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Abstract

A search for evidence that fundamental particles are made of smaller subconstituents is
performed. The existence of excited states of fundamental particles would be an unam-
biguous indication of their composite nature. Experimental signatures compatible with the
production of excited states of charged leptons in electron-positron collisions are studied.
The data analysed were collected by the OPAL detector at the LEP collider. No evidence
for the existence of excited states of charged leptons was found. Upper limits on the prod-
uct of the cross-section and the electromagnetic branching fraction are inferred. Using
results from the search for singly produced excited leptons, upper limits on the ratio of
the excited lepton coupling constant to the compositeness scale are calculated. From pair
production searches, 95% confidence level lower limits on the masses 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 fundamental particles' of nature are
themselves composed of subconstituents of a new type of matter yet undiscovered. The
observation of excited states of fundamental particles would be an unambiguous indication
of their composite nature. Much like a hydrogen atom, the subconstituents would generate
a series of excitations, each of which would decay to the ground state, the known particles,
via the emission of radiation. A search for evidence of these excited states is performed
by looking for the simultaneous presence of emitted radiation and ground state particles
in electron-positron collisions.

The remainder of this chapter summarises our current understanding of the subatomic
world followed by a brief description of the work presented in this thesis. Chapter 2 intro-
duces the relevant aspects of the Standard Model of particle physics as well as details of
the theoretical framework used to interpret results of the analysis performed. The experi-
mental apparatus is presented in Chapter 3. Chapters 4 and 5 describe the selection criteria
that were developed to identify the experimental signatures relevant for this work and the
kinematic fit technique used to improve the sensitivity of the search. Results are presented
in Chapter 6. Chapter 7 summarises the work described in this thesis and presents a brief
outlook on the future of the subject.

! Fundamental particles are considered to be point-like and indivisible.
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1.1 Theory Overview

In order to determine if the current known set of fundamental particles are themselves
composite, it is important to understand their basic properties. The most familiar form of
matter is composed of two leptons, the electron (e) and electron neutrino (v,), and two
types of quarks, the up (u) and the down (d) quarks®>. These spin 1/2 particles, called
fermions, make up the first generation of matter. More exotic types of particles, observed
in cosmic rays or produced in high energy collisions, form the second and third genera-
tion. Table 1.1 shows some of the properties of the three generations of leptons and quarks.
Particles of different generations have identical properties except for their masses which
increases from one generation to the other. This three-fold replica of nature and mass
hierarchy are fundamental aspects of the Standard Model which are not currently under-
stood. In addition to the leptons and quarks presented in Table 1.1, there exists for every
particle a corresponding antiparticle with the same mass*. For example, the antiparticle of
an electron (e7) is called a positron (e*).

Particles interact with each other via the electromagnetic, weak and strong forces. Al-
though a fourth force exists in nature, the force of gravity, its relative strength between two
subatomic particles is more than 30 orders of magnitude smaller than the relative strength
of the other three forces and its effect can therefore be safely neglected. The electro-
magnetic force is responsible for the Coulomb attraction of oppositely charged particles.
Nuclear beta decay, on the other hand, is a phenomena accounted for by the existence of
the weak force. Finally, the strong force tightly binds together quarks to form particles
called hadrons. Leptons, such as the electron and electron neutrino, are particles that only
interact through the weak and electromagnetic forces. Each force is mediated by integer
spin particles called bosons. For example, the messenger of the electromagnetic force is
the photon, represented by the Greek letter ~v. The repulsive electromagnetic force be-
tween two negatively charged electrons results from the exchange of photons. Table 1.2
summarizes some properties of the known bosons and the force they mediate. Leptons
and bosons are considered to be fundamental building blocks of nature.

The Standard Model embodies our knowledge of how the fundamental building blocks

*Atomic nuclei are made up of protons and neutrons which are themselves made up of quarks. Protons
are bound states of two up and one down quarks while neutrons are composed of two down and one up
quarks.

3 Antiparticles are usually identified with a horizontal line over the corresponding particle’s symbol. The
electron antineutrino, for example. is written as 7.
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of our universe interact with each other. It forms a coherent and predictive framework that
has been tested to unprecedented precision. Yet, many aspects of the Standard Model re-
main unexplained. The observed mass spectrum of leptons and the well-ordered pattern of
generations, for example, were historically introduced in the Standard Model based on ex-
perimental observations. Additional shortcomings include the lack of a unified theoretical
framework that could describe all four forces.

Many different extensions of the Standard Model have been proposed over the years in
an attempt to address some of these issues. One such idea is based on the assumption that
leptons and quarks, thought to be fundamental buildings blocks of nature, could instead be
made of even smaller subconstituents. The substructure of these particles would be visible
only when probed at very small distance scales or alternatively, at very high energy*. One

natural consequence of lepton and quark compositeness would be the existence of excited
states of leptons and quarks.

1.2 Analysis Overview

The work presented in this thesis consists of a search for experimental signatures compat-
ible with the production and subsequent decay, via the emission of a photon, of excited
charged leptons (€*) in electron-positron collisions.

Excited charged leptons could be created in pairs (ete~ — ¢€*¢*) or singly in associa-
tion with a Standard Model lepton (e*e~ — ¢*¢)°. Such states would promptly decay to a
photon and a Standard Model lepton and thus cannot be directly observed. The invariant
mass® of the detected photon and Standard Model lepton should be equal to the mass of
the excited state. For excited states produced in a pair, the invariant mass of both photon
and lepton pairs should be equal.

A set of criteria was developed to select experimental signatures consistent with the
production of excited charged leptons. The sensitivity of the search is substantially en-
hanced by the use of a kinematic fit technique which improves the estimates of the energy

4To experimentally resolve small structures requires a small wavelength. In quantum mechanics. the
wavelength associated with a particle is inversely proportional to its momentum. Thus the higher the energy
of particles. the smaller scale that can be probed.

3To keep the notation simple throughout the thesis, the electric charge of leptons is often not explicitly
written. Charge conjugation is assumed. Thus, the notation ete™ — ¢*¢ implies both reactions ete™ —
*t¢~ andete™ — £ ¢F.

5The invariant mass of two particles is defined as m,, = \/(E, + E:)? — (p, + p.)*. where E,. E; and
p,. P, are the energy and momentum vector of the two particles.
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and direction of the particles detected. This information is used to precisely calculate the
invariant mass of each possible pair of lepton and photon observed.

The invariant mass of the excited lepton candidates is compared with predictions from
the Standard Model. No evidence indicating the existence of excited leptons is found.
The results of the analysis are used to calculate constraints on parameters describing the
properties of excited states in theoretical extension of the Standard Model. The limits
presented in this thesis are currently the most stringent constraints on the existence of
excited leptons.



Chapter 2

Theory

The first section of this chapter introduces particular aspects of the Standard Model most
relevant for the work presented in this thesis. This is then followed by general remarks
about some of the outstanding problems and shortcomings of the Standard Model. The
last section is devoted to the particular theoretical framework 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 theories: the electroweak model of
Glashow, Weinberg and Salam {1] which describes in a common framework both the
electromagnetic and weak forces, and the theory of quantum chromodynamics (QCD)
which offers a description of the strong force exclusively experienced by quarks. In-
teractions between particles are a natural consequence of the invariance of the quan-
tum field theories under a class of local symmetry transformations associated with the
SU@3). x SU(2). x U(l)y gauge group. The invariance of a theory under local gauge
transformations is a crucial property that ensures the renormalisability of a theory [2}, i.e.
the fact that physical observables such as the lifetime and production rate of particles are
finite quantities calculable to all energies and all orders in coupling constants. The quan-
tum mechanical description of particles is made invariant under some set of symmetry
transformations by introducing integer spin fields (gauge bosons) which couple to the par-
ticles. The local SU(3). symmetry transformation generates the strong interaction between
quarks which couples to the colour charge (c) of particles. Similarly, the electroweak force
is a result of the invariance of the theory under local SU(2), x U(1), transformations where
6
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the subscript L indicates that only left-handed fermions transform non-trivially under the
SU(2) group symmetry. The electroweak force is proportional to the weak isospin (7) and
weak hypercharge (Y) of particles defined such that Q = T; + ¥/2 where Q is the electric
charge and T3, the third component of weak isospin.

Fermion fields exist in two different chiralities, left and right-handed components.
Left-handed fields form weak isospin doublets while right-handed one only exist in weak
isospin singlets. For leptons of the first generation, the eigenstates of the electroweak

theory can be written as
Ly = ( Ve ) , Lr=er 2.1
e
L

where e and v, represent the electron and electron neutrino fields and the subscripts refer
to the eigenstates chirality. Table 2.1 summarises the quantum numbers of leptons of the
first generation which dictate their transformation properties under the SU(2), x U(l)y
symmetry.

By analogy to the formalism used in classical mechanics, the dynamics of particle
fields and their interactions are usually expressed, in quantum field theories, in terms of
a function called the Lagrangian density (£). As an example, the Lagrangian density
describing the interaction between two leptons and a gauge boson (V = v, Z°, W) can be
written as

- T Y - Y
Ly = Ly* [g;W,‘ +8 :,-B,‘:I Ly + Lgy* [g’-jB“] Lgr 2.2)

where 7 denotes the Pauli matrices', Y is the weak hypercharge, W,, = (Wi, W2, W})) and
B, are the gauge fields associated with the SU(2), and U(l), symmetry. These are related
to the physical gauge boson fields observed in nature by the transformation

1 2

wE = 7 (W, Fiw]) (2.3)
Z, = —B,sinfw+ W, cosfy (24)
A, = B, cosOy + W, sinfw (2.5)

where sin fy is called the weak mixing angle and is a free parameter of the Standard Model
which needs to be experimentally measured. The parameters g and g’ are the SU(2), and

'In group theory. the Pauli matrices are said to be the generators of the SU(2) group. They consist of
three linearly independent 2 x 2 matrices which satisfy the commutation relations [1;, 73] = 2i€; ;% 7 where
Y P y J J
€% represent the totally antisymmetric structure constants of the group.
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Lepton r T y ¢ Table 2.1: Quantum numbers of lep'ous

VeL 1 1 -1 0 of the first generation where T, T3, Y and

| | Q are the weak isospin, third component
“t : 7 bl of the isospin, the weak hypercharge and
er 0 0 2 -1 electric charge, respectively.

U(1), coupling constants. The interaction between two charged leptons and a gauge boson
can be equivalently described by the Feynman diagram shown in Figure 2.1 where the
arrows represent the flow of the electroweak current.

Fermions and bosons in the Standard Model are given masses by introducing a scalar
Higgs field [3] which spontaneously breaks the electroweak SU(2), x U(l1), symmetry of
the theory. This mechanism is needed as mass terms cannot be directly added ‘by hand’ to
the Lagrangian without spoiling gauge invariance. Instead, the coupling of the Higgs field
to the weak gauge bosons and fermions is found to generate the appropriate mass terms
without destroying the gauge symmetry of the theory. The symmetry of the Lagrangian is
simply hidden by the choice of a specific ground state or vacuum expectation value.

2.2 Beyond the Standard Model

The Standard Model has been extremely successful at describing the interactions between
particles observed in nature. It has so far been tested to an impressive one part in 10°.
Despite all its achievements, the Standard Model however remains somewhat of an ad hoc
theory which relies on the experimental measurements of many fundamental quantities
such as the masses of particles and their couplings. It also fails to explain the three-fold
pattern of fermion generations and the observed mass spectrum. Other shortcomings of
the Standard Model include the inability to explain the existence of left-handed doublets
and right-handed singlets as well as the lack of unification between all forces including

gravity.
¢ ¢ Figure 2.1: Feynman diagram of the in-
teraction between two Standard Model

SR % charged leptons (¢ = e, i, 7) and a gauge
N boson (V = ~.Z°).
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A number of models attempt to address some of the mysterious aspects of the Stan-
dard Model, albeit with varying degree of success. One approach postulates that particles
currently considered to be fundamental might instead be composed of smaller subcon-
stituents. Historically, in our understanding of nature from atoms to quarks, systems that
were originally thought to be fundamental building blocks of the universe have revealed
substructure when probed at increasingly larger energy scales. Fermions that are thought
to be point-like particles in the Standard Model could then appear to be made of smaller
constituents when studied at high energy. This unique approach to physics beyond the
Standard Model could explain in a natural way the pattern of fermion generations as well
as the observed mass spectrum.

2.3 Model of Excited Leptons

There have been various attempts at building a complete model of composite fermions [4].
It has however proved to be quite challenging to develop a model consistent with current
experimental observations and precision measurements. Despite the lack of a complete
model, searches for possible experimental consequences of fermion compositeness have
been and continue to be pursued. These searches are carried out in the framework of a low
energy approximation of what the complete and yet unknown theory might predict.

Experimental consequences of fermion compositeness could include the existence of
excited states of the Standard Model fermions. Much like the arrangement of subcon-
stituents in a hydrogen atom or a hadron results in bound states with properties different
than the ground states of the system, excited fermions are expected to exhibit unique char-
acteristics distinguishing them from the known Standard Model fermions.

The theoretical framework used in this thesis to calculate constraints on the exis-
tence of excited electrons (e*), muons (;1*) and taus (7*) is a phenomenological model (35,
6]. This model describes the possible interactions between excited leptons and Standard
Model particles without explicitly describing the nature and dynamics of the fermion sub-
constituents. Although this phenomenological model is described here only in terms of the
leptonic sector relevant for the present work, it is straight forward to extend the formalism
to include excited states of quarks.

Excited states of Standard Model fermions are assumed here to have both spin and
weak isospin 1/2, although other spin assignments have also been considered in the lit-
erature {7]. To accommodate the fact that the unobserved excited states must be much
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lepton Table 2.2: Quantum numbers of excited
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heavier than the Standard Model fermions, they are assumed to acquire their mass prior to
the spontaneous symmetry breaking of the Standard Model Lagrangian. Details of how the
masses of these excited states arise is not relevant for the low energy phenomenology in
the present theoretical framework. They should however be part of any model attempting
to describe the full dynamics of fermion constituents. In order to retain the fundamen-
tal SU(2), x U(l), gauge invariance of the Standard Model in the presence of additional
mass terms, excited states must exist in both left-handed (L) and right-handed (R) weak
isodoublets, unlike Standard Model fermions. For excited leptons of the first generation,
the two weak isodoublets can be written as

Li=(”i) , La=(”i) 2.6)
€ L € R

where e* and v represent the excited electron and excited electron neutrino fields respec-
tively.

Given the assumptions presented above, the quantum numbers of excited leptons are
fixed to the values given in Table 2.2. Furthermore, in order to be able to calculate exper-
imental observables such as the production rate and decay of these excited states, the two
interaction vertices shown in Figure 2.2 must also be introduced.

The interaction between two excited leptons and one gauge boson (L*L*V) is assumed
to have the same form and coupling strength as the corresponding Standard Model interac-
tion between two leptons and one boson. In addition, only excited leptons from the same
generation can interact with each other. Following closely Equation 2.2, the Lagrangian
density describing the L*L*V coupling is usually written as

— T Y . — T Y . )
Li-rov=L " [g—z—W# +g EB" Li + Lgy* [g;—Wp +g ;B“] Ly 2.7
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(a) (b)

Figure 2.2: Diagrams showing the interactions of charged excited leptons (¢* = e*, u*, 7*)
with Standard Model leptons (¢ = e, i, 7) and gauge bosons (V = v, Z°).

Given the composite nature of leptons in the present model, the interaction described
above should contain form factors to take into account deviations from a point-like interac-
tion due to the presence of subconstituents. However, for large value of the compositeness
scale, the effects of these form factors are negligible.

The particular choice of the interaction Lagrangian density describing the transition
between an excited lepton, a lepton and a gauge boson (L*LV) dictates not only the decays
of excited states but also, as will be discussed later, their single production in e*e” colli-
sions. The requirement that the interaction be SU(2), x U(l), gauge invariant uniquely
determines the coupling between a spin 1/2 excited lepton, a Standard Model lepton and
gauge boson to be of a tensorial nature [7]. A simple vectorial interaction similar to Equa-
tions 2.2 and 2.7 would not be gauge invariant under SU(2), symmetry as the right-handed
component of excited leptons forms a weak isodoublet which transforms differently from
the usual Standard Model right-handed weak singlet. Furthermore, in light of existing
constraints on the existence of excited leptons, described in details in Section 6.5, only
left-handed leptons are allowed to couple to excited states. A coupling without this chiral
symmetry would lead to large contributions to the anomalous magnetic moment of lep-
tons, in conflict with current precision measurements of this quantity. For these reasons.
the interaction between an excited lepton, a Standard Model lepton and a gauge boson

is usually described by the following chiral conserving SU(2), x U(1)y gauge invariant
Lagrangian density [5-7]

1 .. ., T R ¢
Low = 520" [8f W+ 1 3Bu|lu +

1. T Y .
ﬁLLU“u [gf 7 W + gf _2-3‘“'} Ly (2.8)
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where o is the covariant bilinear tensor’, W, and B,,, represent the Standard Model
gauge field tensors® and the couplings g, g’ are the SU(2), and U(l), coupling constants
of the Standard Model introduced in Section 2.1. The compositeness scale is set by the
parameter A which has units of energy. Finally, the strength of the L*LV couplings is
governed by the constants f and f’. These constants can be interpreted as weight factors
associated with the different gauge groups.

The only unknown parameters of the phenomenological model presented in this sec-
tion are the mass of excited leptons, the compositeness scale A and the strength of the
couplings fand f’. To reduce the number of free parameters it is customary to assume
either a relation between f and f’ or set one coupling to zero. For easy comparison with
previously published results, limits calculated in this paper correspond to the coupling
choice f = f’. As will be shown in the next section, this assignment is a natural choice
which forbids excited neutrinos from decaying electromagnetically.

Physical observables such as the production and decay rates of excited leptons are
calculated from the Lagrangians 2.8 and 2.7. Approximate expressions for these observ-
ables are presented below as an indication of the expected physical properties of excited
leptons. In the analysis presented in this thesis, efficiencies and expected distributions of
kinematical variables for excited leptons are instead obtained using the Monte Carlo event
generator EXOTIC based on the exact expressions for the production and decay rates.

2.3.1 Excited Lepton Decays

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

Neglecting the decay width of the gauge bosons (I'y — 0), the decay rate* into the

different gauge bosons can be approximated, for excited lepton masses larger than My, by
the following formula

3 2\ 2 2
am b MV MV
== —=f}{1- 1+ 2.9
4 A2V m? 2m?
tghY = ~PyY — 4Y~H where v* and v” represent Dirac matrices.

W =W, —-a.W,
*The branching fraction of a particle into a specific final state is defined as the ratio of the final state
decay rate to the total decay rate of all possible final states.
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where m, and My are the excited lepton and gauge boson masses respectively and the
quantities f,, are defined in terms of the parameters f and f’, the excited states electric
charge (Q) and third component of the weak isospin for left-handed states (75.)

f, = Of +Ta (f—f") (2.10)
1
fw = mf (2.11)

f = 4 T3 (cos® Oy f+sin Oy f') — 4 Q sin® Oy f’ 2.12)
z - 4 sinfy cosOw ' -t

The branching fractions of excited neutrinos (v*) are identical to that of excited
charged leptons (¢*) under the transformation f' — —f’. This symmetry is a direct
consequence of the weak isospin assignment of excited leptons. Figure 2.3 shows the pre-
dicted electromagnetic branching fraction of excited charged leptons and excited neutrinos
for different values of fand f’. As seen from Equation 2.10, the branching fraction for
excited charged leptons decaying into a lepton and photon vanishes for the special case
f= —f'. Alternatively, the electromagnetic branching fraction of excited neutrinos is zero
under the assumption that f= f'.

