d) are not centred at zeroesthe direction of the electrons
entering the electromagnetic calorimeter has been albgréte magnetic field permeating
the inner part of the detector. The solid lines show the tesiifits to Gaussian functions.
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tion of the polar angle and energy of a cluster. The spredwdistributiongd; + 0, — )
and(¢; — ¢ — ) obtained using back-to-back electron pair events is ptapwl to the
calorimeter angular resolution. Figures C.3(a,b) showtreance of these distributions
as function of the mean polar angle of the two electrons. ©hd knes show the results of
a fit to a first and zeroth order polynomials. Data points inglablematic overlap region
between the barrel and endcap calorimeter (3<720s 6| < 0.8) are excluded from the
fit in Figure C.3(b). In that region, the value of each indivadl| cos f| bin is used as an
estimate of the azimuthal resolution of the calorimeter.

The remaining dependence of the angular resolution on tiséarlenergy, after taking
into account the angular dependence parameterised alsosieown in Figures C.3(c,d)
along with results of fits to the data.

The angular resolution of the calorimeter obtained frors #tudy is used as an es-
timate of the uncertainty on the measured polar and azirhatigdes of a single cluster.
Given that the electromagnetic calorimeter angular régmiwas found using the infor-
mation from both electrons in each event, the uncertamfy( the measured positiof (
or ¢) of a cluster is in general given by

f,(cos ) f,(E)
V2

where the functiond, and f, represent the polar angle and energy dependence determined
above and summarised in Table C.1.

To ensure that these new estimates of the uncertaintieseoméasured polar and
azimuthal angle of a cluster describe reasonably well thassmements errors, the dis-
tributions (6, + 0, — m)/\/oj, + 0, and(¢1 — ¢o — ) /\/05, + o, are plotted in Fig-
ure C.4 using these new error estimates. The variance & theibutions is equal to one
indicating that the new uncertainty parameterisationsiradeed a good estimate of the
measurement errors on individual clusters of energy in kbet®magnetic calorimeter.

o =

C.2 Tracking Detectors Response

The combined tracking detectors response is studied usitigddectron and muon pair
events.

Since the momentum of each electron or muon in an event iappately equal
to the beam energy, the variance of the quar(tity- Epear)/0p, Wherep andoy, are the
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Figure C.3: Variances of the distributions (@) + 0> — ) and (b)(¢; — ¢ — m) for
electromagnetic energy clusters in electron pair everfisrasion of the mean polar angle
of the clusters. The bottom two plots show the variancesefistributions (¢}, +60>—)
and (d)(¢; — ¢2 — ) as function of the energy of the clusters after removing tiguéar
dependence obtained in (a) and (b) and given by the functjdisdéed in Table C.1. The
solid lines are the results of a fit to the data. Data pointgjym the overlap region between
the barrel and endcap electromagnetic calorimeter (€.¢@s 6§ < 0.8) are excluded from
the fit in (b).
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Energy dependence

Errors Angular dependence(mrad)

o, f, = (0.66x 10%) — (0.13x 10°?) - | cos )|
f; =0.0047 |cosf| < 0.72|cosf| > 0.80
f, =0.0058 0.72> |cosf| < 0.74

Ty, f, =0.0063 0.74> |cosf| < 0.76

f; =0.0063 0.76> |cosf| < 0.78
f; =0.0069 0.78> |cosf| < 0.80

f, = 0.96

f,=(1.11) — (0.20x 10?) - E

f, = (0.22x 107%) — (0.12x 1073) - | cos 0|

f,=(0.7) + (0.54x 10%) -p | cosf| < 0.7 CZ hits

2
oy f, = (0.39x 107?) + (0.35x 1072) - | cos 4| f,=(1.42 — (0.57x 10%)-p |cosf| < 0.7 no CZ hits
f, = (0.48x 107%) — (0.15x 1072) - | cos d)| f,= (1.07 + (0.17x 10%) -p |cosf| > 0.7
_ -3y, 0.6810° _
U¢trk fl = (—027>< 10 ) -+ m f2 =0.91
0o, f, = (0.034 — (0.015 - | cos )| f, = (1.42 — (0.011) - E s

0y f, = (0.99x 10%) + (0.013 - | cos 0|

-

f=(0.14 + 320

Table C.1: Summary of the angular parameterisation funst@) and energy corrections$,f of different angular measurement
uncertainties. Since these functions were obtained ukmgformation from both particles in each event, the utety on a

single measurement is given by= (f, - f,) /v/2.