Figure 2.4 shows a comparison of the branching fraction of excited charged leptons
into each possible gauge boson as function of mass for two specific coupling assignments,
f=f"and f= —f'. These branching fractions were calculated from the complete formula
found in (3], without relying on the assumptions that led to the approximate decay rate
given in Equation 2.9. For excited charged lepton masses below the W= and Z° masses,
the electromagnetic branching fraction is 100% regardless of the values of the couplings
f and f', except for f = —f' which entirely forbids this particular decay. Given that the
electromagnetic branching fraction of excited charged leptons is non-negligible for most
values of f, f’ and the clean characteristic experimental signatures expected, the photon
decay constitutes one of the most sensitive channels for the search for excited leptons

2.3.2 Pair Production

Charged excited leptons could be produced in e*e” collision in pairs for masses up to
approximately half the centre-of-mass energy. The pair production would proceed through
the exchange of a photon or a Z° boson as presented in Figure 2.5(a). Excited electrons
could also be produced via the t-channel diagram shown in Figure 2.5(b). This production
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excited neutrinos for different values of 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 leptons as a function of mass for (a)
f = f"and (b) f = —f'. These figures equivalently represent the branching fraction for
excited neutrinos upon the substitution f’ — —f".
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Figure 2.5: Pair production of excited charged leptons via a (a) s-channel and (b) t-channel
diagrams.

mechanism, however, depends directly on two interactions between an excited electron, an
electron and a gauge boson. Given the existing constraints on the strength of this coupling
discussed in Section 6.5, the contribution of the r-channel diagram (Figure 2.5(b)) for the
pair production of excited electrons is much smaller than that of the s-channel diagram
and can be safely neglected.

The interaction described in Equation 2.7 therefore completely determines the pair
production rate, or cross-section, of excited leptons. Neglecting the decay width of the
heavy gauge bosons (I'y — 0), the pair production cross-section can be approximated as

o=

o) 2 . 2 52y 5,2
2re’ 53 _ g7 [l-{- 2 Ve Vg (@ +v2) vi 2.13)

3s 1—-M2/s (1 —M3/s)?

where a is the fine structure constant, Mz is the mass of the Z° boson, /s is the collision

centre-of-mass energy and 3 = /1 - 4m?/s. The constants v, v,- and a. are defined in
terms of the electric charge and weak isospin as

L 2TEY +2TSE —4Qsin? Oy 2.14)
efr = 4 sin Oy cos Oy -

= . 2.15
e 4 sin Oy cos Ow ( )

The pair production cross-section at a given centre-of-mass energy only depends on the
mass of the excited leptons. An example of the expected total cross-section for the pair
production of excited charged leptons as function of mass is presented in Figure 2.6.

The pair production of excited charged leptons followed by a prompt electromagnetic
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. Figure 2.6: Total cross-section (o) for
3 the pair production of excited charged
leptons as a function of mass (/m.) in
e*e” collisions at a centre-of-mass en-
ergy of 200 GeV.
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decay of each excited state would result in event final states, observed in the detector,
containing exactly two leptons of the same flavour and two isolated photon (¢¢++). The
search for pair produced excited charged leptons thus consists in identifying events of the
type eeyy, ppuyy and 7Ty,

2.3.3 Single Production

Excited charged leptons could also be produced in association with a Standard Model
lepton. In contrast with the pair production discussed in the previous section, excited
states with masses up to the centre-of-mass energy could be singly produced. The single
production of excited charged leptons would proceed via the exchange of a photon or a
Z° boson coupling directly to an excited state and a lepton as described by the Lagrangian
density of Equation 2.8 and shown schematically in Figure 2.7(a). In addition, excited
electrons could be produced via the t-channel diagram shown in Figure 2.7(b). Unlike the
pair production of excited electrons for which the contribution from this t-channel diagram
is relatively small, both diagrams shown in Figure 2.7 depend on the strength of the L*LV
coupling and thus contribute to the single production of excited electrons. The interaction
Lagrangian of Equation 2.8 dictates the single production rate of excited charged leptons.
Given the coupling assignment f = f’, the single production rate only depends on the
unknown quantity f/A and the mass of the excited state.

The complete equation describing the differential cross-section of singly produced
excited leptons will not be presented here as it is non-trivial and no: particularly enlighting.
It can however be found in (5] and [6]. Figure 2.8 shows the single production differential
cross-section expected for different excited charged lepton flavours. As a consequence of
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Figure 2.7: Diagrams contributing to the single production of excited charged leptons; (a)
s-channel and (b) t-channel diagrams.

the existence of the t-channel diagram (Figure 2.7(b)), excited electrons are expected to
be singly produced predominantly in the forward direction unlike excited muons and taus.
The total cross-section for the single production of excited muons or taus is given by

_ ma’p? B 2 2vef [z (@2 +v3) fF
TR (1'3)[f* 1—1\r;zz/s+(l—Mzz/s)2

(2.16)

where the quantities £, f, and v,, a. have been previously defined in Equations 2.10, 2.12,
2.15 and 2.14, respectively, and 3 = 1 —m?/s. The total cross-section for singly produced
excited electron is more complicated due to the additional contribution of Diagram 2.7(b).
For centre-of-mass energy greater than the Z° mass and keeping only the dependence on
the electron mass (/m.) in the leading terms, the total cross-section can be approximated to

20 S 2 1+ 3 s B2
= ra’f X 1-—-6) -3+ —Fg (L) . @
TETX PNz [( 3 f=-6 * 38 o8 m2(l—3)2 @17
- 10 £
) £
&
&1
g E Figure 2.8: Differential cross-
% 'L section of singly produced excited
_g : charged leptons with a mass of
10.2 C § 150 GeV at a centre-of-mass energy
/f of 200 GeV and assuming f/A =
I ST /reh S
-1 -0.5 0 0.5 1
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Figure 2.9 shows the total cross-section of singly produced excited charged leptons as
function of mass.

As can be seen from Equations 2.16 and 2.17, for f = f’, the total cross-section of
singly produced excited leptons is directly proportional to (f/A)%. Given existing con-
straints on the coupling parameters f/A, the production rate of singly produced excited
charged leptons is expected to be orders of magnitude smaller than that of pair production.
However, the single production search extends the kinematic reach of an experiment to
masses up to the centre-of-mass energy.

The prompt decay of excited charged leptons singly produced would lead to event
final states containing two leptons of the same flavour and one energetic photon (¢¢+).
Since excited electrons are expected to be predominantly produced in the forward region
of the detector, the electron produced in association with the excited state may be outside
the detector acceptance resulting in event final states containing only one electron and
one photon (e). The search for singly produced excited charged leptons which promptly

decay electromagnetically therefore consists in identifying events of the types eev, ev,
Lpy and 7.



Chapter 3
Experimental Environment

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

During its first phase of operation from 1990 to 1995, LEP produced millions of Z°
bosons which allowed physicists to study to unprecedented precision the various properties
of this particle and test the Standard Model to a precision better than one partin 10*. Phase
2 of LEP operation (LEP2) began in 1995 after major upgrades of various accelerator
components which increased the rate of collisions and the centre-of-mass energy. The
substantial amount of data recorded combined with the highest centre-of-mass energy ever
reached in e*e” collisions provided a unique environment to search for new phenomena
beyond the Standard Model.

This chapter first presents some details of LEP operation and describes the various
components of the OPAL detector relevant for this work. The recording of data and subse-
quent reconstruction of events are also briefly discussed. Finally, 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 in circumference storage ring com-

missioned in 1989. The ring consisted of eight 500 m long straight sections interspaced

with eight 2.8 km arcs. All LEP components were contained in a tunnel approximately

100 m underground. Electron and positron beams travelled in opposite directions inside an
19
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evacuated aluminum tube of about 10 cm in diameter. Dipole magnets guided the beams
around the arcs while focusing of the beams was achieved by various combinations of
quadrupole and sextupole magnets. The energy needed to accelerate and subsequently
maintain the two beams at the nominal collision energy was supplied by Radio Frequency
(RF) resonant cavities. Electrons and positrons circulating around the ring constantly lost
energy via the emission of photons. Each electron lost on average about 2% of its energy
from synchrotron radiation in one revolution around the ring. In its last year of running,
the LEP accelerating system consisted of 288 superconducting RF cavities (272 niobium-
coated copper and 16 pure niobium) and 56 conventional copper RF cavities providing
together a total RF voltage of about 3400 MV per revolution.

The two beams were made to collide at four specific points around the ring, at the
heart of massive detectors (ALEPH, DELPHI, L3 and OPAL) designed to record the rem-
nants of the collisions. During the accelerating phase, separator magnets located near
the interaction regions separated the two beams to avoid collisions. When the electron
and positron beams finally reached the desired energy, they were brought into collisions
by turning off the separator magnets. In addition, superconducting quadrupole magnets,
also located near the interaction regions, squeezed the beams down to a cross-sectional
size of approximately 10 um in the vertical plane and 250 um in the horizontal plane.
Such a small beam size was desirable in order to increase the collision rate. The rate of
a particular physics process is related to the beam intensity, or luminosity £, according
to Rate = L o, where o is the cross-section (or probability of occurrence) of a particular
physics process. Luminosities of 103> cm™2s~! were routinely achieved at LEP.

The entire CERN accelerator complex is shown in Figure 3.1. The LEP injection
system was designed to exploit the existing CERN accelerators. Electrons were initially
produced by an electron gun and immediately accelerated to an energy of 200 MeV using
a short linear accelerator (linac). A fraction of these electrons were then directed to a
tungsten target to produce positrons. Both the positrons and the remaining electrons were
further accelerated to 600 MeV by a second linac and stored in the electron-positron accu-
mulator (EPA). Pulses (or bunches) of electrons and positrons were stored in the EPA until
the next injection cycle of the Proton Synchrotron (PS). The PS, CERN’s oldest acceler-
ator, operated as a 3.5 GeV e*e” synchrotron. Electrons and positrons were subsequently
injected into the Super Proton Synchrotron (SPS). Both PS and SPS operated in a multi-
cycle mode whereby electrons and positrons were accelerated between proton cycles and
thus simultaneously provided both electron/positron and proton beams to various CERN
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experiments. The SPS boosted the energy of electrons and positrons to 22 GeV before
they were finally injected into the LEP ring. The final acceleration stage took place in
LEP where, since 1996, beams have been accelerated to energy greater then 80.5 GeV. In
its last year of running, beams up to 104.5 GeV were routinely successfully brought into
collision at the heart of the four LEP detectors.

The LEP storage ring mostly operated in a configuration where 4 bunches of electrons
and 4 bunches of positrons circulated simultaneously in the machine. Each bunch was
composed of approximately 45 x 10'° particles resulting in a total current circulating in
the machine of about 5 mA at the beginning of a collision cycle. As time went by during
a collision cycle, the particle density in each bunch decreased resulting in a decrease in
the collision rate. The ring was emptied of its remaining circulating particles when the
collision rate had decreased significantly, at which point it was more efficient to refill the
machine with new particles. In its last year of running, the highest collision energies were
reached using “miniramps”, a novel technique in which beams were further accelerated in
small incrementing steps while in stable collision mode. Using this technique, collisions
at a centre-of-mass energy of 209 GeV were achieved, an energy beyond the original
machine design of 200 GeV.

Many analyses, including the work presented in this thesis, rely on a precise measure-
ment of the collision energy. At LEP2, the beam energy was determined using nuclear
magnetic resonance (NMR) probes [9] located in dipole magnets around the LEP ring.
The 16 NMR probes were calibrated at lower energy using resonance depolarisation {10],
a technique that can only be used for beam energy less than approximately 60 GeV. Preci-
sion on the beam energy measurement is currently limited by the uncertainty on the linear
extrapolation to physics energy of the NMR probe readings. Other methods of measuring
the beam energy were used as consistency checks and as a mean of estimating various
systematic errors. In particular, a dedicated spectrometer [11] was installed in the fall
1999 with the aim of measuring the beam energy to a relative accuracy of one part in
10*. Studies of the spectrometer response necessary to achieve this goal are still ongoing.

The preliminary uncertainties on the beam energy for the data set analysed varies from
20-25 MeV.
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Figure 3.1: Schematic diagram of the accelerator complex at the CERN laboratory, show-
ing each component of the LEP injection system as well as protons/antiprotons and heavy

ions accelerators.
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3.2 The OPAL Detector

The OPAL (Omni-Purpose Apparatus at LEP) detector [12] was one of four multi-purpose
detectors at LEP. As shown in Figure 3.2, its cylindrical shape longitudinally aligned with
respect to the beam direction provided nearly full angular coverage of the interaction re-
gion'. Particles created in an e*e” collision traversed different components of the detector,
called subdetectors, as they travelled radially outward from the interaction region. In order
of increasing radius, the first subdetectors surrounding the beam pipe consisted of a set of
tracking devices which recorded the spatial position of charged particles as they moved
through the subdetectors’ volumes. A solenoidal coil wounded outside the tracking sub-
detectors provided a constant uniform longitudinal magnetic field of 0.435 Tesla within
the tracking volume. Surrounding the solenoidal coil, the electromagnetic calorimeter
measured the energy of electrons, positrons and photons. Other types of particles occa-
sionally deposited only a fraction of their energy in the electromagnetic calorimeter and
continued their journey outward, entering next the hadronic calorimeter. Most remaining
particles at this point deposited all their energy and stopped in the hadronic calorimeter.
Muons however usually continued on and escaped the detector volume after traversing the
outermost subdetector, called the muon chambers. In the following sections, subdetectors
particularly pertinent to this work are described in more detail.

3.2.1 The Central Tracking System

The central tracking system consisted of four subdetectors: a high resolution silicon mi-
crovertex detector, a small drift chamber, a large volume jet chamber and Z-chambers. To-
gether, these subdetectors provided information on charged particles momenta, track ver-
tices and particle identification through ionization energy loss measurements. Figure 3.3
shows a schematic diagram of the central tracking system where the size and position of
individual components can be inferred.

The silicon microvertex subdetector [13] was located in the small volume between the
beam pipe and the inner wall of the pressure vessel. It provided a precise starting point
for track reconstruction. This information is crucial for reconstructing possible secondary
vertices resulting from the decay of short-lived particles. The silicon microvertex detector

'"The OPAL coordinate system is defined to be right-handed, with the z-axis pointing along the electron
beam direction and the x-axis pointing toward the centre of the LEP ring. The polar angle 8 is measured

with respect to the z-axis and the azimuthal angle ¢ is given by a rotation about the z-coordinate from the
X-axis.
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Figure 3.2: Schematic diagram of the OPAL detector showing the layout of different com-
ponents.
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Figure 3.3: Schematic diagram of the OPAL tracking subdetectors. A Silicon microvertex
surrounds the beam pipe. The central vertex drift chamber, large volume jet chamber
and the Z-chambers are contained within a common pressure vessel which maintains a
pressure of 4 atmospheres .

consisted of two concentric cylinders made of flat rectangular “ladders’ arranged in a
slightly overlapping geometry as shown in Figure 3.4. Each ladder was made of back-
to-back pairs of silicon wafers oriented at an angle to each other in order to provide a
measurement of both the z and ¢ directions. Read-out electronics were located at both
ends of each ladder. As a charged particle traversed a layer of silicon, a small current was
produced and recorded as a “hit”. In the process of reconstructing the path of a charged
particle, hits in the silicon microvertex were associated with the information coming from
the other tracking subdetectors.

The central vertex detector, the jet chamber and the Z-chambers were drift chambers
of various geometries. They were all contained in a common pressure vessel and operated
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Figure 3.4: Schematic cross-sectional diagram of the OPAL silicon microvertex detector.

within an Argon/Methane/Isobutane gas mixture at a pressure of 4 bar.

Drift chambers consist of a gas filled volume across which thin sense (anode) wires
are strung and, together with cathode wires or planes, produce a constant electric field. As
charged particles travel through the volume of these detectors, they ionize the surrounding
gas. Electrons resulting from the gas ionization drift in toward the anode wires where
they cause an avalanche in the high electric field, resulting in electric pulses read out
from the ends of the wires. The particular gas mixture and pressure used to operate the
OPAL chambers were chosen to maximize the spatial resolution over the widest possible
momentum range and obtain precise measurements of a charged particle ionization energy
loss in the gas.

The central vertex detector [14] was a small cylindrical drift chamber of I m in length
and 23.5 cm radius. It consisted of an inner layer of axial wires strung longitudinally
and an outer layer composed of stereo wires mounted with a 4° angle between endplates.
The inner layer of wires provided a high resolution spatial measurement in the r-¢ plane
while the slightly off axis stereo outer wires allowed a measurement of the z coordinate.
A total of 18 hits (12 axial + 6 stereo) could be recorded for 92% of the full solid angle.
Originally designed as the main vertex detector of OPAL, it has mainly been used, after
the addition in 1996 of a higher resolution silicon microvertex detector, to match track
segments between the jet chamber and the silicon microvertex.

The main component of the tracking system was the large volume central jet cham-
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ber [15] measuring 4 m long and extending from an inner radius of 0.5 m to an outer radius
of 3.7 m. The chamber was composed of 24 identical pie shaped sectors each containing
159 longitudinally strung anode wires and two cathode wire planes forming the boundaries
between adjacent sectors. Anode wires were staggered by 100 um to resolve the left-right
ambiguity of a signal recorded on a given wire. Full three dimensional spatial information
was extracted from the position of the wire (r), the measured drift time of electrons to the
anode (o) and the ratio of the integrated charges at both ends of the wire (z). In addition,
the total integrated charges on a wire provided a measurement of a particle’s ionization
energy loss (dE/dx) in the gas.

A total of 159 wire hits along a charged particle trajectory in the jet chamber could
be recorded for 73% of the total solid angle. As charged particles travelled radially out-
ward, their trajectories were bent by the constant longitudinal magnetic field of the magnet
wound around the outside of the tracking detectors. The curvature of a track as measured
in the central jet chamber is directly proportional to the particle momentum component
transverse to the beam direction. Combined with a measurement of the ionization energy
loss in the gas, good particle identification could be achieved. Figure 3.5 shows the ioniza-
tion energy loss of different types of particles as function of their momentum. The charge
of a particle could be inferred from the direction of curvature in the magnetic field.

Finally, an accurate measurement of the z-coordinate of a particle trajectory was pos-
sible using the Z-chambers [17]. These 24 thin rectangular drift chambers were mounted
longitudinally around the outside of the jet chamber. Each chamber was 4 m long, 50 cm
wide and 59 mm thick. The Z-chambers covered the polar angle region between 44° and
136°. Unlike the vertex and central jet chambers, wires in the Z-chambers were strung per-
pendicular to the beam direction in order to precisely measure the z-coordinate of particles
leaving the jet chamber. A total of six layers of anode wires were positioned at increasing
radii. A spatial resolution in the z-direction better than 300 ;zm was achieved. A mea-
surement of the ¢ coordinate of a track is also obtained using a charge division method in
order to facilitate matching hits with tracks observed in the central jet chamber.