CHAPTER C. Error Estimates of Kinematic Fit Input Variables 97

1600
1400
1200
1000
800
600
400
200

900
800
700
600
500
400
300
200
100

-xX°/ndf 2224 | 18

[ Constant 874.0+ 11.31

[ Mean -0.4968+ 0.1087E-01

[ Sigma 1.005& 0.1061E-01

[ (a) Epgan™ 45 GeV

: 11 1 I 11 I 11 1 I 1

4 2 0 2 4

(6,+6,-M)N(0%+02)

CX°/ndf 1072 [ 43

[ Constant 505.8+ 7.993

- Mean -1.670+ 0.1300E-01

[ Sigma 0.9907+ 0.9356E-02

;(c) B ean= 45 GeV

E 11 1 I 11 I 1 L1 1 I 1

-4 -2 0 2 4
(0@, TON(0%+02)

1200

1000

800

600

400

200

800
700
600
500
400
300
200
100

L x?/ndf 4243 | 18
[ Constant 688.4+ 9.995
—Mean -0.4256+ 0.1275E-01
| Sigma 1.043¢ 0.1294E-01
(D) Eppar= 94.5 GeV
E 11 I 11 I 11 I |
-4 0 2 4
(6,+6,-M)N(0%+02)
Fx*/ndf 9122 | 47
L Constant 433.0+ 7.624
[ Mean -1.087+ 0.1373E-01
| Sigma 1.0114 0.1130E-01
[ (d) Epean= 94.5 GeV
E 11 I 11 I 11 Lol I 1
-4 0 2 4
(0@, TON(0%+02)

Figure C.4: Distributions of the quantitiés, + 6, — 7)/\/05 + 03, and (¢ — ¢2 —
m)/\/o5, + o, obtained from non-radiative electron pair events colléetea centre-of-
mass energy (a,c) equal to thé @ass and (b,d) at 189 GeV. The uncertainties on the
measured polarg) and azimuthal£,) angles of a cluster are calculated using the new
parameterisation of the electromagnetic calorimeter @ngesolution. The solid lines
show the results of fits to Gaussian functions.
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Figure C.5: Distributions of the difference between the sueed track momentum and
the beam energy, divided by the error on the track momenturalaslated by the OPAL
tracking reconstruction algorithm. These distributions abtained using electron and
muon pair events collected at a centre-of-mass energy (&) éojthe 2 mass and (b) at
189 GeV. The solid lines show the results of fits to Gaussiantfans.

measured track momentum and its associated error as deltbhathe OPAL track recon-
struction algorithm, is an indicator of how well the erronsly represent the uncertainty
on the track momentum measurement. Figure C.5 shows distnits of this quantity
obtained using tracks from electron and muon pair eventeateld at a centre-of-mass
energy equal to the%Zmass and at 189 GeV. Results of a fit to a Gaussian distribution
appear as a solid line superimposed on each histogram. Bathbdtions have a variance
close to one which indicates that the errors obtained by ##&lQracking reconstruction
algorithm are indeed a good estimate of the uncertainty emtbasured momentum of a
track.

Error estimates on the measurement of the polar and azitrartkes of a track are
also obtained from the OPAL track reconstruction algorithiRigure C.6 shows distri-
butions of the quantitie§), + 6, — m)/\/0j, + 0, and(¢1 — ¢ — 7)/ /o3, + o3, for
electron and muon pair events recorded at a centre-of-nmasgyeequal to the Zmass
and at 189 GeV. The variance of these distributions is lattgean one suggesting that the
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errors obtained from the OPAL track reconstruction al¢ponitunderestimates the actual
measurements uncertainties.

Following a similar approach as the one outlined in the nevisection, the angular
resolution of the tracking system, parameterised as fonct polar angle and momentum
of a track, is taken to be an estimate of the uncertainty onnthasured direction of
individual tracks. Both electron and muon pair events asxlue extract an estimate of
the angular resolution of tracks.

The angular dependence of the tracking system polar angbduteon was obtained
for three different cases: tracks in the barrel regipro{d| < 0.75) with hits in the
Z-chambers (CZ), tracks in the barrel region without hitshe Z-chambers and tracks
pointing toward the detector endcap regioeg 6| > 0.75). These three different param-
eterisation functions are necessary since the measurefreetrack polar angle is obtained
using a different technique in each case, resulting in @difft angular resolution. The
variances of6; + 6, — ) distributions, obtained using both electron and muon pesnts,
are shown as function of polar angle and track momentum iarEi€.7. The momentum
dependence is plotted after removing the angular depepdgwen by the functiof, and
assuming that the momentum of tracks in non-radiative mlaa@nd muon pair events is
approximately equal to the beam energy. The solid lines shavrigure C.7 represent
results from various fits to the data also summarised in T@hle The azimuthal reso-
lution is parameterised following a similar approach. Fe&C.8 shows the variances of
(¢1 — ¢ — m) distributions as function of polar angle and track momentResults from
the fits to the data appear in Table C.1 and are shown as swil |i

Assuming both tracks in an event have a similar momentum aadtan, an estimate
of the uncertainty on the direction of a single track is gitagn

_ fi(cos®) f,(p)
o= L7 2\
V2

Figure C.9 shows distributions of the quantitiés+ 6, — )/,/03, + o5, and(¢; —
¢ —)/ /05, + o3, for electron and muon pair events obtained using the newrtaioty
estimates on individual tracks. The variances of theseilligions are close to one indi-
cating that the new estimates of the uncertainties on thesuned direction of a track are
comparable to individual track measurements errors.



CHAPTER C. Error Estimates of Kinematic Fit Input Variables

100

1400
1200
1000
800
600
400
200

1400
1200
1000
800
600
400
200

-’ /ndf 1216 / 28

- Constant 7515+ 8.408
- Mean -0.8071E-01+  0.1899E-01
- Sigma 1.892t  0.2406E-01

- (8) Bpean 45 GeV

4 2 0 2 4
(6,+6,-T)N(0%+02)

- X°/ndf 3630 / 28

- Constant 827.0+ 8.550
- Mean -0.2993+  0.1947E-01
L Sigma 1.978  0.2434E-01

- (C) Epean 45 GeV

4 2 0 2 4
(0@, TON(0%+02)

800
700
600
500
400
300
200
100

700
600
500
400
300
200
100

- */ndf 9342 /| 28

- Constant 399.0+ 6.237
[ Mean -0.1015+  0.2292E-01
” Sigma 1709  0.2643E-01
F (D) E, o= 94.5 GeV

4 2 o0 2 4
(6,+6,-M)N(0%+02)

- x°/ndf 3135 / 28

[ Constant 383.4t 5.670
- Mean -0.1777+ 0.3515E-01
- Sigma 2.298t 0.5057E-01

4 2 0 2 4
(0@, TON(0%+02)

Figure C.6: Distributions of the quantities (a,y + ¢, — 7)/\/05, + 05, and (c,d)

(1 — ¢2 — m)/y/03, + 07, obtained using non-radiative electron and muon pair events
Measurements of the angles are given by the direction ofrétois and the uncertainties

are taken to be the errors calculated by the OPAL track reaarten algorithm. The
solid lines show the results of fits to Gaussian functions.



CHAPTER C. Error Estimates of Kinematic Fit Input Variables 101

-2
x 10
) 0.3 T AT ma T T 7] ' 3FT T dd @k 3 T T T
< 03 F(8) |5 oliecow  oseros = 25 d) |& osiieon osesreod
B 0.5 g CZ hits 1 3'?(\1 2 ; CZ hits é
? W‘ 1 < 15F o =
< 02| . 1 ° T h,
S “E E 1 ol
0.15 E 11 1 I 11 1 I 11 1 I 11 1 I | I | ] 0.5 E 1 1 1 I 1 1 1 I 1 1 1 | B
0 0.2 04 06 0.8 1 40 60 80 100
|cod| Ebeam
[ [T 1771 T Tl T 1T 1] q—H 2-5 | T T T n T . T T ]
g 0.0125 r (b) ! )P(l/ddfl 4£§:ZI7/E-OZ: Io.35155-03i - r (e) ’511/ o Tl 11/.4211 0.8014||5-oi
e F P2 0.3548E-02k _0.1034E-02] = 2F P2 -0.5652E-02  0.9344E-03]
. 0.01p NoCZhits { = “Ff
= o ] @D -
3_:‘”0.0075:* E ;;F‘ 1.5 =
— u b e} o
% 0.005[ - 1
00025: TN BTN IR AT 05 B
0 0.2 04 06 0.8 1 40
|cod| Ebeam
%\ 0-006 T 17T I )(/I"dfl T 1643 I/ T 2| T I 1T 1] q_H 2 | T T T Xﬂ/"df T 4056 V g T T I ]
] 5 (C) P1 0.4789E-02  0.5432E-03] - L (f) P1 1067+  0.3278E-0%]
- r ) -0.1545E-02  0.6384E-03] —_ B P2 0.1709E-02t  0.3694E-03]
0.005] 4 o' f o
3 - 1 < 77 1
o 0.004F 1 5 ey
+ B 1 N—r | N
5 r b 1+ _]
< 0.003[- A 4 7 T ]
O.OOZ:I T R BT AR A 0.5 [T TR TN NN TR SO TR AN SN N N M
0 0.2 04 06 0.8 1 40 60 80 100
|cod| Ebeam