The combined performance of the tracking subdetectors resulted in 2 momentum res-
olution of 7,/p* =~ 1.6 x 10~ GeV ™' and a spatial resolution of the impact parameter in
the plane perpendicular to the beam axis (dg) of 21 pm.
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Figure 3.5: Scatter plot showing the measured ionization energy loss (dE/dx) of tracks
contained in hadronic and muon pair events. The solid lines show the energy loss predicted
by the Bethe-Bloch equation [16].

3.2.2 Calorimeters

Calorimeters are detectors that measure the energy of particles. The calorimetry system
of the OPAL detector consisted of electromagnetic and hadronic calorimeters, the main
components of which are described briefly below.

The energy of electrons, positrons and photons was measured by the electromagnetic
calorimeter [18] surrounding the tracking system. It was a total absorption calorimeter
made of lead glass® blocks and divided into a barrel part and two endcaps.

Electrons, positrons and photons entering the high density lead glass initiated an elec-
tromagnetic cascade of lower energy secondary particles until all the energy of the inci-
dent particle was completely absorbed. Cerenkov light produced by relativistic charged
particles in the shower was internally reflected and collected by photorultipliers glued to
each block. The energy deposited by a particle was proportional to the amount of light

>The lead glass used in OPAL has a composition of (% by weight) 23.90% SiO» and 74.80% PbO.
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collected. Each block represented the equivalent of 24.6 radiation lengths® of material
ensuring the full containment of most electromagnetic showers.

A total of 9440 blocks of lead glass made up the barrel part of the electromagnetic
calorimeter. Each block measured approximately 10 cm x 10 cm x 37 cm and weighed
about 20 kg. Blocks in the barrel were arranged in a nearly pointing geometry min-
imizing the probability of a particle traversing more than one block while preventing
neutral particles from escaping through gaps between blocks. Due to tight geometrical
constraints, each endcap consisted of an array of 1132 lead glass blocks mounted par-
allel to the beam line. The barrel and both endcaps together covered 98% of the total
solid angle. The energy resolution of the electromagnetic calorimeter was approximately
oe/E = 1.5% & 16%/VE[GeV] [19, 20] where the first term represents instrumental
uncertainties and the second corresponds to inherent fluctuations in the development of
electromagnetic showers. A spatial resolution for electromagnetic showers of about 5 mm
was also achieved.

The instrumented iron return yoke of the magnet, surrounding the electromagnetic
calorimeter, formed the hadronic calorimeter [21]. The hadronic calorimeter was used to
measure the energy of hadronic showers and help in identifying muons. This sampling
calorimeter, made of a barrel part and two doughnut-shaped endcaps, consisted of lay-
ers of 100 mm thick iron plates interspersed with limited streamer tube chambers. The
hadronic calorimeter corresponded to 4 interaction lengths* of material. Most particles
which penetrated through the 2.2 interaction lengths of material in front of the hadronic
calorimeter where absorbed before reaching the muon chambers. The energy of a hadronic
shower was estimated by combining the information from both the electromagnetic and
hadronic calorimeters. The energy resolution of hadronic showers was measured to be
oe/E = 17% + 85%//E [GeV] using pions from 7 decays [22].

The luminosity recorded by the OPAL detector was measured by two silicon-tungsten
calorimeters encircling the beam pipe at +2.385 m from the interaction region in the z
direction. Since the production cross-section of electron pair events at small angles is
well-known, the luminosity recorded by the OPAL detector could be calculated by sim-
ply counting the number of e*e” events observed in the silicon-tungsten calorimeters.
These two cylindrical sampling calorimeters covered the small polar angle region between

3A radiation length (X,) is defined to be the mean distance over which a high energy electron loses all
but l/e of its energy by bremsstrahlung.

*Length scale used to describe hadronic cascades defined to be \j = 35 gcm ™A 13,
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26 mrad and 59 mrad. They were made of 18 tungsten plates interleaved with 19 layers of
silicon wafers. In order to obtain a luminosity measurement to better than 0.1%, the elec-
tron trajectories had to be accurately measured. The chosen silicon-tungsten calorimeter

design allowed one to determine the radial position of electron showers in the calorimeters
to a precision of 0.2 mm.

3.2.3 Muon Chambers

The muon chambers [23] made up the outermost layer of the OPAL detector. Muons pri-
marily lose energy in matter by ionization. Therefore, they traversed the entire OPAL
detector without stopping, only depositing a small amount of energy in the electromag-
netic and hadronic calorimeters. The role of the muon chambers was to provide spatial
information on charged particles leaving the detector. Muons were identified by match-
ing hits in the muon chambers with tracks measured in the central tracking system. The
muon detection system was divided into a barrel part and two endcaps, together covering
93% of the total solid angle. The barrel section consisted of four layers of large area drift
chambers arranged in a slightly overlapping geometry to avoid gaps between chambers.
The endcaps were made of 4 layers of streamer tubes arranged perpendicular to the beam
direction to form an area of approximately 150 m? 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 software components which combine
information from different subdetectors and determine whether an event should be saved
for further analysis or rejected. At LEP, the crossing of electron and positron bunches at
the interaction region occurred at a frequency of 22 MHz. However, most of the time,
the electron and positron bunches simply passed through each other. Events, triggered
by activity in the tracking detectors and calorimeters, were recorded at a rate of approx-
imately 5 to 10 Hz. Approximately half of the recorded events were not from genuine
electron-positron collisions but from different sources of background such as beam-wall
collisions and cosmic rays. Digitized information from all subdetectors pertinent to an
event was merged into a single data structure of 10 kbytes on average. A software system
then performed a fast analysis of the selected events which permitted an online monitor-
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ing of data quality and subdetector’s performance. Events kept for further analysis were
archived both on 1.3 Gbytes magneto-optical disks and magnetic tape cartridges. Follow-
ing the archiving of events, a system of 14 dedicated Hewlett-Packard workstations fully
reconstructed raw detector information from each event into tracks and clusters of energy
ready for offline analysis. The fully reconstructed events were stored on disks for ease of
access. Data ready for offline analysis were available in less than one hour after collisions.

3.4 OPAL Data and Simulated Event Samples

The data analysed for the work presented in this thesis were recorded at centre-of-mass
energies between 183 GeV and 209 GeV during the LEP runs in the years 1997 to 2000.
The analysis is based on a total of 684.4 pb™ of data’ for which all relevant detector
components were fully operational. In order to accurately interpret the results in terms
of limits on excited lepton masses and couplings, the data were divided into 16 centre-
of-mass energy bins analysed separately. The energy range, luminosity weighted mean
centre-of-mass energy and integrated luminosity of each bin are summarised in Table 3.1.
In addition to the high energy data, approximately 10 pb™' of calibration data collected in
the year 1997 to 2000 at a centre-of-mass energy near the Z° mass were used to study the
detector response.

Distributions of various kinematical quantities and overall properties of events are
compared to the Standard Model predictions using Monte Carlo techniques [24]. Large
numbers of e*e” collisions were simulated by various Monte Carlo event generators which
output lists of four-vectors containing information on the final state particles for each sim-
ulated event. These four-vectors were then processed through a GEANT [25] simulation
of the OPAL detector and saved into a data structure similar to raw OPAL data. Finally,
simulated events were fully reconstructed using an identical procedure as that used for real
data. In some cases, corrections were applied to some Monte Carlo samples in order to
improve their modelling of real data. Comparisons between real data and simulated events
are crucial in understanding the physics of the underlying process studied. Efficiency cal-

culations and many estimates of possible systematic effects, for example, are carried out
using simulated events.

5The time integrated luminosity (J £ dt) is commonly used as a measured of the amount of data recorded
. . . . - - . - =9,
at a particle colliding experiment. It is expressed in units of inverse barns (b~!) where 1 barn = 10 > em?.

The number of events of a particular type collected by an experiment is given by the product of the integrated
luminosity and the cross-section of the process.
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Vsbinrange | < /s> L

(GeV) (GeV) | (pb™)
178.00 - 186.00 182.7 63.8
186.00 - 190.40 188.6 183.2
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 | 2039 1.5
204.25-204.75 | 204.6 9.7
204.75 - 205.25 | 205.1 60.0
205.25-205.75 | 205.4 3.6

205.75 - 206.25 | 206.1 14.3
206.25 - 206.75 | 206.5 107.3

206.75 - 207.25 | 206.9 5.7
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-mass energy and integrated luminosity
of each energy bin.

All dominant Standard Model processes occurring in e*e” collisions were simulated
using a variety of Monte Carlo event generators. In order to properly model the data,
simulated event samples were generated at 11 different centre-of-mass energies (183, 189,
192, 196, 200, 202, 204, 205, 206, 207, 208 GeV) approximately corresponding to the
energies at which most data were recorded. Table 3.2 lists all the Monte Carlo event
generators and the total effective luminosity combining all the samples at different centre-
of-mass energies used in this analysis.

The single (ete™ — £7¢) and pair (ete™ — £7£*) production of excited leptons were
simulated using the EXOTIC [37] Monte Carlo event generator. The matrix elements [38]
implemented in EXOTIC include all the spin correlations in the production and decay of
excited leptons as well as a complete description of the transition between 3-body to 2-
body decays. Samples of 1000 events were generated at different excited lepton masses
and centre-of-mass energies.
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Physics Event Luminosity
process Generator (fb™")
ete” — ete (v) BHWIDE [26] 9.47
ete” — et(e”)y TEEGG [27] 5.04
ete™ — utu=(v) KK2F [28] 99.11
ete™ — rt77(y) KK2F 101.99
ete™ — qq(vy) KK2F/PY6.125 [29] 34.15
ete™ — vi(y) NUNUGPYV [30] 80.63
ete™ — vy(v) RADCOR ([31] 23.66
ete™ — 4 fermions KORALW [32] 510.03
grcdf 2.1 [33]
ete™ — v~y — (ete™)ff | PHOJET [34] 43.96
HERWIG [35]
Vermaseren [36]

Table 3.2: Summary of event generators used to simulate the Standard Model processes
and the total effective integrated luminosity used in the analysis for each process combin-
ing all the different centre-of-mass energy samples.



Chapter 4
Selection of Candidate Events

This chapter describes the set of criteria used to isolate specific event types expected from
the production and subsequent decay of charged excited leptons. General requirements
applied to all types of events are first presented, followed by a description of the selections
designed to identify events containing two leptons and two photons (££+7), two leptons
and one photon (¢¢+) and one electron and one photon (ey). The selections presented here
were developed specifically for this analysis.

4.1 Preselection

Event final states expected from the production and electromagnetic decay of excited lep-
tons contain no more than two leptons and two photons. These events, in contrast with
multihadronic events!, contain a small number of observed tracks and energy clusters in
the detector, and are selected by requiring at least one but no more than six good tracks
in an event. Good tracks are defined as charged particle trajectories reconstructed from
a large number of hits on consecutive wires in the central tracking detector. Quality re-
quirements are also imposed on electromagnetic and hadronic energy clusters deposited
in the detector. The entire set of track and cluster quality requirements is summarised in
Appendix A.

Collisions between high energy electrons or positrons and remaining gas molecules
in the beam pipe or with the pipe itself can sometimes result in background in the detector.

'Events composed of many hadrons. These originate from quark producing processes such as ete™ —
qq. Due to the nature of the strong force. primary quarks combine with other quarks. created from vacuum
fluctuations. to form various types of hadrons in a process known as hadronisation.

34
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These beam-gas and beam-wall collisions mostly produce low energy secondary particles
that often get absorbed in the few inner layers of the detector leading to short reconstructed
tracks that do not point back to the e*e” interaction vertex. These background events are
substantially reduced by requiring that the fraction of the number of good tracks to the
total number of tracks reconstructed in the central detector be greater than 0.2

Cosmic rays travelling through or interacting in the detector are a further source of
background events. The background from cosmic rays is reduced to a negligible level
using the timing measurements from the time-of-flight counters and tracking information
from the central tracking detectors. Events are rejected if they are not in time with the
beam crossing or if reconstructed tracks do not point back to the interaction region.

Tracks and energy clusters are grouped together into ‘jets’ using the algorithm de-
scribed in [39]. Jets are formed by iteratively locking at individual tracks and energy
clusters, adding together the 4-momentum vectors of every additional object contained
within a cone of 0.25 radians about the direction of the track or cluster under considera-
tion. If the total energy contained in the cone is greater than 2.5 GeV, then the group of
tracks and energy clusters is identified as a jet. The procedure is repeated until all possible
jets in an event are found. A jet can, but is not required to contain one or more tracks. The
parameters defining a jet were chosen to maximise the efficiency at detecting excited lep-
ton events over the broadest possible range of masses and centre-of-mass energies. Events
containing between two and four jets, inclusive, are retained.

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

4.2 Jet Classification

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

lepton or a photon.
4.2.1 Photon Identification

Photons travelling through the OPAL detector do not leave hits in the central tracking
system owing to their neutral electric charge. They eventually stop in the electromagnetic
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calorimeter, depositing all their energy.

Jets containing a cluster of energy in the electromagnetic calorimeter and no tracks
are tagged as photons. To ensure that an electromagnetic energy cluster in a jet genuinely
corresponds to a particle, all photon candidates are required to contain a minimum amount
of energy equivalent to 5% of the beam energy. In the forward region of the detector,
photons travel through additional material such as the vertex drift chamber read-out plates
and various types of cables. This additional material increases the probability of photon
interactions and is difficult to model accurately. Therefore, to avoid poorly modelled
regions of the detector, all photon candidates must lie within | cos 8] < 0.9 to be considered
in the rest of the analysis.

At LEP2 energies, approximately 10% of photons interact with material in the detec-
tor prior to entering the electromagnetic calorimeter and convert to an electron-positron
pair. The characteristic signature of a photon conversion is the presence of two oppositely
charged tracks very closed to each other pointing to at least one cluster of energy in the
electromagnetic calorimeter. A neural network technique {40] developed to identify pho-
ton conversions is used to select these photons®. Jets are identified as a converted photon if
the most energetic track in the jet has a neural network output greater than 0.9, on a scale
from O to 1. To reduce the number of fake photon conversions, in particular from hadronic

particles, the associated energy deposited in the hadronic calorimeter must be less than
10% of the beam energy.

4.2.2 Muon Identification

A jet is considered a muon candidate if it contains exactly one track lying within the larger
angular acceptance of | cos§| < 0.95. Since muons do not produce electromagnetic show-
ers or interact strongly with matter, the forward region of the detector containing addi-
tional material is well modelled. Typically, muons deposit a small amount of energy in the
electromagnetic and hadronic calorimeters before traversing the muon chambers. Muon
candidates are required to contain less than 3 GeV of energy deposited in the electromag-

“The neural network [40] uses the information from 9 different variables to judge how likely a pair
of tracks resembles what is expected from a real photon conversion. The variables used as input to the
neural network are: the distance between the two tracks, the radius of the first measured hit of both tracks.
the radius of the reconstructed secondary vertex. the invariant mass of the pair assuming both tracks to be
electrons. the impact parameter of the reconstructed photon with respect to the primary vertex of the event.

the momentum of both tracks times the sign of their charge, the output of another neural network trained to
identify electrons applied to the partner track.
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netic calorimeter. For tracks pointing to the overlap region between the barrel and endcap
parts of the calorimeter, the amount of electromagnetic energy must be less than 5 GeV.
Furthermore, a muon candidate must either have hits in the muon chambers matched with
a track in the central detector or hits in the hadronic calorimeter associated with a track and
consistent with the particle being a muon. Muons that occasionally stop in the hadronic
calorimeter will generally deposit their energy in the last few layers of the calorimeter
without producing a large cascade of secondary particles typical of strongly interacting
particles. Thus, jets containing a minimum of four hits in the hadronic calorimeter of
which at least one is located in the last three layers, are considered muon candidates. In
addition, the number of strips per layer hit must be less than two corresponding to a very
small number of secondary particles produced.

4.2.3 Electron Identification

Electron candidates must contain exactly one track required to lie within | cos8| < 0.9 to
avoid, as for photons, poorly modelled regions of the detector. Electrons, unlike muons or
hadrons, generally deposit all their energy in the electromagnetic calorimeter. Thus, for
electrons, the ratio of the electromagnetic energy to the track momentum (£/p) is close
to unity. Jets considered as electron candidates must satisfy 0.8 < E/p < 1.2. Jets that
do not fulfill this requirement can still be selected as electrons if the output from a neural
network [40] designed to identify electrons is greater than 0.9. 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 decay to different numbers and types of
particles. Taus are not directly observed in the detector but only inferred by their decay
products. Taus decaying to leptons® are tagged as electron or muon candidates by the
criteria described above. Unidentified jets containing at least one track and lying within
| cos 8] < 0.95 are considered to be hadronically decaying tau leptons. Jets satisfying the
electron or photon requirements in the region 0.90 < |cos 6| < 0.95 are discarded from
the sample of tau candidates.

>The 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 leptons (¢*) 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 electromagnetically, three different
types of event final states are studied: ¢¢~-, ¢/~ and ey events. The particular characteris-

tics of each final state and the criteria used to identify these types of events are described
in the following sections.

4.3.1 Selection of ££~~ Final States

The production and subsequent electromagnetic decay of a pair of excited leptons would
result in events observed in the detector containing exactly two leptons and two photons.
A schematic diagram of this reaction is shown in Figure 4.1 where the flight paths of the
excited leptons have been exaggerated for illustrative purposes only.

Candidate events for the pair production of excited leptons are required to contain
exactly two lepton candidates of the same flavour and two photons in the event. Events
containing two leptons of a different flavour and two photons are selected as 77y~ candi-
dates.

For eeyv and ppy+ candidates, the sum of the energy of the two leptons and two
photons is expected to add up to the centre-of-mass energy of the collision. Figure 4.2
shows the distributions of the variable R.;s, defined as the sum of the energies of the two
leptons and two photons divided by the centre-of-mass energy. Candidate events are re-
quired to have a value of R,;; greater than 0.8 for eevyy and ppyy candidates and greater
than 0.4 for 77y~ candidates where some energy is lost due to the presence of neutrinos
in the event. This criteria almost completely eliminates background events from Standard
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Figure 4.2: Distributions of the sum of the energies of the two leptons and two photons di-
vided by the centre-of-mass energy (R.;s) for pair production candidate events. The points
represent the data from all centre-of-mass energies combined while the solid lines show
the total expected background from Standard Model processes. The dashed and dotted
lines represent an example of pair produced excited lepton events with arbitrarily chosen
masses of 40 GeV and 90 GeV, respectively, and with an electromagnetic branching frac-
tion calculated assuming a coupling over compositeness scale of f/A = 1 TeV™'. The
arrows indicate the position of each cut.
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Model two-photon interactions (ete™ — (e*e™)él or (e*e~)qq). Two-photon events typ-
ically contains particles produced in the forward region outside the detector acceptance
resulting in events with a large amount of missing energy.

The remaining background in the eeyy and ppyy samples is composed almost en-
tirely of Standard Model electron and muon pair events with more than one photon ra-
diated off the leptons. The background in the 77y sample consists mostly of radiative
7H7~ events and a small fraction of qq events. A total of 34, 8 and 13 events in the en-
tire data set are selected as eeyy, vy and 77y candidates, respectively. Examples of

candidate events of each type selected by the requirements described above are shown in
Figure 4.3.

4.3.2 Selection of £¢+ Final States

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

Events considered as ¢/ candidates must contain two lepton candidates of the same
flavour and at least one photon. In addition, events with two leptons of a different flavour
and at least one photon are tagged as 77+ candidates. If more than one photon is identified
in the event, the most energetic photon is chosen and the other one is ignored. Events
selected as candidates for the pair production of excited leptons by the criteria described
in the previous section are also considered as single production candidates.

Typical eey and upy events resulting from the single production of excited electrons
and muons are expected to have very little missing energy, i.e. the sum of the energies of
the two leptons and most energetic photon should approximately add up to the centre-of-
mass energy of the e*e” collision. Distributions of the quantity R,;, defined as the sum of
the energies of the two leptons and one photon scaled by the centre-of-mass energy, are
shown in Figure 4.5. Only eey and pu1y events with a value of R;s greater than 0.8 are
retained. Due to the presence of neutrinos produced in the decay of tau leptons, events
selected as 77+ candidates must have, instead, a value of R,;s greater than 0.4.

The observed discrepancies at small values of R,; in Figure 4.5(a) and (b) corre-
spond to a region where the background is dominated by leptonic two-photon events (
efe”™ — (ete™)¢f). The discrepancy is less pronounced in the 77 sample since ad-
ditional Standard Model processes, such as four-fermion and two-fermion interactions,
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ete™ — eeyy

ete” — uuyy

ete™ — 7Ty

Figure 4.3: Examples of eevy~, uuyy and 77y candidate events in the data selected by
the criteria described in the text. Each figure shows a cross-section of the OPAL detector
where each concentric circle represents the boundary of a detector system. The electron-
positron beams travel in the direction perpendicular to the plane of the paper and collide at
the centre of each picture. Lines travelling outward represent tracks produced by charged
particles. Light and dark grey boxes represent energy deposited in the electromagnetic and
hadronic calorimeters, respectively. The size of the boxes is proportional to the amount of
energy deposited. Arrows indicate hits in the muon chambers. The eey~, ppyy and 77y

events shown were recorded at a centre-of-mass energy of 188.7, 188.7 and 204.8 GeV,
respectively.
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¥ Figure 4.4: Schematic diagram representing the
Y, * production of an excited lepton in association with
e 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 values of R,;s. This mis-modelling does not af-
fect the analysis since the event final states of interest lie in a region of R that is well
modelled.

The background in the eey sample is further reduced by requiring that the angle be-
tween the most energetic electron and photon (6.) be greater than 90°. Figure 4.6 shows
the 6., distribution obtained for all data combined and for two different masses of excited
electron events. The expected angle 6., measured for signal events depends on the mass of
the excited electron produced. For masses close to the kinematic limit, the excited electron
would be produced almost at rest in association with a low energy electron, resulting in
its decay products travelling mostly back-to-back. Conversely, an excited electron with a
smaller mass would be produced with a non-negligible momentum fraction resulting in its
decay products being boosted in its momentum direction. The electron recoiling against
the excited electron, in this case, could also have higher energy than the electron produced
by the decay of the excited state. For small masses, the ., distribution expected from
the production of excited electrons is thus broader and has a smaller mean angle than for
larger excited lepton masses. The search for singly produced excited leptons primarily
focuses on excited states with masses greater than about 90 GeV, as smaller masses would
be observed in the pair production search. The cut position allows one to reduce the back-
ground from e*e” events without loss in signal detection efficiency for high excited lepton
masses.

The sample of 77+ events contains background from e*e™ and 1+ 1.~ events where one
electron or muon is misidentified. Electron pair events deposit most of their energy in the
electromagnetic calorimeter while muon pair events deposit only very little energy. Since
tau leptons decay to different types of particles, 77 events are expected to contain on av-
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Figure 4.5: Distributions of the sum of the energies of the two leptons and one photon
divided by the centre-of-mass energy (R.;s) for ¢~ candidate events before applying se-
lection cuts. The points represent the data from all centre-of-mass energies combined
while the solid lines show the total expected background from Standard Model processes.
The dashed and dotted lines represent an example of excited lepton events with arbitrarily
chosen masses of 90 GeV and 180 GeV, respectively, and with an electromagnetic branch-

ing fraction calculated assuming a coupling over compositeness scale of f/A =5 TeV™".
The arrows indicate the position of each cut.
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Figure 4.6: Distributions of the angle between the photon and most energetic electron for
eey events. Selection criteria have been applied in the order they are described in the text,
up to the requirement on the quantity cos fe,. The points represent data from all centre-of-
mass energies combined and the solid line shows the background expected from Standard
Model processes. The dashed and dotted lines represent an example of excited lepton
events with an arbitrarily chosen mass of 90 GeV and 180 GeV, respectively, and with an
electromagnetic branching fraction calculated assuming a coupling over compositeness
scale of f/A = 5 TeV~'. The arrow indicates the position of the cut.

erage an amount of electromagnetic energy equivalent to about 50% of the centre-of-mass
energy. Figure 4.7(a) shows the total amount of energy deposited in the electromagnetic
calorimeter scaled by the centre-of-mass energy (EEM /./5). The background from both
e*e” and utu~ events in the 77y sample is reduced by requiring that the total energy de-
posited in the electromagnetic calorimeter be between 20% and 80% of the centre-of-mass
energy.

The total momentum of 77+ candidates often does not appear to be conserved due
to the presence of neutrinos produced in tau decays. The missing momentum vector of
an event is defined as the vector pointing in the opposite direction to the total momentum
component from all the visible particles in an event. The 77 events can have a missing
momentum vector pointing in any direction. At LEP2 energies, events from Standard
Model processes producing two fermions in the final states often contain an initial state



CHAPTER 4. Selection of Candidate Events 45

Events/0.04

Events/0.025

10 0 01 02 03 04 05 06 07 08 09 ' 1

|cos8,..|

Figure 4.7: Plots of the total energy deposited in the electromagnetic calorimeter and the
polar angle of the missing momentum vector for 77y events. Selection criteria are applied
in the order they are described in the text, up to the requirement on the variable plotted.
The points show the distribution obtained from data combining all centre-of-mass ener-
gies and the solid lines represent the corresponding background expectation from Standard
Model processes. The dashed and dotted lines show an example of excited lepton events
with an arbitrarily chosen mass of 90 GeV and 180 GeV, respectively, and with an elec-
tromagnetic branching fraction calculated assuming a coupling over compositeness scale
of f/A = 5 TeV~'. The arrows indicate the position of the cuts.
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Background

| Cut | Data Total [e'e’(7) | ptu=(3) | 777~ (7) | other
eey
2 electrons + > | photon | 1752 | 1715 £ 13 1671 0 18 26
Ruis 1440 | 1507 = 12 1497 0 l 10
O~y 1317 | 1374 £ 11 1364 0 1 9
By
2 muons + > 1 photon 424 363 £ 2 0 339 12 12
Ruis 235 256 +£2 0 252 1 3
TTY
2 leptons + > 1 photon 1600 | 1417 £ 19 596 68 309 | 445
Ryis 963 1006 + 8 595 67 267 77
Eca/ Vs 447 | 449 +4 93 47 250 | 60
| coS Opmiss| 283 292 £2 17 33 209 33

Table 4.1: Numbers of selected events in the data and expected background from Standard
Model processes in the eev, puy and 77y samples combining data from all the centre-of-

mass energies and after applying each cut. The statistical error on the total background
expectation is shown.

photon emitted along the beam pipe. The missing momentum vector of these types of
events thus points in the forward region of the detector. In order to reduce the background
in the 77 sample from such events, the polar angle of the missing momentum vector is
required to lie within | cos Opiss| < 0.9. Figure 4.7(b) shows the | cos ;55| distribution of
777 events with all other cuts applied.

Table 4.1 shows the number of selected events in the data and expected background
from Standard Model processes in the eev, puy and 77y samples after applying each
cut described above. The remaining background in the eey and ey samples consists
almost exclusively of radiative e*e™ and u*u~ events while the background in the 77+
sample consists mostly of radiative 77~ events and a small fraction of e*e”, u*p~ and
qq events.

4.3.3 Selection of e~ Final State

Excited electrons are predominantly singly produced via a t-channel diagram. This pro-
duction mechanism results in a large fraction of excited electrons 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 Standard Model electron often outside
the detector acceptance. Figure 4.8 shows a schematic diagram of this type of interac-
tion. A separate selection for events with only one electron and one photon in the final
state (ey) was thus developed to increase the efficiency for the search of singly produced
excited electrons.

Candidate events are required to contain at least one photon and at least one electron.
Additional jets in an event, if present, are ignored. All events selected by the set of general
requirements discussed in Section 4.1 but that fail the eevy selection are considered as
possible ey candidates. This requirement is necessary to avoid double-counting of events
when combining results from the eey and ey selections in order to calculate a limit on the
production rate of excited electrons.

The amount of visible energy in the detector is expected to be sufficiently large to
distinguish candidate events from the two-photon background. A plot of the sum of the
energies of the electron and photon divided by the centre-of-mass energy (Ry;s) is shown
in Figure 4.9(a). Candidates events are required to satisfy R,is > 0.4.

The dominant source of background in the ey sample is from Standard Model e*e”
events. A requirement on the angle between the electron and the photon (6., ), identical to
that described in Section 4.3.2, reduces the number of e*e™ events selected with minimal
loss in signal efficiency. Figure 4.9(b) shows the distribution of the angle between the
electron and photon for data from all the centre-of-mass energies combined. Candidate ey
events must satisfy cos e, < 0.

In e*e” events produced at small angle, it is possible for one of the electrons to be
misidentified as a photon, resulting in the event being selected as an ey candidate. Part of
this background contamination is reduced by rejecting events where the identified photon
lies in the forward region of the detector (| cos 6, | < 0.8). A plot of the photon polar angle
of ey candidate events is shown in Figure 4.9(c). In addition, events are rejected if the
photon is identified as a conversion.
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Figure 4.9: Distributions for e events of (a) the sum of the energies of the electron and
photon divided by the centre-of-mass energy, (b) the cosine of the angle between the
electron and photon and (c) the absolute value of the cosine of the photon polar angle. Se-
lection criteria are applied in the order they are described in the text, up to the requirement
on the variable plotted. The points with error bars show the distributions of data obtained
by combining all the centre-of-mass energies and the solid lines represent the expected
background from Standard Model processes. The dashed and dotted lines show an ex-
ample of excited lepton events with an arbitrarily chosen mass of 90 GeV and 180 GeV,
respectively, and with an electromagnetic branching fraction calculated assuming a cou-

pling over compositeness scale of f/A = | TeV~'. The arrows indicate the position of
each cut.
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Background
Cut Data Total ete’(y) | utu~(v) | 777 (v) | other
2 1 electron + > 1 photon | 8970 | 7227 £ 35 | 6422 4 147 | 654
Ryis 4560 | 4614 £ 26 | 4423 2 72| 118
Ocy 2971 | 2880 +£ 20 | 2698 2 67 113
| cosd, | 1795 | 1779 £ 16 { 1653 1 51 75
conversion veto 1601 | 1608 £ 15 | 1492 | 48 68

Table 4.2: Number of selected events in the data and expected background in the ey sample
for all centre-of-mass energies combined after applying each cut. The statistical error on
the total background expectation is shown.

Table 4.2 shows the number of data and expected background events, from all centre-
of-mass energies combined, selected after applying each cut described above. The remain-
ing irreducible background in the ey sample consists almost entirely of e*e” events.




Chapter 5

Kinematic Fits

This chapter explains the kinematic fit technique used to improve the sensitivity of the
search for excited leptons. A general description of this technique is first presented, fol-
lowed by details of the particular implementation used in this analysis. This is the first
time kinematic fits are used in the context of a search for excited leptons. The devel-

opment and implementation of the fits used in this analysis are the original work of the
author.

5.1 Moetivation

The existence of excited leptons would reveal itself as an excess of events with identical ¢~y
reconstructed invariant mass. A kinematic fit technique is used in this analysis to improve
the estimates of the energy and direction of the particles in an event. This information is
then used to calculate precisely the invariant mass of each possible ¢+ pair in an event.
The improvements in the mass resolution result in an increase in the search sensitivity and
discriminating power between background and excited lepton events.

5.2 General Principles

A kinematic fit is a technique used to improve the values of measured parameters and
provide estimates of unknown quantities by exploiting the known physical properties of

the observed process. The technique consists of finding the optimal solution to a set of
equations satisfying external constraints.
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Given a set of measured parameters & with an associated covariance matrix V, the
problem consists of finding a new set of parameters « that minimises

Y=@G-a)"V'(@a-a) 5.1)

but also satisfies the set of constraint equations given by g(a,p) where p is a vector of
unmeasured parameters. The superscript T represents a transposed vector. The constraint

equations can be incorporated in the problem using Lagrange multipliers [41], A, and the
function to minimise becomes

L=(a-a)"V'(a-a)+2ATgla,p) . (5.2)

The new parameters o, p and A that minimise this function are in general found using an
iterative procedure. The initial estimates of both measured and unmeasured parameters
are updated, at each iteration, by small corrections until some criteria of convergence are
achieved. The criteria of convergence should ensure that a minimum in the function L is
reached and that the constraints equations are satisfied. In this analysis, a kinematic fit
is chosen to converge when Ax?/x* < 107, A(2ATg) < 107 and 2A\Tg)/x? < 107
where A represents the change in a given quantity between two iterations. The solution to
this minimisation problem is described in Appendix B.

When the convergence criteria are satisfied, the function L reduces to the y? value
of the measured parameters. This x> value is often used to test the goodness of the fit by
quoting the probability that the physical process studied would lead to a x* value worse
(i.e. greater) than the one obtained. This probability is defined as

P= [ flz.n)dz (5.3)
.

where the function f(z, n) is the x* distribution with n degrees of freedom. The number of
degrees of freedom in the type of problem studied here is given by the number of constraint
equations minus the number of unmeasured parameters. The probabilistic interpretation of
the x* value is only valid if, as it is usually the case, the distribution of the residuals (& —
o) does not deviate strongly from a Gaussian distribution. The data are usually deemed
consistent with the fit assumptions when the probability is greater than approximately
6 10~ or 6 x 10”7 (or equivalently 4 to 5 standard deviations for a Gaussian distribution).

The value of the cut on the probability distribution should be carefully chosen as to
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not bias the sample of selected events by preferentially rejecting events with a particular
kinematic configuration such as, for example, low momentum tracks. A linear plot of the
probability distribution of a kinematic fit should be flat with a peak near zero correspond-
ing to background physics processes. The uniformity of the probability distribution is an
indicator that the input parameters of the fit are not biased and that their errors are cor-
rectly estimated. Reliable estimates of parameters are obtained 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 parameters taken as input to a kine-
matic fit generally consist of the energy and direction of each particle in the event. In
addition, an estimate of the error on each measured parameter is needed to calculate the
covariance matrix used in the fit. In this analysis, the correlations between the different
measured quantities are small and hence neglected. As a consequence, the covariant ma-
trix V is diagonal. The following sections describe in detail the specific input quantities
used in the kinematic fits for each type of jet.

The measured centre-of-mass energy of each event is also treated as an input parame-
ter of the fit. This is a unique feature of the fits performed in this analysis. The uncertainty
on the centre-of-mass energy is taken to be the LEP centre-of-mass energy spread which
is approximately 250 MeV [9]. The expected mass resolution of excited leptons is of the
same order of magnitude as the spread in centre-of-mass energy. Thus this method en-
sures that results from a kinematic fit do not lead to mass resolutions better than what is
experimentally achievable.

5.3.1 Photon Candidates

The energy of photon candidates is taken to be the energy contained in the jet deposited in
the electromagnetic calorimeter. Since photons do not leave tracks in the central detector,
the direction, expressed in terms of the polar (#) and azimuthal (¢) angles, is given by the
position of the observed electromagnetic energy cluster.

The resolutions and uncertainties of the energy and position of an electromagnetic
cluster are measured using electron pair events, as described in Appendix C. Photons are
expected to have similar properties to electrons. The energy resolution is typically 2 GeV
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for a 45 GeV photon and the angular resolution is approximately 4 mrad in § and 3.5 mrad

in ¢.

5.3.2 Eiectron Candidates

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

The direction of electron candidates is given by the polar and azimuthal angles of the
reconstructed track in the central detector contained in the jet. Appendix C describes in
detail a parameterisation of the angular resolution performed using events containing two
back-to-back tracks. The uncertainties on the measured polar and azimuthal angles of a
track are obtained from this parameterisation of the tracking detector 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 momentum, polar and azimuthal
angles of the track contained in jets identified as muons. The error on the track momentum
as obtained by the OPAL track reconstruction fitting algorithm was found to be a good
estimate of the tracking detector momentum resolution and is therefore used as input to
the kinematic fit. For muon candidates selected in this analysis, the uncertainty on the
track momentum is approximately 5 GeV for a 45 GeV muon. The uncertainties on the

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

5.3.4 Tau Candidates

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

The energy deposited in the detector is not representative of the actual tau energy due
to the presence of undetected neutrinos produced when a tau particle decays. Thus, for
kinematic fits performed on 77+ and 77+ events, the energy of the two jets assumed to
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originate from tau leptons is treated as an unknown parameter. The jet energy is only used
as an initial estimate of the tau energy.

Despite the production of neutrinos in tau decays, the axis of the observed decay
products is in general a good estimate of the tau direction. This is especially true for
high energy taus where the decay products are strongly boosted in the tau flight direction.
The polar and azimuthal angles of a jet main axis are used as input to the kinematic fits.
An estimate of the uncertainties on the polar and azimuthal angles due to the presence of
additional undetected neutrinos as well as from the finite detector resolution are obtained
from studies of tau pair events as described in Appendix C. It was determined that the
direction of a tau is known to approximately 7 mrad in both polar and azimuthal angles.

5.4 General Constraints

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

The three constraint equations requiring the total momentum of each event to be con-
served can be mathematically written in terms of the kinematic fit input variables as

n

g = Y_p sinb cosg; =0 5.9
i=1
n

8 = Z D; sinf; sing; =0 (5.5
i=1
n

g = D p;cosb=0 (5.6)

i=l1

where the scalar momentum of a particle is related to its mass and energy through the
relation p = \/E*> — m2. The sum runs over the number of particles n considered in the
event.

Conservation of energy is enforced by requiring events to satisfy the constraint equa-
tion

n
8= E—\s=0 (5.7

i=1
where E; are the energy of each particle in the event and /s represents the centre-of-mass

energy of the e*e” collision which is treated as a fit parameter and thus allowed to vary
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 kinematic fits applied to each type of event
final state. Since the direction of the particles is in general more precisely known than their
energy, the angles of the particles in an event usually determine whether a kinematic fit
will or will not converge under a given set of constraints. In this analysis, events are judged
consistent with an the physics process considered if the fit probability is greater than 0.001.
The value 0.001 is chosen to retain a maximum number of events while rejecting the ones

that are obviously incompatible with the final states of interest. Distributions of various fit
probabilities are presented later.