Figure C.7: Variance of the distributiof®, + 6, — ) for tracks in electron and muon pair
events as function of (a-c) the mean polar angle and (d-€ktrmomentum. Plots (d-f)
are obtained after taking into account the polar angle ddgrere obtained in (a-c) and
parameterised by the functioriglisted in Table C.1. The solid lines are the results of a
fit to the data. Different parameterisations are obtaine@al) tracks in the barrel region

(| cos 0] < 0.7) with hits in the Z-chambers (CZ), (b,e) tracks in therélaregion without
hits in the Z-chambers and (c,f) tracks in the endcap reditimeodetector|(cos §| > 0.7).
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Figure C.8: Variance of the distributiois; — ¢, — ) for tracks in electron and muon pair
events as function of (a) the mean polar angle and (b) trackentum. Plot (b) is obtained
after taking into account the polar angle dependence fau(a) iand parameterised by the
functionf, listed in Table C.1. The solid lines are the results of a fiheodata.

C.3 Taus

The direction of tau candidates is taken to be the axis ofahéljhe uncertainty in the tau
direction comes from the presence of undetected neutrioos the tau decay and from
the finite resolution of different subdetectors.

An estimate of the uncertainties on the measured polar ambu#zml angles of tau
candidates is obtained using coplanar tau pair events whate taus have a similar
amount of energy, corrected for double-counting of tracks energy clusters, deposited
in the detector. Distributions of the quantitigs + 6, —7) and(¢; — ¢, — ) as function of
the mean polar angle and visible energy of both taus are shofigure C.10. Results of
the fits to the data are shown as solid lines and summariseabie T.1. Distributions of
the quantitiegt, + 0, —m)/\/0g, + 07, and(¢y — ¢ — ) /4/03, + o, are Gaussian dis-
tributed with a variance of one indicating that the uncettas on the measured direction
of a tau candidate estimated from the parameterisatiomgideve are a good estimate of
the measurements uncertainties.
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Figure C.9: Distributions of the quantities (a,y + ¢, — 7)/\/05, + 05, and (c,d)

(1 — ¢2 — m)/y/03, + 07, obtained using non-radiative electron and muon pair events
Measurements of the angles are given by the direction ofrtio&s and the error on each

measured angle is calculated using the new error parasegien described in the text.
The solid lines show the results of fits to Gaussian functions
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Figure C.10: Variance of the distributiof® + 6, — 7) and(¢; — ¢, — w) obtained using
tau pair events as function of (a,b) the mean polar angle@dii\{isible energy of the two
taus. Plot (c,d) are obtained after taking into account thlarpangle dependence found
in (a,b) and parameterised by the functiépisted in Table C.1. The solid lines are the

results of a fit to the data.
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Figure C.11: Distributions of the quantities (a§) + 6, — w)/\/oj, + o5, and (c,d)
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Appendix D

Efficiency, Mass Resolution and
Correction Factor Interpolation

In order to calculate limits on the product of the crossisacand the branching fraction
of excited leptons, the signal efficiencies, invariant nmasslutions and corrections to the
efficiency due to a non-Gaussian component of the masshdistns must all be calcu-
lable for arbitrary values of excited lepton mass and doltisentre-of-mass energy. To
achieve this, these quantities were parameterised asdarmft the excited lepton mass
scaled by the centre-of-mass energy (,/S). Figures D.2-D.6 show results of the vari-
ous parameterisations superimposed on the values obfaimedimulated event samples
at different excited lepton mass and centre-of-mass enefgg different functions are
tabulated in Table D.1.