5.5.1 Kinematic Fits for £+~ Events

For pair produced excited lepton events, the reconstructed invariant mass of the two ¢y
pairs originating from the decay of each excited lepton should be equal within the precision
of the detector’s measurements. Thus, in addition to the general constraints described
above, ¢~ events are also required to satisfy

85 = Mgy — My,

= (B, + Ey)? = (py, +P,)? — \/(Ee, + Ev,)? — (s, +P,,)* (5.8
0

where the subscripts are used to identify each lepton and photon in the event. For each
event, two kinematic fits are performed corresponding to the two possible ¢~ pairings used
to calculate the invariant masses. The constraint equation g5 in the second fit performed is
obtained by simply interchanging changing ¢, « ¢.

In high energy e"e” collisions, initial state photon radiation is often produced, re-
ducing the effective centre-of-mass energy of the collision. These photons are generally
emitted nearly collinear to one of the beams, escaping detection. In order to account for
this physical phenomenon, an additional kinematic fit, for each ¢~ pairing, is performed
assuming the presence of an undetected initial state photon along the beam axis. The mo-
mentum of the photon in the x and y direction is assumed to be zero while the z component
(pz) is treated as an unknown parameter of the fit. An initial estimate of p- is calculated by
enforcing conservation of momentum in the z direction. The angular region allowed for
initial state photon is expressed in terms of the parameters dx and v which represent small
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distances away from the beam axis in the x and y direction as measured at the entrance
of the endcap electromagnetic calorimeter. In the kinematic fit, the quantities dx and dy
are treated as measured parameters with initial values of zero and variances given by the
radius of the beam pipe.

For each selected ¢¢v~ event, a total of four kinematic fits are therefore performed:
one fit with and without assuming the presence of an initial state photon radiation for each
two possible ¢+ pairings. Only one fit per event is chosen. If every kinematic fit attempted
fails to have a probability greater than 0.001, then the event is rejected. When more than
one successful kinematic fit is obtained for an event, then the fits performed without the
presence of an initial state photon radiation are first considered. The £+ pairing giving the
highest successful fit probability without the presence of an initial state photon is chosen
regardless of the probability of the other fits. Otherwise, the v pairing giving the highest
probability assuming the presence of an initial state photon is chosen.

This algorithm for choosing the most appropriate kinematic fit is constructed to min-
imise distorticns of the invariant mass distribution of signal events from a pure Gaussian.
By construction, events for which a fit without an initial state photon converges, also suc-
cessfully pass the corresponding fit assuming the presence of an additional photon down
the beam pipe. In the second case, the initial state photon is simply assigned a small
amount of energy. These types of events, however, do not contain a genuine initial state
photon and the reconstructed invariant mass would be smaller than the actual invariant
mass since some energy is assigned to the initial state photon. This effect is clearly shown
in Figure 5.1. To obtain the best estimate of the actual invariant mass of each ¢+ pairing,
the fit without assuming the presence of an initial state photon is therefore favoured. Re-
sults from the fit with an additional photon along the beam axis are only chosen when other
fits fail. This indicates that the event most likely contains a genuine initial state photon
and that the reconstructed invariant mass represents the actual mass of the ¢~ system.

Figure 5.2 shows the probability distributions of the chosen fit for eevv, ppyy and
777y events. Since no Standard Model processes consistently produce events with two
identical ¢y invariant masses, only a very small fraction of £/v+ events have at least one
successful fit. The requirement on the kinematic fit probability (P > 0.001) reduces the
number of selected events by more than 70%. The expected mass resolution of excited
lepton events depends on the mass of the excited lepton and on the centre-of-mass energy.
Typical mass resolutions of 0.2 GeV, 0.2 GeV and 0.8 GeV are obtained for excited elec-
trons, muons and taus, respectively. The use of kinematic fits improves the expected mass
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resolution of pair produced excited leptons by more than an order of magnitude.

5.5.2 Kinematic Fits for £~ Events

Events selected as candidates for the single production of excited leptons are only required
to satisfy the general constraints of energy and momentum conservation. Following the
same approach as outlined in the previous section, a total of two kinematic fits are per-
formed for each £/~ event. In the first case, only the two leptons and one photon are
included in the fit. In the second case, the fit is performed assuming the presence of an
initial state photon radiation along the beam axis. If both fits attempted fail to have a prob-
ability greater than 0.001, the event is rejected. If more than one fit successfully converges,
the fit performed without the presence of an initial state photon is chosen given that the fit
probability is greater than 0.001. Otherwise, results from the fit performed assuming the
presence of an additional photon along the beam axis is used. The kinematic fit performed
without assuming the presence of an initial state photon is favoured in order to reduce bias
in the £~ reconstructed invariant mass as shown in Figure 5.3.

Figure 5.4 shows the probability distributions of selected ¢¢~ events where the prob-
ability is taken to be that of the chosen fit on an event by event basis. The requirement on
the fit probability reduces the number of selected events by about 10%. Approximately
30% of these events are selected assuming the presence of an initial state photon. Using
results from the chosen fit, mass resolutions of approximately 0.35 GeV, 0.4 GeV and
1.8 GeV are obtained for excited electrons, muons and taus respectively, which amounts
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Figure 5.2: Probability distributions of the chosen kinematic fit for (a) eevy, (b) uuyy
and (c) 77 events. The points are data and the solid lines show the total expected back-
ground from Standard Model processes. The right most bin of each histogram represents
events for which all the fits attempted failed. The dashed and dotted lines are the distri-
butions expected from pair produced excited leptons with masses of 40 GeV and 90 GeV
respectively. The normalisations of the signal histograms are reduced by a factor of 0.01
in order to fit on the plots. The arrows indicate the accepted regions. The following distri-
butions plotted as a linear function of the probability are flat with a sharp peak near zero
as expected.
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to an improvement of more than an order of magnitude with respect to values obtained
without a kinematic fit.

5.5.3 Kinematic Fit for ey Events

A single kinematic fit is performed on selected ey candidate events. In addition to energy
and momentum conservation, the kinematic fit also requires the presence of an undetected
electron along the beam axis. This electron is described in the fit by the parameters p,,
dx and Jdy, identical to the ones used to simulate the presence of an initial state photon
radiation as described above. The only difference is that this additional particle, instead
of being treated as massless, is given the mass of an electron. The fit probability distri-
bution for ey candidates is shown in Figure 5.5. Events that fail to obtain a probability
greater than 0.001 are rejected. The number of selected candidate events is reduced by ap-
proximately 10% as a result of the fit probability requirement. Mass resolutions between
approximately 0.5 and 0.9 GeV are achieved using resuits from the fit. This constitutes an

approximately five-fold improvement on the mass resolution obtained without the help of
a kinematic fit.
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Figure 5.4: Probability distributions of the chosen kinematic fit for (a) eev, (b) wuy and
(c) 77y events. The points are data and the solid lines show the total expected background
from Standard Model processes. The last bin of each histogram on the right represents
events for which all the fit attempted failed. The dashed and dotted lines are the distribu-
tions expected from singly produced excited leptons with masses of 90 GeV and 180 GeV
respectively. The signal histograms are normalised to a ratio of the coupling constant to
the compositeness scale (f/A) of 1 TeV ~'. The arrows indicate the accepted regions. The

following distributions plotted as a linear function of probability are flat with a sharp peak
near zero as expected.
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Figure 5.5: Probability distribution of the kinematic fit for ey events. The points are data
and the solid line shows the total expected background from Standard Model processes.
The last bin on the right represents events for which the fit did not converge. The dashed
and dotted lines are the distributions expected from singly produced excited electrons with
masses of 40 GeV and 90 GeV, respectively. The signal histograms are normalised to a
ratio of the coupling constant over compositeness scale (f/A) of 1 TeV~'. The following

distribution plotted as a linear function of probability is flat with a sharp peak near zero as
expected.



Chapter 6

Results

The first section of this chapter summarises results obtained after applying the event se-
lections and kinematic fits described in Chapter 4 and Chapter 5. The procedure used to
interpret the results and calculate constraints on parameters of the excited lepton model
are then described in detail. The last part of the chapter is devoted to a comparison of the
limits calculated in this thesis to existing bounds obtained by other experiments.

6.1 Results

After applying the event selections and kinematic fits described in Chapter 4 and Chap-
ter 5, the numbers of events observed in the data and the corresponding numbers of back-
ground events expected from Standard Model processes are presented in Tables 6.2 and
6.1. Both the statistical and systematic uncertainties on the background estimates are
shown in those tables. A description of the various sources of systematic uncertainties
investigated is presented in Section 6.3.3. The number of candidate events selected for
each type of final state is compatible with expectations from the Standard Model.

Figures 6.1, 6.2 and 6.3 show the invariant mass distributions of selected ¢¢~~, €€,
and e events obtained using results from the kinematic fits. In Figure 6.2, there are two
entries per event corresponding to the two possible ¢~ pairings. The presence of excited
leptons would appear as an excess of events forming a peak in the reconstructed invariant
mass distributions.

No evidence for excited leptons is found in either the single or pair production search.
The results are therefore used to calculate constraints on parameters of the excited lepton
model introduced in Chapter 2. Details pertinent to the limit calculation procedure are

62
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presented in the next sections.

6.2 Hypothesis Testing

The general goal of a search is either to discover or exclude the existence of a signal with
as high a level of certainty as possible. This is usually achieved by testing the degree to
which the observed data are compatible with the existence of both signal and background
as compared to only background. The general procedure of hypotheses testing can be
summarised as follow. The first step consists of choosing observables in the experiment
sensitive to both hypotheses. A test statistic (or estimator) is then constructed, using these
observables, to discriminate between the two hypotheses. Finally, a criterion of accep-
tance or rejection of the signal must be defined in order to make a statement about the
compatibility of the data with respect to the two different hypotheses. Results are usually
expressed in terms of the significance of the observed discovery or exclusion.

6.2.1 The Likelihood Ratio

The goal of a search is to distinguish, given a set of data, between two hypotheses: the
‘background-only’ hypothesis (Hp) and the ‘signal plus background’ hypothesis (H;). A
good test statistic is called the likelihood ratio [42-45]. This fact is a consequence of
the Neyman-Pearson lemma originally presented in [46] but also described in various
textbooks such as [43—45]. The likelihood ratio simultaneously maximises the probability
of rejecting a false hypothesis and maximises the probability of choosing a true hypothesis.
For a given experimental result x, the likelihood ratio (Q(x)) is defined as the ratio of the
probability density functions of the two hypotheses being tested,
L(x; Ho)
Q(x) = Z&H) (6.1)
The simplest experimental observable is the number of events n satisfying a certain
set of criteria. Given an estimated number of background events, b, and signal events, s,
the likelihood ratio is simply a ratio of Poisson probability density functions,

e—(.v-{-b) (S +b) n/ e—-b b"

n! n!

Q(n) =

(6.2)
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<Vs> eeyy [y TTYY
(GeV) || data bkg data | bkg data bkg
18266 0 |[02+01+01] O |03+00+0.1] O |l0O£02=+0.8
18863 1 |18+04+06| I |05+£01+02]| 2 |22+03=+17
19159 O |[04+£01+01| 0 |01+00+00] O |03+0.1+03
19553 0 |02X01+01 0 |[01+00+0.1] 0 |[09+0.1=+07
19952 1 [06+02+02| 0 |02+01+01] 2 |09+02+07
20189 1 |02+02+01] 0 |01+£00+01] O |04+01=+04
20380 0 [00OX00+00] O |[00x00+00] O |00=+00=00
20464 0 {01 £00+00] O |00X00£00| I |0.1+00=0.1
20508 0 |04+02+01 I |01+x00+00] 2 |06£01=£05
20537 0 |00£00x00] O |[00+x00x00] O |00+00%L00
206.10| 0 |[00X00x00| I [01+00+00] O |02+00=+0.1
20650 0 |01+01+00] O |[04+01+02] O |12+03+09
20686 0 |00O+00+00| 0 |00X00+00] O |O0.1=+00=00
20751 0 |0OO+00+00] O |[00X00+00] O |00x00=00
20800 O |{01+00+00] 0 |[00x£00x00]| O |0.1+00=x0.1
20834 0 |{00L£00x00] O [00X00+00|] O |00+00=00
| Total | 3 [40+£06=+13] 3 [20+02+07] 7 |80+06+62

Table 6.1: Observed numbers of events in the data and expected numbers of background
(bkg) events in the different centre-of-mass energy bins considered for £¢~v event final
states. The first column of the table indicates the luminosity weighted centre-of-mass
energy of each bin. The first and second uncertainties on the expected numbers of back-
ground events represent the statistical and systematic contributions, respectively. The sys-
tematic uncertainties at each centre-of-mass energy are fully correlated. The statistical
uncertainties are uncorrelated except for centre-of-mass energies greater than 202 GeV
for which the same samples of simulated events are used for each two corsecutive centre-
of-mass energy bins. The background estimates and uncertainties are rounded off to the

nearest decimal place.




VL eey ey Ly TTY

(GeV) || data | bkg data bkg data bkg data bkg
18266 || 127 | 134 +3+22 149 134 +3 +22 32| 26+0+4 27| 28+1+4
188.63 || 368 | 376 + 6 + 61 322 336755 66| 68 +1+10 721 75x1+£10
191.59 47 58+1+£9 48 51+3+8 15 11£0+£2 5] 12+£0+£2
19553 | 116 141 +£3+23 14| 142+6+23 20 28+1+4 260 29+1+4
19952 | 140 144 +3+23 128 | 136 £4 +£22 19 27144 28| 28+ 1+4
201.89 66 80+3+13 64 75+£3+12 8| 1502 16| 16x1+£2
203.89 5 3£0x+0 1 2+0x0 0f 0x0£0 1] 0£0x0
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| 105417 18| 1903 24| 20+0<£3
205.37 5 601 4 601 0 1£0+0 3] 1+£0+£0
206.10 22 24+ 1+4 24 24+ 1+4 3] 401 31 5£0+%1
20650 || 153 181 £5+29 162 178 7129 251 33+1+£5 32| 38x1+£5
206.86 5 9+0+2 8 10+£0+£2 0 2040 2] 2£0+0
207.51 0 1£0+0 0 1£0£0 0f 000 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 1040 1] 0£0+0 0 000
Total [ 117271283 £ 11+£208 [ 1123 [ 1229+ 14£203 || 212 [2394+2+35 | 248 | 260 + 2 + 35 |

SINS9Y "9 YALAVHO

Table 6.2;: Observed numbers of events in the data and expected numbers of background (bkg) events at different luminosity
weighted centre-of-mass energies (</s>) for ££y and ey event final states. The first and second uncertainties on the expected
numbers of background events represent the statistical and systematic contributions, respectively. The systematic uncertainties at
each centre-of-mass energy are fully correlated. The statistical uncertainties are uncorrelated except for centre-of-mass energies
greater than 202 GeV for which the same samples of simulated events are used for each two consecutive centre-of-mass energy
bins. The background estimates and uncertainties are rounded off to the nearest integer value.

<9
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Figure 6.1: Reconstructed ¢v invariant mass distributions for selected (a) eey~, (b) upu~yy
and (c) 77y~ events. The points are data and the solid lines show the total expected back-
ground from Standard Model processes. Example distributions of excited lepton events
with arbitrarily chosen mass of 60 GeV are shown in the insets. The signal histograms are
normalised to the data luminosity and plotted in bins of 0.5 GeV.
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Figure 6.2: Reconstructed ¢+ invariant mass distributions for selected (a) eev, (b) puu~y
and (c) 77y events. The points are data and the solid lines show the total expected back-
ground from Standard Model processes. The shaded histograms represent excited lepton
signal events with arbitrarily chosen mass of 150 GeV and normalised to a coupling over
compositeness scale of (a) 0.7 TeV ™! and (b,c) 2 TeV~!. There are two entries per event
corresponding to the two possible £+ pairings.
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Figure 6.3: Reconstructed ¢+ invariant mass distribution for selected ey events. The points
are data and the solid line shows the total expected background from Standard Model
processes. The shaded histogram represents excited electron signal events with arbitrar-

ily chosen mass of 150 GeV and normalised to a coupling over compositeness scale of
0.3TeV™.

For the purpose of calculating confidence levels, this test statistic has the desirable prop-
erty of being monotonically increasing with the number of observed candidates n.

The likelihood ratio can also be calculated in terms of other discriminating observ-
ables. In general, it however results in a more complicated expression for which both
the signal and background probability distribution functions of the discriminating variable
must be known. The task of calculating a likelihood ratio using one or more discriminat-
ing observables measured for each event is equivalent to combining the likelihood ratios
obtained in each bin of a histogram of these observables. Each bin is treated as a sepa-
rate search channel for which the likelihood ratio is calculated according to Equation 6.2.
The estimator of a set of .V independent channels is simply the product of the individual
likelihood ratio (Q;(n;)) for each search channel,

=1 n,»! n,-!

N N o =(si+bi) -+ b)) —b; pni
om = [[em) =11 e (si + b;) /e b, ©3)
i=l1

or equivalently,

InQn) = —si + i n; {ln (l + ;—'l)} 6.4)

=1
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where s 1S the sum of the number of signal events, s,,, = Z?':l s;. The combination of
different experiments, event final states or centre-of-mass energies therefore reduces to a
sum of event weights and is thus simple and unambiguous.

The likelihood ratio based on the number of observed and expected events is the
test statistic chosen in this thesis to discriminate between the signal plus background and
background-only hypotheses. In order to maximise the sensitivity of the search, events are
binned as a function of reconstructed invariant mass. The existence of excited leptons is
expected to distort the invariant mass distribution of observed events in a unique way. To
calculate the total likelihood ratio using Equation 6.4, three essential ingredients are re-

quired in each bin of reconstructed invariant mass: the number of observed data, expected
background and expected signal events.

6.3 Background and Signal Expectations

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

6.3.1 Background Expectation

Although relatively large samples of simulated events are used to estimate the background
for each event final state, once finely binned in terms of the reconstructed #v invariant
mass, the number of background events in each individual channel is small and is there-
fore sensitive to statistical fluctuations. This is particularly true for £¢v+ final states where
only a very small number of events are selected. Some channels are found to contain no
background events when in fact the probability of obtaining background events is non-
zero. This is a problematic situation that needs to be addressed since the likelihood ra-
tio of Equation 6.2, although a powerful estimator, is undefined for channels where the
background expectation is zero. To reduce the sensitivity of the results to statistical fluc-
tuations in the background expectations, background distributions of the reconstructed ¢+
mass are ‘smoothed’ using an algorithm [47] that parameterises the shape of a distribution.
Figures 6.4 and 6.5 show an example of the expected ¢+ mass distribution at a centre-of-
mass energy of 189 GeV for each final state considered along with results from the shape
parameterisation. The functions obtained using this smoothing algorithm are a good ap-
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proximation of the background expectation. Sharp changes in a distribution are difficult to
parameterise, as seen in Figure 6.5. The discrepancy in the small region at the kinematic
limit will result in slightly more conservative constraints than the given confidence level
stated, as background in that region is underestimated. The expected number of back-

ground events in each individual channel is taken from the shape parameterisation of the
background distributions.

6.3.2 Signal Expectation

Different methods exist for obtaining ¢~ mass distributions of signal events for arbitrary
excited lepton mass. The ‘brute force’ scenario consists of generating Monte Carlo sig-
nal event samples at every mass for which one wishes to calculate limits. However, the
large number of possible excited lepton masses and centre-of-mass energies for which
event samples would have to be generated makes it impossible in practice to use this
approach. Another solution consists of generating events at a few distinct excited lepton
masses and centre-of-mass energies, and then interpolating the mass distributions between
these points to obtain an approximation of the distributions at any arbitrary excited lep-
ton mass and centre-of-mass energies. Although done in practice to calculate limits from
some searches [48], the interpolation of histograms is in general very complicated and not
entirely reliable, especially if only a limited number of event samples are available.

Instead, the invariant mass distribution of excited leptons is approximated by a Gaus-
sian distribution centered at the excited lepton mass and with a variance equal to the ex-
pected mass resolution. The Gaussian distribution is normalised to the number of signal
events expected at a given centre-of-mass energy.

Both the expected signal efficiency (e) and mass resolution vary as function of the
mass of the excited leptons and the centre-of-mass energy of the e*e” collisions. In or-
der to test the compatibility of the data with the existence of excited leptons of different
masses, the selection efficiencies and mass resolution must be calculable for arbitrary val-
ues of mass and centre-of-mass energy. For each event final state considered, the selection
efficiency and mass resolution are parameterised as a function of the excited lepton mass
scaled by the centre-of-mass energy (m,- //5). The results of this parameterisation can be
found in Appendix D.

Typical mass resolutions for each final state were given in Chapter 5. Selection ef-
ficiencies for the pair production of excited leptons vary from about 35% to 55%. The
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Figure 6.4: Reconstructed ¢+ mass distributions of Standard Model background events
obtained at a centre-of-mass energy of 189 GeV for (a-c) #¢~ and (d-f) £¢~~ event final
states. The solid lines show the shape parameterisation used in the limit calculations.
Distributions are normalised to the data luminosity.
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e e e Figure 6.5: Reconstructed ¢y mass
- ey ] distribution of Standard Model
- 1 background events obtained at a
centre-of-mass energy of 189 GeV
for ey event final state. The solid
| line shows the shape parameterisa-
tion used in the limit calculation.

- ‘ The distribution is normalised to the
0 25 S0 75 100 125 lf::;.(’é:{),‘; data luminosity.

Events/0.5 GeV
RN R W - N

efficiency for the single production of excited muons is 70% and approximately constant
over the entire kinematically allowed range of masses. Near the kinematic limit for the
single production of excited taus, the efficiency rapidly drops from 53% down to approx-
imately 20% since the recoiling tau has low energy and thus often fails the initial set of
selection criteria. For singly produced excited electrons, the efficiencies of the eey and
ey selections depend strongly on the mixture of s-channel and -channel components. The
sum of the eery and e~y efficiencies lies in general between 50% and 70%.

Efficiency correction factors (f.) were also calculated to take into account deviations
of the signal invariant mass from a purely Gaussian shape. These correction factors are
defined as the ratio of the area under the best Gaussian fit, expressed in number of events,
to the total number of selected signal events. As shown in Appendix D, these correc-
tion factors were found to be independent of the excited lepton mass and centre-of-mass
energy, and vary between approximately 0.7 and 0.85 depending on the event final state.

6.3.3 Systematic Uncertainties

The credibility of the results relies on a proper estimate of possible systematic effects
affecting the analysis. These effects are incorporated in the limit calculation procedure
using a Monte Carlo method described in the next section. This section contains details
of the various sources of systematic effects on the signal efficiencies and background
estimates that were investigated. These are described in order of importance.



CHAPTER 6. Results 73

Radiative Corrections Modelling

Uncertainties in the modelling of initial and final state photon radiation in di-lepton events
affect the background estimates. These uncertainties are assessed by comparing back-
ground expectations obtained using the KORALZ and KK2F event generators for the pro-
cesses ete™ — utu~ and ete™ — 777~. The Monte Carlo program KK2F, used in this
analysis to estimate the background contributions from i+~ and 77~ events, has the
most complete description of photon radiation, including second-order subleading correc-
tions and the exact matrix elements for the emission of two hard photons [49]. The relative
variations in background expectations between the two event generators are assigned as
systematic uncertainties representing the effect of missing higher orders. These are found
to be 11% for final states compatible with the single production of excited muons and taus,
and 7% for puu~yy and 77y events. The BHWIDE and TEEGG event generators, used
to simulate the background from radiative e*e” events, have a precision for radiative cor-
rections similar to the KORALZ program. The background estimates for events expected
from the production of excited electrons are thus assigned an uncertainty of 7% for the
eeyy final state and 11% for both eevy and e~y events.

Efficiency and resolution interpolation

The systematic uncertainties associated with the interpolation of the signal efficiencies
and mass resolutions were estimated by calculating the root-mean-square spread between

simulated signal event samples and the parameterisation functions. These relative uncer-
tainties range between 3% and 23%.

Error Estimates of Kinematic Fit Input Variables

Uncertainties on the error estimates of the kinematic fit input variables are evaluated by
varying the error on each variable independently and performing the kinematic fits again.
The errors are varied by an amount representing one standard deviation as calculated from
the uncertainties on the error parameterisations described in Appendix C. Background
estimates for final states containing two leptons and two photons are particularly sensi-
tive to changes in the errors due to the additional constraint in the kinematic fit requiring
events to have equal reconstructed £~ invariant masses. Also, the smaller sample of tau
pair events used to parameterise the errors on the tau direction results in larger statistical
uncertainties on the error parameterisation which in turn dictate the larger variations used
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to estimate the systematic error contributions. Relative changes in the background esti-
mates and signal efficiencies obtained from each error variation are added in quadrature.
The total systematic uncertainties associated with the error parameterisation and assigned
to each final state are summarised in Tables 6.4 and 6.3.

Jet Classification

Systematic effects associated with the jet classification were investigated by studying the
modelling of the lepton and photon identification efficiencies. Using di-lepton and di-
photon events recorded at centre-of-mass energies equal to and greater than the Z° mass,
the systematic uncertainty associated with each set of lepton and photon requirements was
evaluated by comparing the identification efficiencies obtained from data and simulated
events. Relative errors of 1% for electron and muon, and 2% for the tau and photon clas-
sifications were assigned. Systematic uncertainties associated with each final state were
determined by adding linearly contributions from identical jet classifications and adding
in quadrature contributions from different types of leptons and photons. The resulting
uncertainties on the signal efficiencies, shown in Table 6.3, are fully correlated with the
corresponding errors on the background estimates presented in Table 6.4.

Energy and angular resolution

The systematic uncertainty associated with the energy scale, energy resolution and angular
resolution of the leptons and photons was evaluated by modifying each parameter indepen-
dently in Monte Carlo simulated events. Given the well defined kinematic characteristics
of non-radiative di-lepton events, comparisons between data and simulated distributions
of di-lepton events recorded at different centre-of-mass energies were used to determine
the size of these variations.

An estimate of the shifts in the energy (momentum) scale of each particle type was
obtained by plotting the difference between the measured energy (momentum) and the
beam energy. Variations in the background estimates and signal efficiencies associated
with a shift of 0.3% in the energy (momentum) of electron and photon (muon) candidates
were assigned as systematic uncertainties. These were found to be negligible.

For different smearing values, a maximum likelihood technique was used to calculate
the degree to which distributions of the energy and measured angles of each type of particle
were compatible with data. The energy and angular resolutions of jets were smeared by
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Source Uncertainty (%)

eey | ev [y | mry [eeyy [ ppyy | 777y
Resolution interpolation 1481120206 | 65 | 22.1 | 225 | 134
Efficiency interpolation 8530|2476 | 46 35 3.0
Error estimate of fit variables 50| 503050} 30 20 6.0
Jet classification 28 {22 114 | 45| 45 45 5.7
Energy and angular resolution 09 | I.1 | 0.8 | 1.1 1.8 0.6 0.9
Modelling of selection variables | 00 | 1.5 | 0.1 | 16 | 0.4 04 0.8
Total 180136210122 233 | 233 | 16.1

Table 6.3: Relative systematic uncertainties on the signal efficiencies for each final state
considered.

the maximum values for which simulated events were compatible with the distributions
of data within one standard deviation. The measured energy of electrons and photons
was smeared by 0.15 GeV while the momentum of muons was smeared by | GeV. The
measured polar and azimuthal angles was smeared by an amount varying between 1 mrad
and 10 mrad depending on the particle type. Systematic uncertainties were assigned to be
the relative changes in background estimates and signal efficiencies.

Contributions to the systematic uncertainty of each final state from individual changes
in the energy scale, energy resolution and angular resolution are added in quadrature.

Selection Variable modelling

The systematic uncertainty due to modelling of the event selection variables was estimated
by varying each selection cut independently and measuring the corresponding changes in
the overall signal efficiencies and background estimates. The difference between the mean
value of the data and background expectation for each selection variable determined the
range of variation of each cut. Systematic uncertainties varying between 0.5% and 6.3%
are assigned to the different background estimates. Contributions to the systematic error
on the signal efficiencies are shown in Table 6.3.

Summaries of the systematic effects on the background expectations and signal ef-
ficiencies are presented in Tables 6.4 and 6.3, respectively. The uncertainty on the inte-
grated luminosity measurements (0.2%) is considerably smaller than the systematic effects
already described and is therefore neglected.
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between the mass resolution achieved in this analysis and the large amount of time re-
quired to perform the calculations, a bin width of S00 MeV was chosen for each final state
considered. The number of individual search channels doubles for limits on the single
production of excited electron where two different final states (eey and ey) are combined.

6.4.1 Treatment of Systematic Uncertainties

Statistical and systematic uncertainties on the signal efficiencies and background expec-
tations described in Section 6.3.3 are incorporated in the limit calculation by fluctuating,
over many iterations, the background expectation and signal efficiency according to their
respective uncertainties. The final limits are determined from the average of all the Nys
values obtained at each iteration.

In calculating the expected signal distributions at each iteration, the mass resolution
defining the widths of the Gaussian distributions is fluctuated by an amount corresponding
to the interpolation uncertainty, independently of the other sources of errors associated di-
rectly with the signal efficiency. Uncertainties on the signal efficiency, mass resolution and
background estimates are treated as being fully correlated between centre-of-mass energy.
The systematic uncertainties on the signal efficiencies due to the jet classification are also
fully correlated with the corresponding errors on the background estimates and are treated
as such in the limit calculations. The effects of systematic uncertainties on exclusion limits
have been shown to be small even for uncertainties of the order of 20% [50].

6.4.2 Limits on Excited Lepton Production Rate

Values of Nos obtained as function of excited lepton mass are used to calculate limits
on the product of the excited lepton cross-section at /s = 208.3 GeV and electromagnetic
branching fraction (o x BR®) assuming the cross-section evolution as a function of centre-
of-mass energy expected for excited leptons'. The upper limits on the number of signal
events produced in the data summed over all centre-of-mass energy can be expressed as

16
2)
Nos = > 0;-BR®-L;i--f.
=1
!For final states consistent with the pair production of excited leptons. limits are calculated for the quan-
tity o x BR* while for single production searches, constraints are obtained for the quantity o x BR.
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16 ,
= 06xBR® Y L .r..q.f (6.5)
i=1 916

where the sum runs over all the centre-of-mass energies considered and the symbols L, e,
S, o and BR represent the integrated luminosity, efficiency, efficiency correction factor,
cross-section and electromagnetic branching fraction of excited leptons, respectively. The
symbol 016 represents the excited lepton cross-section expected at /s = 208.3 GeV. Limits
on the product of the excited lepton cross-section at /s =208.3 GeV and electromagnetic
branching fraction (¢ x BR‘®) are therefore obtained using

Nos

O'XBR(Z) =
16 0;
E:il_l..“..ei.f‘c.

(6.6)

where the subscript on the cross-section at /s = 208.3 GeV is dropped for simplicity.
The upper limits on the single production of excited muons and tau leptons do not de-
pend on the model dependent coupling parameters fand f’. The excited electron selection
efficiencies for eey and ey event final states, however, depend on the relative magnitude
of the s-channel and r-channel production diagrams and therefore depend on the value of
the parameters f and f'. For comparison with previously published results, the limits on
excited electrons presented here assume f = f’. Figures 6.6(a,b) show the 95% confidence
level upper limits on the product of the cross-section at /s = 208.3 GeV and the electro-

magnetic branching fraction obtained from the search for singly and pair produced excited
leptons.

6.4.3 Mass Limits

Limits on the product of the cross-section and branching fraction are used to set constraints
on parameters of the phenomenological model described in Chapter 2. Lower mass limits
on excited leptons are calculated using results from the pair production searches. The
theoretical calculation {6] of the product of the pair production cross-section at /s =
208.3 GeV and the branching fraction squared is overlayed on Figure 6.6(b). As part of
this calculation, the electromagnetic branching fraction is calculated assuming f = f’. The
95% confidence level lower mass limits on excited leptons correspond to the mass at which
the cross-section times branching fraction limit curves cross the theoretical expectation.
Lower mass limits of m.. > 103.2 GeV, m,. > 103.2 GeV and m,. > 103.2 GeV are
obtained at the 95% confidence level. Although systematic errors are incorporated into
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Figure 6.6: The 95% confidence level upper limits on the product of the cross-section at
/5 =208.3 GeV and the branching fraction for (a) single and (b) pair production of excited
leptons as a function of mass (m.,). The limit obtained for the single production of excited
electrons is calculated assuming f = f’. The regions above the curves are excluded.
The product of the theoretical cross-section at /s =208.3 GeV and the electromagnetic
branching fraction squared assuming f = f' is also shown in (b).

the limit calculations, an additional uncertainty on the mass limits arises from the finite
width of the centre-of-mass energy bins considered. The 0.5 GeV centre-of-mass energy

bin width near the kinematic limit corresponds to an uncertainty of 0.1 GeV on the mass
limits.

6.4.4 Limits onf/A

Limits on the product of the cross-section and the branching fraction of singly produced
excited leptons are used to constrain values of the ratio of the coupling to the compos-
iteness scale, f/A. Since the cross-section for the single production of excited leptons is
proportional to (f/A)?2, limits on the ratio of the coupling to the compositeness scale as a
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Figure 6.7: The 95% confidence level upper limits on the ratio of the excited lepton cou-
pling constant to the compositeness scale, f/A, as a function of the excited lepton mass
and assuming f = f'. Figure (a) shows the limits obtained as part of the work presented in
this thesis and Figure (b), the previous OPAL limits [51]. The regions above the curves are
excluded by single production searches. In Figure (a), pair production searches exclude
masses below 103.2 GeV for excited electrons, muons and taus. In Figure (b), masses

below 91.3 GeV for excited electrons and muons, and 91.2 GeV for excited taus are ex-
cluded.

function of excited lepton mass are calculated using

(f//\) } Nt)s
_UA) = o ©.7)
[(l TeV™) | gscL Nexp

where N, is the number of expected signal events assuming f/A = | TeV ™! and obtained
using

16
chp=z O’,"BR'E,"G,"_fC . (6.8)

i=1
Upper limits on f/ A are calculated for the coupling assignment f = f’. Figure 6.7(a) shows
these limits for each type of excited lepton. The f/A limit for excited electrons is approx-

imately an order of magnitude better than for muons and taus due to the enhancement of
the cross-section coming from the t-channel contribution.
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6.5 Comparisons with Existing Constraints

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

Searches similar to the one presented in this thesis have been performed by the OPAL
collaboration [51, 52] and by the other LEP experiments [53—-55] using only a subset of
the data analysed in the present work. Limits were also obtained using data collected
at a centre-of-mass energy equal to the Z° mass [56]. All four LEP collaborations have
reported lower limits on the mass of excited charged leptons of the order of 95 to 100 GeV
and limits on the strength of the coupling f/A of order 0.1 TeV ™! for excited electrons and
1 TeV ! for excited muons and taus assuming = f".

The existence of excited electrons could also be inferred from deviations in the dif-
ferential cross-section of the process ete~ — ~v+. Excited electrons would contribute to
the reaction via the diagram shown in Figure 6.8. The expected differential cross-section
in the context of the model presented in Chapter 2 has been calculated as part of the work
presented in this thesis. Details of the calculation can be found in Appendix F. Using
results of this calculation, limits on the excited electron coupling strength from studies of
the process e"e~ — v have recently been reported by all four LEP experiments [20, 57].
These constraints are complementary to the searches for singly and pair produced excited
electrons. This reaction is comparatively suppressed compared te the single production
due to the double interaction of excited electrons with a photon and an electron. However
it extends limits to masses beyond the kinematically allowed region of single production.
This is a consequence of quantum mechanical effects whereby the excited electron medi-
ating the production of two photons is a virtual® particle. Upper bounds on the quantity
f/A for the coupling assignment f = f’ were calculated at the 95% confidence level to be
of order 5 TeV ™! for excited electron masses greater than the centre-of-mass energy.

Searches for the existence of excited leptons have also been performed in electron-
proton collisions at the HERA collider in Germany. Figure 6.9 shows the excited electron
production mechanism in electron-proton collisions. Both the H1 [58] and ZEUS [59]
experiments at the HERA collider have reported upper limits on the excited electron cou-

2Virtual particles are particles that cannot be observed and for which E? 4 |p|> # m?>. They can have any
mass. The existence of virtual particles is a consequence of Heisenberg's uncertainty principle, AEAr > hi.
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pling strength, f/A, of order 1 TeV ™! for masses below 200 GeV and assuming f= f’.

Strong bounds on the existence of excited states also exist from the precise mea-
surements of the electron and muon anomalous magnetic moments (g-2). Excited leptons
could contribute to the anomalous magnetic moment of leptons via diagrams similar to the
one shown in Figure 6.10. The possible contributions to the anomalous magnetic moment
of lepton have been calculated in [60]. Using results from these theoretical calculations
and the most recent measurements of the electron [61] and muon [62] anomalous magnetic
moments, upper bounds on the coupling f of order 0.1(1) for excited electrons (muons)
can be inferred under the assumptions f = f’' and A = m,. These are strong bounds,
comparable to the ones obtained from searches for singly produced excited leptons in
e*e” collisions. Limits from g-2 experiments however rely on theoretical calculations that
are very complex and at this point in time only approximate. They are presented here
for completeness and should be interpreted only as an indication of the sensitivity of g-2
experiments to the existence of excited states.

Figure 6.11 shows a summary of the constraints on the strength of the e*ey coupling
described above and the corresponding limits obtained in this thesis.
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Figure 6.10: Example of one possible ex-
cited leptons contribution to the anoma-
lous magnetic moment of leptons.
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Figure 6.11: Summary of existing constraints on the e*ey coupling strength expressed
in terms of 95% confidence level upper limits on the quantity f/A as function of excited
electron mass and assuming f = f'. The hatched regions represent values of the parameters
excluded by the OPAL and H1 experiments.