The signal efficiency is defined as the ratio of the number ehtvselected using the
criteria described in Chapters 4 and 5 to the total numbeverfits generated assuming a
100% electromagnetic branching fraction.

The mass resolution at a specific value of excited lepton @ragsentre-of-mass en-
ergy is obtained by fitting the reconstructed invariant ntdiselected events to a Gaussian
distribution. The variance of the Gaussian fit is taken aséimate of the mass resolution.

Correction factors to account for a non-Gaussian compooktite mass distribu-
tions are calculated as the area under the Gaussian fit afthgant mass distributions,
expressed in number of events, divided by the number of s\aa:cted.
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Figure D.1: Efficiencies for the single and pair productietestion criteria as a function
of excited lepton mass scaled by the centre-of-mass enargy/(s) for the selections of
(a-c) ¢t~ and (d-f)¢¢~~ event. The points represent efficiencies obtained usinglabed

event samples at different mass and centre-of-mass erlérg\solid lines show results of
a fit to the data points.
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€

= 0.12—0.22- (M:/,/3) + 0.23- M+ //5)2

e*(eey) | om = 0.36+0.084- (m-/,/S)

f. =0.74
¢ =-0.26+1.89 (m:/\/S) —1.09- (m/\/3)?

e*(ey) | om =2.02-8.27-(m-/\/S) + 15.62- (m-//5)? — 8.80- (M« //5)3
f. =0.72
¢ =0.91-0.63 (m:/\/S) + 0.40- (m/,/3)?

w* om = —0.95+4.42. (m«//S) — 3.38- (M //9)?
f, =0.85
B 0.53 (m:/y/s) < 0.9
. < { 0.53+0.75- (m«/,/S— 0.9) — 58.96- (m-/,/s— 0.9 (m-/4/S) > 0.9
’ om = 1.25+0.72- (m//3)

f. = 0.70
e =—1.62+18.45 (m/,/s) — 53.41- (m:/,/9)? + 50.32. (mx //5)3

e*e* om = —0.0254 2.10- (m«/,/S) — 3.89- (M- //S)?
f. =0.70
e = —1.04+13.05 (m:/\/S) — 35.82. (mx/,/5)? 4 32.32- (mx/,/5)*

prut | om = 1.46— 12.59- (mk/\/S) 4 40.50- (M- //S)? — 42.07- (m:/,/3)3
f. =0.72
e =—0.98+12.16- (m/\/S) — 34.67- (M /\/9)? + 32.44- (M« /\/5)3

T™*r* | om =4.93— 4255 (m:/\/S) + 139.50- (M« /\/S)? — 147.5- (M- //3)3
f. =0.76

Table D.1: Parameterisation of the signal efficiengy ifrass resolutioro(,) in GeV and
efficiency correction factorf() for each type of excited lepton production.
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Figure D.2: Efficiency of the
ey event selection as a function
of excited lepton mass scaled by
the centre-of-mass energyy(/./9).
The points show the efficiency ob-
tained using simulated event sam-
ples at different mass and centre-of-
mass energy. The solid lines repre-
sent results of a fit to the data points



CHAPTER D. Efficiency, Mass Resolution and Correction Fabtterpolation 110
%\ = y X/ndr 27'730/3 o 0.4817E-0: % I x| X/ 35055 2/ 54 0.9069E-02
o 1 F(a) e bo omoon ommea| © 06(d)ee | PR osarieor
s - (ee/) s B P3 3880+  0.5007E-01
S0.75F * S 04l
3 g l t [L 3 r $¢ t
@ 0.25 ; % B + ¢ ° q

L 1 1 | 1 1 1 | 1 1 1 B 1 | 1 1 1 | 1 1 1 | 1 1 1 1
g 0 g 0
0.4 0.6 0.8 1 0.2 0.3 0.4 0.5
m.Ns m.Ns
% 15 B N /ndf 3491 | 233;t % [ . % e/ndf 2242 | 2;t
8 oy [ um o Sosley |60 um e
- P3 -3.379+ 0.3077E-01 | P3 40.53+ 0.9155E-01
c 1k < B pa 4210+ 0.1522
2 - 9
5 5 04r
o | o =
2 05 edee o 0 B
2 ' i ° ° e 02 [
2 [ g |
® B | | ® [ | | 1
E 0 1 1 1 1 1 1 1 E 0 1 1 1 1 1 1 L 1 1 1
0.4 0.6 0.8 1 0.2 0.3 0.4 0.5
m,/Ns m,/Ns
3 Tor B im e 3 Fnoe [0 ik o
Q/ 3 } P2 0.72144+ 0.1200 9 I (f) T T P2 -42.57+ 0.9209E-01
s .0 = 151 SR
ElN ER Y
T TR N, B
— - — B [)
o 15[ a 9°F .
0 - (%) o *
g l E 1 1 | 1 1 1 | 1 1 1 g 0 1 | 1 1 1 | 1 1 | 1 1 1 1
0.4 0.6 0.8 1 0.2 0.3 0.4 0.5
m.Ns m.Ns