Chapter 7

Conclusions

A search for the production of excited charged leptons in e*e™ collisions was performed
using data collected by the OPAL detector at LEP. The data analysed were recorded at
the highest centre-of-mass energy ever achieved in e*e” collisions. Selection criteria were
developed to identify experimental signatures compatible with the single and pair pro-
duction of excited charged leptons decaying electromagnetically. The search sensitivity
was substantially improved by the use of a kinematic fit technique. No evidence for the
existence of excited charged leptons was found. Upper bounds on the product of the cross-
section and branching fraction for singly and pair produced excited charge leptons were
calculated. From pair production searches, 95% confidence level lower limits on the mass
of excited electrons, muons and taus were determined to be 103.2 GeV. From the search
for singly produced excited leptons, limits were calculated on the ratio of the coupling
constant to the compositeness scale (f/\) as a function of excited lepton mass. The results
are currently the most stringent constraints on the existence of excited charged leptons.

New experiments that will study matter at a much smaller distance scale are being
designed and built. These experiments will provide a unique environment to search for
the existence of excited states of leptons in an energy regime that has never been probed
before.

The Large Hadron Collider (LHC) [64] under construction in the old LEP tunnel is ex-
pected to start colliding protons in the year 2007 at a centre-of-mass energy of 14 TeV. Al-
though experimental signatures expected from the production of excited leptons in proton-
proton collisions are harder to disentangle from the large background of strong interaction
processes, experiments at the LHC should nevertheless be able to extend the current con-
straints on f/A from single production searches up to masses of order 1 TeV [63].
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Research and development work is also being carried out toward the design of a ma-
chine called the Next Linear Collider (NLC). This machine would provide in different
mode of operation e*e”, e and -~y collisions at a centre-of-mass energy of up to 500 GeV.
Lower mass limits of approximately 250 GeV could be obtained from searches for pair
produced excited charged leptons in e*e” collisions. Given the foreseen luminosity deliv-
ered by such a machine, the upper bounds on the quantity f/A could be improved by more
than an order of magnitude. In addition to production mechanisms identical to the ones
studied in this thesis, excited electrons could also be singly produced in e collisions. Of
particular interest is the use of the photon beam polarisation that could be tuned to en-
hance the excited electron production cross-section for different values of the coupling
parameters fand f’ [65].

The next generation of high energy experiments will open up a new window of oppor-
tunity to look for answers to some of the shortcomings of the Standard 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 applied to 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 hits expected in the central
jet chamber at the given polar angle, and always more than 20 hits.

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

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

Clusters in the electromagnetic calorimeters

e Clusters are formed from the energy deposited in at least one lead glass block of the
calorimeter.

e The raw energy of clusters must be greater than 0.1 GeV and 0.25 GeV for clusters
in the barrel and endcap electromagnetic calorimeters, respectively.

e The corrected measured energy of clusters in either calorimeter must be greater than
0.001 GeV.
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Clusters in the hadronic calorimeter

e The energy in the calorimeter towers must be greater than 0.6 GeV.



Appendix B
General Solution to Kinematic Fit

The solution to a kinematic fit, as outlined in Section 5.2, consists of finding a set of
parameters & which minimises the function

L=(G-a)"V'(@-a) + 22T g(a,p)

where & represents the vector of measured parameters, p is the set of unmeasured param-
eters and A are Lagrange multipliers used to incorporate the set of constraint equations
g (a, p) = 0. If the constraint equations are linear in the parameters a and p, the solution
of the problem can be found in one step. Otherwise, an iterative method based on the
linearization of the constraint equations is generally used. The solution presenied here
closely follows that shown in [66]. At each iteration, initial values of the parameters o
and p, are updated by the addition of corrections Aa and Ap such that

Q) = Qo Py =Po

ar = o + Ay P> = po + Ap,
a3 =y + Aag Py =po + Ap;
ax = o + Ao Py =po+ Ap;

The initial estimates of the parameters o are taken to be the measured values themselves
( g = & ). Initial values of the unmeasured parameters are determined using different
methods, depending on the details of the specific problem. Constraint equations are often
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used to help calculate these starting values.
On the k™ iteration, the Taylor expansion of the constraint equations, assuming
changes in a and p are small, is given by
7, o
g(ax, py) = g(ow, pey) + % (Ao —Aag)+ a_g (Ap—Apy.) =0

Qg Py Q. Py

or more simply as

g1+ A (Ao — Aa.) +B (Ap, — Apy, ) =0

where A and B are the matrices of the first derivatives of the constraints with respect to
the measured and unmeasured parameters,

_ 98
oo Q.1 Pi-y

B gﬁ
pak-l'pk-l

Defining ¢ = A Aay.| + B Ap,, — g, the function to minimize can be written as
L=Ac] V7' Ay +2XAT (AAay +BAp, —c) .

The necessary conditions for an extremum are

oL

9a ="
oL
— =0
p
oL
8_/\—0

leading to the following system of coupled matrix equations
ViAo + ATA =

B"'A =0
AAday + BAp = ¢
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This system of equations has to be solved for Aa, Ap and A. This can be achieved by
rewriting these three equations as

v 0 AT Aoy 0
0 o0 BT Ap, |=10
A B O A c

Assuming the inverse of the partitioned matrix is

-1

V' 0 AT c, CI, C,
0 0 BT = Cp_l sz C;—_;
A B O Gy Cn Gy

then the solution to the system of equations is simply

-1

Aoy vt 0 AT 0 C, C, Cj 0 Clc
Apk = 0 0 BT 0 = C3| Cg;v_ C;l 0 = C;?. Cc
A A B O Cc C3| C32 C33 C C33 C

The matrix elements C; can be found by requiring

v! 0 AT C, C} Cj 100
0 0 BT Cy Cn CL |=]010
A B O C;y Ci» Ci 001
such that

Cii = V—VATWAV + VATWB (B"WB)"' BTWAV

C.,, = —(B"WB)'BTWAV

C. = (B"WB)™!

C;;, = WAV — WB (BTWB)' BTWAV

Cx» = WB(B"WB)!

C;; = —W+WB(B"WB)'B™W .

where W = (AVAT)"! is used to simplify the algebra. Finally, the corrections used to up-
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date the initial values of the measured and unmeasured parameters, as well as the Lagrange
multipliers are

Aa, =Cjc= VAW — (VATWB (B"WB)"' B'"W) (AAay.; + BAp, | — g,.)
Ap, =CLc= (B"WB)'B"W (AAa,., +BAp,, —g,,)
A =Cic= (~W+WB(B™WB)'B"W) (AAay., + BAp,, —g,.,) -

Thus, at each iteration, updated values of the parameters and Lagrange multipliers are
given by

(s 19 18 7)) Aay
P |=]| P | +]| AP
A 0 A

The updated covariance matrix is found by error propagation
o [ day/Bay Bay/Opy Do /O Voo day /Oy oy /Opy Do /O

cov| py |=]| 9p/Oaxo Opy/Opy Opy/OA 0 0 Opy/0c0  Opy/Opy  Opi/OA
A \6)«/aao OA/Opy  OAN/OA 0 00 OA/Oag ON/Opy OA/OA

[ (Bak/dao)V(dak/Ba)T  (dak/da)V(py/dao)T  (da/dc)V(OAc/dax)T

=| (9px/dcx0)V(dax/dcx0)™  (9py/dceo)V(Ipy/dco)™  (3py/dcx)V(dXk/dx)"

\(a,\/aao)V(aak/aao)T (ON/0a0)V (9P /9c)T  (OA/0a)V(OAk/Iax)T

0
0

( C]l C}l 0
=l Cy Cx» O
0 0 —-Cs;

where (Jc/day) = —A was used in the last step.



Appendix C

Error Estimates of Kinematic Fit Input
Variables

Estimates of the energy and angular resolution of different components of the detector are
obtained using events containing two leptons produced back-to-back. These parameteri-
sations of the detector response are taken as an estimate of the uncertainty on individual
energy and angular measurements and are used as input to the kinematic fits performed
for each selected event.

Leptons produced from the decay of excited leptons have a wide range of energies
which is a consequence of the excited lepton mass but also of the production mode (single
or pair production of excited leptons). Pair produced excited leptons of masses close to
the kinematic limit give leptons of about 50 GeV on average. Single production of excited
leptons, for masses near the kinematic limit, result in one energetic and one low energy
lepton. So the estimates of the uncertainty on the quantities used as input to the kinematic
fits must be valid for a wide range of energies. The data sample used for this study includes
approximately 10 pb™' of calibration data recorded at a centre-of-mass energy equal to the
Z° mass as well as the entire set of data recorded at /s =183-209 GeV.

In order to obtain error estimates independent of Monte Carlo modelling, an effort
has been made to extract an estimate of the uncertainty on each kinematic variable from
real data.

Given their well defined kinematic properties, non-radiative' di-lepton events are used

!'Events that do not contain photon(s) radiated off initial or final state particles involved in a collision. At

high energy. a photon is often radiated along the beam axis decreasing the effective centre-of-mass energy
of a collision.
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in this study. The two leptons contained in these events are produced back-to-back and
their energy is equal to the beam energy. Di-lepton events are selected by requiring events
to contain exactly two coplanar® jets. Each jet is categorised using the same lepton and
photon identification requirements described in Section 4.2. Events containing two elec-
tron or two muon candidates are required to satisfy R,;; > 0.8, where the quantity R is
defined in Section 4.3, in order to reject radiative lepton pair events and background from
two-photon events. Following closely on the definition of Section 4.3, tau pair events are
defined as events with two identified tau candidates, one tau and one electron or muon,
or one identified muon and one electron. Tau pair events are also required to satisfy
Ry;s < 0.85 in order to reject muon and electron pair events where one jet was misidentified
as well as background from two-photon events.

C.1 Electromagnetic Calorimeter Response

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

Since the energy of each electron is equal to the beam energy, the shape of the distri-
bution (E ~ Eyeam)/0k, Where E and o¢ are the energy and error on the measured energy
of each electron, is an indicator of how well the errors truly represent the energy mea-
surement uncertainties. Such distributions obtained using electron pair events recorded at
a centre-of-mass energy equal to the Z° mass and at 189 GeV are shown in Figure C.1.
These distributions were obtained using the errors calculated as part of the standard OPAL
event reconstruction. Results of a fit to a Gaussian distribution appear as a solid line super-
imposed on each histogram. Although the fit agreement with data is poor, it nevertheless
gives a sufficient approximation to each distribution. In analogy with pull® distributions
which exhibit a standard normal distribution if errors are correctly estimated, the distri-
butions shown in Figure C.1 should also be Gaussian distributed with a variance equal to
one. Both distributions do have a variance close to one which indicates that the errors are

indeed a good estimate of the uncertainty on the measured energy in the electromagnetic
calorimeter.

*Two particles are said to be coplanar if their momentum vectors projected onto the z-y plane are sepa-
rated by exactly 180°.

3A pull value is usually defined in the context of least squares fitting and is defined as the difference
between the direct measurement of a variable and its value as obtained 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 the electron and beam energy, divided
by the error on the measured electron energy for electron pair events recorded at a centre-

of-mass energy (a) equal to the Z° mass and (b) at 189 GeV. The solid lines show the
results of fits to Gaussian functions.

Since the two electrons in non-radiative electron pair events are produced back-to-
back, the shape of the distributions (6, +68.—7)/ /07 + 07, and (¢, —¢2—7)/ /03, + 03,
where o represents the errors on the measured polar (¢) and azimuthal (¢) angles of each
electron, is an indicator of how accurately the errors obtained by the standard OPAL event
reconstruction represent the actual uncertainties on the measurements of the angular and
azimuthal angles of a cluster. Figure C.2 shows these two distributions obtained using
data events recorded at centre-of-mass energy equal to the Z° mass and at 189 GeV. The
solid lines superimposed on each histogram represent results of a fit to a Gaussian dis-
tribution. All four distributions have a variance different from unity suggesting that the
errors obtained by the standard OPAL event reconstruction do not accurately represent
the actual uncertainties on the measured polar and azimuthal angle of a cluster. Although
the two electrons are genuinely produced back-to-back, by the time they enter the elec-
tromagnetic calorimeter, their flight path has been deflected by the magnetic field present
in the inner part of the detector, resulting in a shift in the mean value of the distributions
(61 — @2 —7)/\J02, + 02,
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Figure C.2: Distributions of the quantities (a,b) (8, + 6, — 7)/\/0j + 03, and (c.d) (6, —
Oo—7)/ 03,1 + ‘732 obtained from non-radiative electron pair events collected at a centre-

of-mass energy equal to the Z° mass and at 189 GeV. The uncertainties on the measured
polar (o) and azimuthal (o,,) angles of a cluster calculated as part of the standard OPAL
event reconstruction are used. Although the two electrons in an event are produced back-
to-back, the distributions (c,d) are not centred at zero since the direction of the electrons
entering the electromagnetic calorimeter has been altered by the magnetic field permeating
the inner part of the detector. The solid lines show the results of fits to Gaussian functions.
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An improved estimate of the uncertainties on the measure polar and azimuthal angles
is obtained by parameterising the observed angular resolution of the calorimeter as func-
tion of the polar angle and energy of a cluster. The spread in the distributions (8, + 6> — )
and (¢, — @#» — =) obtained using back-to-back electron pair events is proportional to the
calorimeter angular resolution. Figures C.3(a,b) show the variance of these distributions
as function of the mean polar angle of the two electrons. The solid lines show the results of
a fit to a first and zeroth order polynomials. Data points in the problematic overlap region
between the barrel and endcap calorimeter (0.72 < |cosf| < 0.8) are excluded from the
fit in Figure C.3(b). In that region, the value of each individual | cos 8] bin is used as an
estimate of the azimuthal resolution of the calorimeter.

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

The angular resolution of the calorimeter obtained from this study is used as an es-
timate of the uncertainty on the measured polar and azimuthal angles of a single cluster.
Given that the electromagnetic calorimeter angular resolution was found using the infor-
mation from both electrons in each event, the uncertainty (¢) on the measured position (¢
or ¢) of a cluster is in general given by

_ _ fi(c0s6) £o(E)
Nz

where the functions f; 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 uncertainties on the measured polar and
azimuthal angle of a cluster describe reasonably well the measurements errors, the dis-
tributions (6, + 6, — 7)/ /05 + 03, and (¢, — @2 — 7)/ /0l + 03, are plotted in Fig-
ure C.4 using these new error estimates. The variance of these distributions is equal to one
indicating that the new uncertainty parameterisations are indeed a good estimate of the
measurement errors on individual clusters of energy in the electromagnetic calorimeter.

C.2 Tracking Detectors Response

The combined tracking detectors response is studied using both electron and muon pair
events.
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Figure C.3: Variances of the distributions (a) (6, + 6. — 7) and (b) (¢; — &> — 7) for
electromagnetic energy clusters in electron pair events as function of the mean polar angle
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of the clusters. The bottom two plots show the variances of the distributions (c) (6;+62—7)

and (d) (¢, — ¢» — 7) as function of the energy of the clusters after removing the angular
dependence obtained in (a) and (b) and given by the functions f; listed in Table C.1. The
solid lines are the results of a fit to the data. Data points lying in the overlap region between
the barrel and endcap electromagnetic calorimeter (0.72 < cos 8 < 0.8) are excluded from

the fit in (b).
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Il

i) e
i

l

f, =091

(0.71) + (0.54 x 1073 . p
(1.42) - (0.57 x 10%) - p
(1.07) + (0.17 x 107%) . p

| cos | < 0.7 CZ hits
[ cosf| < 0.7 no CZ hits
| cosf| > 0.7

o

T

Ty

T

f, = (0.034) — (0.015) - | cos®

£ = (0.99 x 107%) + (0.013) - | cos 6|

f, = (1.42) = (0.011) - Ey;

f=(0.14) +

3.36
\% Evis

Table C.1: Summary of the angular parameterisation functions (f;) and energy corrections (f,) of different angular measurement
uncertainties, Since these functions were obtained using the information from both particles in each event, the uncertainty on a

single measurement is given by o = (£, - f,)/ V2.
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7)/\/03, + o3, obtained from non-radiative electron pair events collected at a centre-of-

mass energy (a,c) equal to the Z° mass and (b,d) at 189 GeV. The uncertainties on the
measured polar (0y) and azimuthal (o, ) angles of a cluster are calculated using the new
parameterisation of the electromagnetic calorimeter angular resolution. The solid lines
show the results of fits to Gaussian functions.
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Figure C.5: Distributions of the difference between the measured track momentum and
the beam energy, divided by the error on the track momentum as calculated by the OPAL
tracking reconstruction algorithm. These distributions are obtained using electron and
muon pair events collected at a centre-of-mass energy (a) equal to the Z° mass and (b) at
189 GeV. The solid lines show the results of fits to Gaussian functions.

Since the momentum of each electron or muon in an event is approximately equal
to the beam energy, the variance of the quantity (p — Epeam)/0,, Where p and o, are the
measured track momentum and its associated error as calculated by the OPAL track recon-
struction algorithm, is an indicator of how well the errors truly rerresent the uncertainty
on the track momentum measurement. Figure C.5 shows distributions of this quantity
obtained using tracks from electron and muon pair events collected at a centre-of-mass
energy equal to the Z° mass and at 189 GeV. Results of a fit to a Gaussian distribution
appear as a solid line superimposed on each histogram. Both distributions have a variance
close to one which indicates that the errors obtained by the OPAL tracking reconstruction
algorithm are indeed a good estimate of the uncertainty on the measured momentum of a
track.

Error estimates on the measurement of the polar and azimuthal angles of a track are
also obtained from the OPAL track reconstruction algorithm. Figure C.6 shows distri-

butions of the quantities (6, + 6, — «)/\/dj, + 0;, and (&1 — 02 — )/ /03, + o2, for
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electron and muon pair events recorded at a centre-of-mass energy equal to the Z° mass
and at 189 GeV. The variance of these distributions is larger than one suggesting that the
errors obtained from the OPAL track reconstruction algorithm underestimates the actual
measurements uncertainties.

Following a similar approach as the one outlined in the previous section, the angular
resolution of the tracking system, parameterised as function of polar angle and momentum
of a track, is taken to be an estimate of the uncertainty on the measured direction of
individual tracks. Both electron and muon pair events are used to extract an estimate of
the angular resolution of tracks.

The angular dependence of the tracking system polar angle resolution was obtained
for three different cases: tracks in the barrel region (|cosf| < 0.75) with hits in the
Z-chambers (CZ), tracks in the barrel region without hits in the Z-chambers and tracks
pointing toward the detector endcap region (| cos 8| > 0.75). These three different param-
eterisation functions are necessary since the measurement of a track polar angle is obtained
using a different technique in each case, resulting in a different angular resolution. The
variances of (6, + 6, — ) distributions, obtained using both electron and muon pair events,
are shown as function of polar angle and track momentum in Figure C.7. The momentum
dependence is plotted after removing the angular dependence given by the function f; and
assuming that the momentum of tracks in non-radiative electron and muon pair events is
approximately equal to the beam energy. The solid lines shown in Figure C.7 represent
results from various fits to the data also summarised in Tabie C.1. The azimuthal reso-
lution is parameterised following a similar approach. Figure C.8 shows the variances of
(¢1 — ¢2 — ) distributions as function of polar angle and track momentum. Results from
the fits to the data appear in Table C.1 and are shown as solid lines.