Figure D.3: Invariant mass resolution as a function of extiepton mass scaled by the
centre-of-mass energy/./s) for the selections of (a-dy~y and (d-f)¢¢y~ events. The

points show the mass resolutions obtained using simulatedtesamples at different
masses and centre-of-mass energies. The solid lines eepresults of the parameter-

isations.
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centre-of-mass energy/./s) for the selections of (a-dy~y and (d-f)¢¢y~ events. The
points show the correction factors calculated using sitedl@vent samples at different
masses and centre-of-mass energies. The solid lines empresults of the parameterisa-
tions.



CHAPTER D. Efficiency, Mass Resolution and Correction Fabtterpolation

113

efficiency correction

* X /ndf 1001 / 27
- € P1 0.7447+  0.1521E-0L

0.9 (ey)
0.8 |- {
0.7 —
0.6 - \
0.57|||||||||||||||||II|IIII|IIII

04 05 06 07 08 09

M,Ns

1

Figure D.6: Efficiency correction
factor for ey events as a function
of excited lepton mass scaled by
the centre-of-mass energyy(//9).
The points show the correction
factors calculated using simulated
event samples at different masses
and centre-of-mass energies. The
solid line represent results of the pa-
rameterisation.



Appendix E

Confidence Level Calculation

Results from a search for new phenomena are usually exprastegms of the discovery
or exclusion of a signal at a specific confidence level. Therst different approaches
in calculating the degree of compatibility of an experinamutcome with new physics
processes. In the following, the method known as the ModFiedjuentist approach [67,
68] is summarised.

For any monotonically increasing test statisti (vith respect to more signal-like
experiments, the confidence in the background plus signabthesis CLs.p) is given
by the probability that the estimator be less than or equahéovalue observed in the
experiment Xops),

CI—s+b == I:)s+b(x S Xobs)> (E-l)
where X,
bs dPs.
Pauo(X < Xap) = [ =X (E2)

The quantitydPs.,/dX is the probability density function of the test statistic &xperi-
ments with signal and background events. Small valueSLgf, indicate that the data
are not compatible with the hypothesis for the presence tf bignal and background
events. In general, the probability density function of thst statistic is not necessarily
analytically calculable in which case a Monte Carlo simolatof experiments satisfy-
ing the relevant hypothesis is often necessary to perfoemrtegration. However, since
the chosen estimato@)j in this analysis is defined to depend only on the number of ob-
served candidates in each individual channel, the prababténsity functiondPs.,/dQis
Poisson distributed such that

N e (S+0) (5 4+ boy) ™
!

CI—s+b = Z

Q) <Qngpy =1
114

(E.3)
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where Q(nyps) is the likelihood ratio obtained from the observed numbecafdidate
eventsn; in each channdl The sum runs over all the possible outcoméfor which the
likelihood ratio is less than or equal to the observed one.

Following the same reasoning as above, the confidence inattiggbound only hy-
pothesis is in general given by

CLp = Pp(X < Xops), (E.4)
where Yoo
sdP,
%mg&@:/#ba%x. (E.5)

The quantitydP, /dXis the probability density function of the test statistic f@ckground
only experiments. In analogy with Equation E.3, the configeim the background only
hypothesis for the specific choice of the test statistic ursdilis analysis is given by

N e—bi bnll
S |

Q) <Qngpy =1

(E.6)

A value of CL,, close to one would indicate that the experimental data arenpatible
with the background only hypothesis and that the signal packground hypothesis is
instead favored.

For most realistic situation, where a large number of chisrere considered, the cal-
culation of the quantityCLs., andCL,, quickly becomes computationally challenging. A
method [68] whereby the estimators and probability dezsibif all possible experimental
outcomes of channels are combined two at a time is used td sipet@e limit calculations.

E.1 The Modified Frequentist Approach

The value - CL, may be used to quote the confidence in a potential discovarylagy,
exclusion limits on the existence of signal may be calcdlateing the confidence level
1 — CLsp. This quantity however has the property that for experimevith a number
of observed events smaller than the expected backgroundgdimits can be calculated
that not only exclude any signal events but also exclude dwidround hypothesis to a
high level of confidence. Although these limits are validnfra strictly statistical point
of view, they reflect the probability of obtaining similar even stronger exclusion limits
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in other experiments with the same expected number of sgmalbackground events.
These exclusion limits are not a direct statement aboutlieerece of signal events. For
experimental physicists carrying out searches for new @imema, the quantity of inter-

est given a set of experimental measurements, is the conéderthe signal hypothesis.
Unfortunately, it is in general not possible to preciselyreot the data for the presence
of backgrounds or carry out a completely background-frggesment. Thus, in most

searches, it is experimentally impossible to directly gidte the confidence in the signal-
only hypothesis.

The technique used in this work, which deals in a more in@itvay with the special
situation described above, is called the Modified Freqaeapproach. The name of the
procedure refers to the fact that it is a departure from atdirequentist interpretation
of limit setting. A quantityCL is defined to be the ratio of the confidence in the two
hypotheses considered,

Cls= C(;:b : (E.7)
This quantity, although not itself a confidence but ratheateorof confidences, is use to

exclude the existence of signal events at a fixed confideneé@L given that

CL>1-CLs . (E.8)

Going back to the example described above where an expdrimhserves less events
than the expected background, the exclusion limits obthirsgng the Modified Frequen-
tist approach would in this case result in more conservéitivés. This is sensible since,
intuitively, there is not enough information available tistcthguish between the signal
plus background and background-only hypotheses. The udgedflodified Frequentist
approach is a method of obtaining conservative limits onetkistence of signal events.
The guantityCLs can be interpreted as an approximation of the confidenceersit
nal hypothesis that would be obtained if an experiment wa®peed in the absence of
background or equivalently, if the background was pregikabwn and subtracted from
the observed data. The probability of falsely excludingue signal (often called a type
Il error in statistics textbooks [43—-45]) using the quan@ls is in general less than the
nominal value (- CL). For example, in calculating exclusion limits on thersbat the
95% confidence level (CL), the probability of excluding aetignal is in fact less than
5%. This is a consequence of the fact that the quaftityis not itself a confidence but
a ratio of confidences. In statistical terms, the us€bf increases the ‘coverage’ of an
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Figure E.1: Example of likelihood rati@)) probability density distributions.

analysis.

These concepts are clearly illustrated in Figure E.1 whidws an example of likeli-
hood ratio distributions for the two hypotheses. The qupdiLs., andCL, are obtained
by integrating from right to left the appropriate normatigerobability density distribu-
tions up to the observed value of the likelihood ratio. Foll eeparated probability distri-
butions, the most probable result of an experiment willezithe the discovery or exclusion
of the signal at a high confidence level. For experimentsdessitive to the possible pres-
ence of signal events, the probability distributions caprlResults are more ambiguous.
The use of the quantit€Ls can be interpreted as a way of taking this ambiguity into
account.



Appendix F

Excited electron contribution to the
ete™ — ~~ cross-section

In addition to the pair and single production discussed aptive existence of excited
electrons could also manifest itself in the production aérég containing two photons.
Figure F.1 shows (a) the Standard Model interactions anek@)ed electron contributions
to the process™e™ — ~v. The existence of excited electrons would therefore resnlt
deviations from the Standard Model differential crosstisecof events with two photons
in the final state.

Limits on the strength of the*e~y coupling extracted from thete~ — ~v dif-
ferential cross-section [69] uses a different form of iatdion than the one described in
Equation 2.8 for which searches for singly produced excitaties rely on. By using a
common theoretical framework, thee~ — ~~ process can be used to extend the limits
on thee*e~ coupling strength for excited electron masses beyond thenkatically al-
lowed region of single production. Small deviations frora 8tandard Model predictions
are expected even for excited leptons with a mass largettiigatentre-of-mass energy of
the €€ collisions.