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

_ _fileos0) /()
2

Figure C.9 shows distributions of the quantities (6, + 6, — 7)/ /05, + 0'32 and (¢, —
b2 —m)/ /o3, + o2, forelectron and muon pair events obtained using the new uncertainty
estimates on individual tracks. The variances of these distributions are close to one indi-
cating that the new estimates of the uncertainties on the measured direction of a track are
comparable to individual track measurements errors.
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Figure C.6: Distributions of the quantities (a,b) (8, + 6. — «)/\/0j, + 03, and (c.d)

(pr — &2 — m)/,/ a‘;;-,l + 03,2 obtained using non-radiative electron and muon pair events.
Measurements of the angles are given by the direction of the tracks and the uncertainties
are taken to be the errors calculated by the OPAL track reconstruction algorithm. The
solid lines show the results of fits to Gaussian functions.
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Figure C.7: Variance of the distributions (6, + 68> — 7) for tracks in electron and muon pair
events as function of (a-c) the mean polar angle and (d-f) track momentum. Plots (d-f)
are obtained after taking into account the polar angle dependence obtained in (a-c) and
parameterised by the functions f, listed in Table C.1. The solid lines are the results of a
fit to the data. Different parameterisations are obtained for (a,d) tracks in the barrel region
(| cos 8| < 0.7) with hits in the Z-chambers (CZ), (b,e) tracks in the barrel region without
hits in the Z-chambers and (c.f) tracks in the endcap region of the detector (| cos 8] > 0.7).
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Figure C.8: Variance of the distributions (¢; — ¢» — ) for tracks in electron and muon pair
events as function of (a) the mean polar angle and (b) track momentum. Plot (b) is obtained
after taking into account the polar angle dependence found in (a) and parameterised by the
function f] listed in Table C.1. The solid lines are the results of a fit to the data.

C.3 Taus

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

An estimate of the uncertainties on the measured polar and azimuthal angles of tau
candidates is obtained using coplanar tau pair events where both taus have a similar
amount of energy, corrected for double-counting of tracks and energy clusters, deposited
in the detector. Distributions of the quantities (6, +6. —7) and (¢, — 2 — ) as function of
the mean polar angle and visible energy of both taus are shown in Figure C.10. Results of
the fits to the data are shown as solid lines and summarised in Table C.1. Distributions of
the quantities (6, + 6. — )/ /03, + 03, and (&, — ¢ — )/ /03 + o2, are Gaussian dis-
tributed with a variance of one indicating that the uncertainties on the measured direction

of a tau candidate estimated from the parameterisation given above are a good estimate of
the measurements uncertainties.
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Figure C.9: Distributions of the quantities (a,b) (6, + 6, — w)/,/0j, + 75, and (c.d)

(61 — 2 — m)/\J03, + 03,2 obtained using non-radiative electron and muon pair events.
Measurements of the angles are given by the direction of the tracks and the error on each
measured angle is calculated using the new error parameterisation described in the text.
The solid lines show the results of fits to Gaussian functions.



CHAPTER C. Error Estimates of Kinematic Fit Input Variables 107

=) TR T T Ty 5 004 b s T T T
g 0.05 0.MYEOl £  0.2029E-02 g -P1 0.9903E-02%  0.6629E-03 ]
=~ ¥ omuEn:  owesenz] T 0,035 e 0.1264E-01 £ 0.1673E-02]
® 0045 C 0.03 - ]
% 004 s 0BF () ]
€ 0.035 £ 0025 3
0.03 002 | 3
0.025 0.015 | 3
0.02 + 2 ]
0.015 0.01 E
0.01 | ol DR U 1. N AT T 0.005 :L il NS I BT AV
0 02 04 06 08 1 0 02 04 06 08 1
|cos6) |cos6)
h- 2.5 :Y?n'd‘ ¥ IG‘M" I' ‘j l T v T ‘ LEBLEL) : u— 2.5 E Y’/n’dﬂ L) l:s.‘ ¥ ll , l ¥ LENLJ l T 1 F E
=~ 228 Em 1423+ 0.1021] ~ 225 Fn 3362 % 0.1706}
C3 f P2 A1097E01 £ 0.3291E-02 E 2 P2 01382+  0.422E-013
T 2F E - ;
s sf © 1 sk
1.25 3 ? 1 é_ 'é
3 3 075 £ 3
0.75 £ + E 05 E 3
05 F E 0.25 | E
0.25 :n lLlllllLLlllLlllll: o:llllllllllllllllll 3
0 20 40 60 80 100 0 20 40 60 80 100
Evisible Evisibk

Figure C.10: Variance of the distributions (6, + #> — ) and (¢, — ¢y — ) obtained using
tau pair events as function of (a,b) the mean polar angle and (c,d) visible energy of the two
taus. Plot (c,d) are obtained after taking into account the polar angle dependence found

in (a,b) and parameterised by the functions f; listed 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,b) (8, + 6. — 7)/\/0;, + o3, and (c.d)
(6 — o — )/ ,/0;;’,l + a;-;z obtained from tau pair events collected at a centre-of-mass

energy equal to the Z° mass and at 189 GeV. The uncertainties on the measured polar
(09) and azimuthal (o,) angles are obtained from the angular resolution parameterisation
presented in the text. The solid lines show the results of fits to Gaussian functions.



Appendix D

Efficiency, Mass Resolution and
Correction Factor Interpolation

In order to calculate limits on the product of the cross-section and the branching fraction
of excited leptons, the signal efficiencies, invariant mass resolutions and corrections to the
efficiency due to a non-Gaussian component of the mass distributions must all be calcu-
lable for arbitrary values of excited lepton mass and collision centre-of-mass energy. To
achieve this, these quantities were parameterised as function of the excited lepton mass
scaled by the centre-of-mass energy (m«//s). Figures D.2-D.6 show results of the vari-
ous parameterisations superimposed on the values obtained from simulated event samples
at different excited lepton mass and centre-of-mass energy. The different functions are
tabulated in Table D.1.

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

The mass resolution at a specific value of excited lepton mass and centre-of-mass en-
ergy is obtained by fitting the reconstructed invariant mass of selected events to a Gaussian
distribution. The variance of the Gaussian fit is taken as an estimate of the mass resolution.

Correction factors to account for a non-Gaussian component of the mass distribu-
tions are calculated as the area under the Gaussian fit of the invariant mass distributions,
expressed in number of events, divided by the number of events selected.

109
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Figure D.1: Efficiencies for the single and pair production selection criteria as a function
of excited lepton mass scaled by the centre-of-mass energy (m«/./s) for the selections of
(a-c) ¢¢~ and (d-f) €€+~ event. The points represent efficiencies obtained using simulated
event samples at different mass and centre-of-mass energy. The solid lines show results of
a fit to the data points.
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e =0.12-022-(me/\/5) +023 - (me]/5)?
e*(eev) | om =0.36 +0.084 - (m+/\/s)

f. =074
€ = —0.26 + 1.89 - (m+/\/5) — 1.09-(771-/\/5)2
e*(ey) | om =2.02-827-(me/\/5)+15.62 - (me/\/5)% —8.80 - (me/ /5)
f. =012
e =091—-0.63:(ms/\/5)+040 - (ms/\/5)?
p | om = —095+4.42- (ms/\/5) — 3.38 - (ms/\/5)?
f. =085

€ =

0.53 (me//5) <09
0.53 +0.75 - (m+/\/s — 0.9) — 58.96 - (m+/\/5 — 0.9)> (m«/\/5) > 0.9

om = L125+0.72-(m./\/5)

f. = 070

€ =—1.62+ 1845 (ms/\/5) —53.41 - (me/\/5)* + 50.32- (m«/\/5)}
e*e On = —0.025+2.10 - (me/\/5) — 3.89 - (ms//5)>

f. =070

€ =—104+13.05-(m«/\/5) —35.82-(me/\/5)* + 3232 (m:+/\/5)3
Rt | om = 1.46 — 12.59 - (m«/\/5) + 40.50 - (ms/\/5)*> — 42.07 - (m+/\/5)?

f. =072

€ =—098+12.16 - (me/\/5) — 34.67 - (ms/\/5)* + 32.44 - (m«/ \/5)3
TT* Om =493 —42.55 - (mx/\/5) + 139.50 - (m«/\/5)> — 147.5 - (m+/ \/5)3

f. =0.76

Table D.1: Parameterisation of the signal efficiency (¢), mass resolution (o,,) in GeV and
efficiency correction factor (f.) for each type of excited lepton production.
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Figure D.3: Invariant mass resolution as a function of excited lepton mass scaled by the
centre-of-mass energy (m«//s) for the selections of (a-c) €€+ and (d-f) ¢+~ events. The
points show the mass resolutions obtained using simulated event samples at different
masses and centre-of-mass energies. The solid lines represent results of the parameter-

isations.
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Appendix E

Confidence Level Calculation

Results from a search for new phenomena are usually expressed in terms of the discovery
or exclusion of a signal at a specific confidence level. There exist different approaches
in calculating the degree of compatibility of an experimental outcome with new physics
processes. In the following, the method known as the Modified Frequentist approach [67,
68] is summarised.

For any monotonically increasing test statistic (X) with respect to more signal-like
experiments, the confidence in the background plus signal hypothesis (CL,.;) is given
by the probability that the estimator be less than or equal to the value observed in the
experiment (Xops),

CLvp = Psyp(X < Xobs)» E.D

where ¥

Pyop(X < Xobs) = /_ :,s a%g
The quantity dP,,,/dX is the probability density function of the test statistic for experi-
ments with signal and background events. Small values of CL,,, indicate that the data
are not compatible with the hypothesis for the presence of both signal and background
events. In general, the probability density function of the test statistic is not necessarily
analytically calculable in which case a Monte Carlo simulation of experiments satisfy-
ing the relevant hypothesis is often necessary to perform the integration. However, since
the chosen estimator (Q) in this analysis is defined to depend only on the number of ob-

served candidates in each individual channel, the probability density function dP;.,/dQ is

X . (E.2)
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Poisson distributed such that

—(si+bi) (. n

€ i+ b,’ i

CLys= 3. I 'S“‘; ) (E.3)
Om) < Q) =1 v

where Q(nqs) is the likelihood ratio obtained from the observed number of candidate
events n; in each channel i. The sum runs over all the possible outcomes n’ for which the
likelihood ratio is less than or equal to the observed one.

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

CLy = Py(X < Xobs), (E4)
where ¥
ob: dP
Po(X < Xoww) = | " —2dX . (E.5)

The quantity dP,/dX is the probability density function of the test statistic for background
only experiments. In analogy with Equation E.3, the confidence in the background only
hypothesis for the specific choice of the test statistic used in this analysis is given by

N —b; ":
S N (el

Q)< Qg =1

Y (E.6)
A value of CL, close to one would indicate that the experimental data are incompatible
with the background only hypothesis and that the signal plus background hypothesis is
instead favored.

For most realistic situation, where a large number of channels are considered, the cal-
culation of the quantity CL,,, and CL, quickly becomes computationally challenging. A
method [68] whereby the estimators and probability densities of all possible experimental
outcomes of channels are combined two at a time is used to speed up the limit calculations.

E.1 The Modified Frequentist Approach

The value 1 — CL, may be used to quote the confidence in a potential discovery. Similarly,
exclusion limits on the existence of signal may be calculated using the confidence level
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I — CL,,,. This quantity however has the property that for experiments with a number
of observed events smaller than the expected background, strong limits can be calculated
that not only exclude any signal events but also exclude the background hypothesis to a
high level of confidence. Although these limits are valid from a strictly statistical point
of view, they reflect the probability of obtaining similar or even stronger exclusion limits
in other experiments with the same expected number of signal and background events.
These exclusion limits are not a direct statement about the absence of signal events. For
experimental physicists carrying out searches for new phenomena, the quantity of inter-
est given a set of experimental measurements, is the confidence in the signal hypothesis.
Unfortunately, it is in general not possible to precisely correct the data for the presence
of backgrounds or carry out a completely background-free experiment. Thus, in most
searches, it is experimentally impossible to directly calculate the confidence in the signal-
only hypothesis.

The technique used in this work, which deals in a more intuitive way with the special
situation described above, is called the Modified Frequentist approach. The name of the
procedure refers to the fact that it is a departure from a strict frequentist interpretation

of limit setting. A quantity CL, is defined to be the ratio of the confidence in the two
hypotheses considered,
cL, = ke (E.7)
‘ CL,
This quantity, although not itself a confidence but rather a ratio of confidences, is use to
exclude the existence of signal events at a fixed confidence level CL given that

CL>1-CL, . (E.8)

Going back to the example described above where an experiment observes less events
than the expected background, the exclusion limits obtained using the Modified Frequen-
tist approach would in this case result in more conservative limits. This is sensible since,
intuitively, there is not enough information available to distinguish between the signal
plus background and background-only hypotheses. The use of the Modified Frequentist
approach is a method of obtaining conservative limits on the existence of signal events.
The quantity CL, can be interpreted as an approximation of the confidence in the sig-
nal hypothesis that would be obtained if an experiment was performed in the absence of
background or equivalently, if the background was precisely known and subtracted from
the observed data. The probability of falsely excluding a true signal (often called a type
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Figure E.1: Example of likelihood ratio (Q) probability density distributions.

II error in statistics textbooks [43—45]) using the quantity CL; is in general less than the
nominal value (1 — CL). For example, in calculating exclusion limits on the signal at the
95% confidence level (CL), the probability of excluding a true signal is in fact less than
5%. This is a consequence of the fact that the quantity CL; is not itself a confidence but
a ratio of confidences. In statistical terms, the use of CL, increases the ‘coverage’ of an
analysis.

These concepts are clearly illustrated in Figure E.1 which shows an example of likeli-
hood ratio distributions for the two hypotheses. The quantity CL,., and CL, are obtained
by integrating from right to left the appropriate normalised probability density distribu-
tions up to the observed value of the likelihood ratio. For well separated probability distri-
butions, the most probable result of an experiment will either be the discovery or exclusion
of the signal at a high confidence level. For experiments less sensitive to the possible pres-
ence of signal events, the probability distributions overlap. Results are more ambiguous.
The use of the quantity CL; 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 above, the existence of excited
electrons could also manifest itself in the production of events containing two photons.
Figure E.1 shows (a) the Standard Model interactions and (b) excited electron contributions
to the process ete~ — ~~. The existence of excited electrons would therefore results in
deviations from the Standard Model differential cross-section of events with two photons
in the final state.

Limits on the strength of the e*ey coupling extracted from the ete™ — ~vy dif-
ferential cross-section [69] uses a different form of interaction than the one described in
Equation 2.8 for which searches for singly produced excited states rely on. By using a
common theoretical framework, the ete™ — <+ process can be used to extend the limits
on the e*e~ coupling strength for excited electron masses beyond the kinematically al-
lowed region of single production. Small deviations from the Standard Model predictions
are expected even for excited leptons with a mass larger than the centre-of-mass energy of
the e*e” collisions.

Results from indirect searches, where the existence of e* is inferred from deviations
in the et e~ — v~ differential cross-section, are usually expressed in terms of limits on
the e"ey coupling strength assuming a general extension of the Standard Model. The
interaction between an excited lepton, a lepton and a gauge boson (L*L V) is described by
the simplest gauge invariant form of the interaction Lagrangian [70]

K

Liopy= L o, LF*Y + hermitian conjugate (F.1)

90
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Figure F.1: Diagrams showing the (a) Standard Model and (b) excited electron contribu-

tions to the process ete™ — ~+ considered in the calculations of the differential cross-
section presented in the text.

where F** denotes the electromagnetic field tensor', o,,, is the covariant bilinear tensor
and m. is the mass of the excited lepton. The parameter x is a measure of the coupling
strength. The ete~ — ~v differential cross-section using this purely magnetic coupling
is explicitly calculated in [70] and given by

(da) _ (dcr)
dQ /. dQ2 QED
3 3 1
+a2{l("> (Elsin36+m$)< 7 +9 )
2 \m- (g*—m3)"  (q'*—ms)”

K\ m?2E*sin’
o(2) bt
m«/) (q2—m)(q'? —ms)

2 2 2 , , 1 1
+ ("’) [," s+ — ,+E-sin-0( o+ — )”
m. q:—mi  q't—m? q*—m?  q'r—m?

where (d") is the Born level Standard Model differential cross-section, 8 is the polar
do ) Qep

‘F;u/ = a[lAll - auAu
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angle of one of the photons with respect to the incoming electron, E is the beam energy
(E = \/5/2),q*> = —2E*(1 — cosf) and ¢’ = —2E>*(1 + cos#). Since the two outgoing
photons are indistinguishable, cos 8 is defined to be positive. Limits on the strength of the
e*ery coupling, x, are expressed as a function of m, [69].

The interaction Lagrangian of Equation F.1 leads to large contributions to the anoma-
lous magnetic moment of electrons and muons and the size of the coupling, k, is therefore
already severely constrained by existing g-2 precision measurements [60]. In fact, limits
on s from g-2 measurements are approximately an order of magnitude better than limits
from ete™ — 7 calculated using Equation F.2. It therefore does not appear relevant to
express limits on the strength of the coupling assuming a purely magnetic interaction.

On the other hand, limits on the e*ey coupling strength from the search for singly
produced excited leptons are calculated using the theoretical framework described in Sec-
tion 2.3. The effective Lagrangian density describing the L*L V interaction, Equation 2.8,
is chosen to have a chiral symmetry which protects Standard Model leptons from acquiring
large anomalous magnetic moments.

When expressed in terms of the physical gauge fields observed in nature using the

transformation of Equation 2.3, this Lagrangian density leads to the following chiral mag-
netic vertex [6]

. e
TLtY = o fr 7ol =) (F.3)

where ¢” is the momentum of the gauge boson and f, are defined in Equation 2.10-
2.12. Assuming this chiral conserving interaction, the coupling e*ev is less severely con-
strained since contributions to the electron and muon anomalous magnetic moments are
suppressed, by definition. It still however permits observable deviations in the process
ete™ — ~vv which are not excluded by g-2 measurements. In addition, limits from in-
direct searches expressed in this framework can be easily compared and combined with
limits obtained from searches for singly produced excited electrons.

To achieve this, deviations from the Standard Model ete~ — ~~ differential cross-
section need to be calculated assuming a chiral conserving e*e~y coupling. With the ex-
istence of excited electrons, the four diagrams shown in Figure F.1 are considered. The
differential cross-section is calculated using the L*L V vertex given in Equation F.3 and
combined with the standard QED interaction e L+, LA,,. The excited electron propagator
is taken to be the usual fermion expression with a mass m., i (v*q,, +m.)/(q* —m?), where
q,. is the momentum vector of the excited lepton. Summing over the outgoing photon po-
larisations and neglecting the mass of the electron, the resulting differential cross-section
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is

@). - (&),

£
A

+ _2 qt q'* 8 E*sin 6
4 ms)

nl‘ + E) + 5 L) -
[(q-’- —m3)? (g2 -md)®  (q*—mi)(q"?

(F.4)

where the same notation as for Equation F.2 is used. There are no terms of order (f., / A)2
in Equation F.4 since the chiral conserving coupling ensures that the excited electron dia-
grams do not interfere with the Standard Model diagrams.

Equation F4 is now being widely used among the four LEP experiments [57] to
calculate constraints on the existence of excited electron from studies of the process
ete™ — v4.
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