Results from indirect searches, where the existeneg¢ & inferred from deviations
in theet e~ — v~ differential cross-section, are usually expressed in $epfrlimits on
the e*ey coupling strength assuming a general extension of the Stdrnidodel. The
interaction between an excited lepton, a lepton and a gaogenb*L V) is described by
the simplest gauge invariant form of the interaction Lagran [70]

L o, LF" + hermitian conjugate (F.1)
118

K
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£L*LV =
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Figure F.1: Diagrams showing the (a) Standard Model andXti}exl electron contribu-
tions to the processte™ — ~~ considered in the calculations of the differential cross-
section presented in the text.

whereF# denotes the electromagnetic field tedset,, is the covariant bilinear tensor
andm. is the mass of the excited lepton. The parametesr a measure of the coupling
strength. The™e™ — ~~ differential cross-section using this purely magneticplmng
is explicitly calculated in [70] and given by

(@)~ (@)
) . d?) oo
4 4 14
—FO&Z{} (i) (EZSiH29+rTL2)< q 2+ q 2)
1115

2 (9% —m?)

+4<i)4 m2 E*sin? 6
m/ (g2 —m?)(q'2 — m?)

K 2 q2 q/2 ) 1 1
+ (ﬁ) [qz_m2+q/2_m2+E251n2‘9 q2—m2+q’2—m2

(F.2)

do . , : ,
where(aﬁ)QED is the Born level Standard Model differential cross-seattibis the polar

I, = 0,A, — DA,
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angle of one of the photons with respect to the incoming eack is the beam energy
(E =/5/2),9% = —2E%(1 — cosf) andq’'? = —2E?(1 + cos#). Since the two outgoing
photons are indistinguishables 6 is defined to be positive. Limits on the strength of the
e*ey coupling,x, are expressed as a functionmf [69].

The interaction Lagrangian of Equation F.1 leads to larggrdautions to the anoma-
lous magnetic moment of electrons and muons and the size abilpling 4, is therefore
already severely constrained by existing g-2 precisionsmesments [60]. In fact, limits
on « from g-2 measurements are approximately an order of madmibetter than limits
fromete™ — ~~ calculated using Equation F.2. It therefore does not apmdevant to
express limits on the strength of the coupling assuming alpuanagnetic interaction.

On the other hand, limits on the€ey coupling strength from the search for singly
produced excited leptons are calculated using the theatétamework described in Sec-
tion 2.3. The effective Lagrangian density describinglthleV interaction, Equation 2.8,
is chosen to have a chiral symmetry which protects StandadEMeptons from acquiring
large anomalous magnetic moments.

When expressed in terms of the physical gauge fields obsénveature using the
transformation of Equation 2.3, this Lagrangian densiagketo the following chiral mag-
netic vertex [6]

* e
Y = oA fy 0’0, (1 — s) (F.3)

whereg” is the momentum of the gauge boson dpdare defined in Equation 2.10-
2.12. Assuming this chiral conserving interaction, theptmg e*ey is less severely con-
strained since contributions to the electron and muon atmmanagnetic moments are
suppressed, by definition. It still however permits obsklealeviations in the process
ete” — ~vy which are not excluded by g-2 measurements. In additiontdifrom in-
direct searches expressed in this framework can be easitipa@ed and combined with
limits obtained from searches for singly produced excitedteons.

To achieve this, deviations from the Standard Madel~ — ~~ differential cross-
section need to be calculated assuming a chiral conseetvingcoupling. With the ex-
istence of excited electrons, the four diagrams shown inr€idr.1 are considered. The
differential cross-section is calculated using thi¢ V vertex given in Equation F.3 and
combined with the standard QED interactieh, LA,,. The excited electron propagator
is taken to be the usual fermion expression with a mass(+#q, +m,) /(g —m¢), where
g, is the momentum vector of the excited lepton. Summing oweptitgoing photon po-
larisations and neglecting the mass of the electron, thdtieg differential cross-section
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is
(@), - (@)
dQ2 o d® QED
+ O‘_Zﬁm? q* q'* 4 8 E*sin’6
4 A4 (qz_mg)z (qzz_mg)Z (qz_mg) (qzz_mg)

(F.4)

where the same notation as for Equation F.2 is used. Thergarrms of orde(fw/A)2
in Equation F.4 since the chiral conserving coupling ensthiat the excited electron dia-
grams do not interfere with the Standard Model diagrams.

Equation F.4 is now being widely used among the four LEP erparts [57] to
calculate constraints on the existence of excited elecirom studies of the process

ete™ — 7.
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