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Abstract

The data taken in 1998 and 1999 by the DELPHI experiment at
centre of mass energies between 189 GeV and 202 GeV, corresponding
to an integrated luminosity of 378.2 pb™!, were used to search for the
supersymmetric partner of the tau lepton (stau, 7) in the context of
the Minimal Supersymmetric Standard Model (Mssm) with R-parity
conservation. In this scenario, staus could be pair produced at LEP2 and
decay dominantly to the lightest neutralino (x?) and a tau lepton (7 —
7x}). In this context, the lightest neutralino is an ideal candidate for
the lightest supersymmetric particle (LSP). Since R-parity conservation
implies that the LSP is stable and neutral, the ! interacts weakly thus
escaping detection. Therefore, the stau events are characterised by an

acoplanar tau pair with missing energy.

The number of observed event candidates shows no significant
deviation from the Standard Model prediction. The results were
interpreted as a 95% confidence level (C.L.) exclusion region in the
neutralino-stau mass plane. Assuming the MssMm input parameters for
the Higgs mixing parameter, y = —200 GeV/c?> and the ratio of the
vacuum expectation values of the two Higgs doublets, tan § = 1.5, the
right-handed stau mass limit was found to be mz, > 63 GeV/c? at 95%CL
if the difference in mass between the neutralino and the stau is greater
than 15 GeV/c?.

The prospects of detecting trilepton events from the associ-
ated production of the lightest chargino ()Zli) and the second light-
est neutralino (Y9) in the context of the Minimal Supergravity model
(MSUGRA) with the CDF experiment at the TEVATRON are overviewed.
The ¥i and {J cascade decay to final states with a lepton and the light-
est neutralino (7). In the case where the 7 lepton decays leptonically,
this channel can offer a clean trilepton signal with very little Standard
Model background. Preliminary Monte Carlo studies have shown that
for certain regions of MSUGRA parameter space, the clean trilepton sig-
nal could be observable in Run Ila with 2 fb~! of data. The observation
of a signal coming from the Yi ¥} associated production can be enhanced
if the hadronic tau decay could be efficiently tagged while keeping the
Standard Model backgrounds under control. In the eventuality that no

signal is observed, a substantial region of the parameter space that was



not accessible at LEP2 can still be probed and the lightest chargino could
be excluded up to a mass of ~ 200 GeV/c?.

In preparation for the search for a supersymmetric trilepton sig-
nal, a cosmic ray muon tagger has been implemented, since cosmic ray
muons are a natural source of background. The cosmic ray tagger was
used to obtain the first Run ITa Z°/y* — p*p~ signal using the 3.1 pb~!
of data collected. The data candidates obtained in the mass window of
66 < M+~ <116 GeV/c? and with |n,| < 0.6 have been used to mea-
sure the Z° production cross section. The Z° cross section was measured
to be 4.84 + 1.08(stat.) + 0.77(syst.) nb which is in agreement with
the Runl measurement of 6.94 4+ 0.53 nb and with the QCD theoretical
prediction of 6.05 + 0.3 nb.
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Preface

The Standard Model has been very successful in predicting the properties of
new particles and the structure of the interactions between them. However, despite
its excellent agreement with experimental measurements, the Standard Model con-
tains several theoretical problems that cannot be solved without the introduction
of new physics beyond the Standard Model. At present, the preferred theories are
based on Supersymmetry (Susy) which introduces a new symmetry between the
fermions and the bosons. Supersymmetry predicts the existence of supersymmetric

partners (sparticles) to all Standard Model particles.

This thesis presents a search for the supersymmetric partner of the Standard
Model tau lepton, known as scalar tau (stau), with the DELPHI detector at LEP2
and discusses the prospects for observing a supersymmetric signal in the trilepton
channel with the CDF detector at the TEVATRON in Run ITa. Additionally, the
implementation of a cosmic ray muon tagger and the measurement of the Z° pro-

duction cross section at y/s = 2 TeV with the CDF detector are described.

In the Minimal Supersymmetric Standard Model with R-parity conservation
(MssM), staus (7) could be pair produced at LEP2. The dominant decay of the
stau is to the lightest neutralino (x?), assumed to be the lightest supersymmetric
particle (LSP), and to the tau lepton (7 — 7x?). Since R-parity conservation implies
that the LSP is stable and neutral, the ¥ interacts weakly thus escaping detection.
Therefore, the stau events are characterised by an acoplanar tau pair with missing

energy.

In the Minimal Supergravity model (MSUGRA) with R-parity conservation,
the source of the supersymmetric trilepton signal, that could be produced at the
TEVATRON, is the associated production of the lightest chargino (YT) and the second
lightest neutralino (y9) which cascade decay to leptons and x! for some regions of
the parameter space. At the TEVATRON, the pair production of {9 is expected to

dominate over other strongly produced supersymmetric processes. Therefore, this



channel could produce a clean trilepton signal (I = e or p) plus missing transverse

energy (Kr) almost free of Standard Model backgrounds.

In preparation for the search for a supersymmetric trilepton signal, a cosmic
ray muon tagger is implemented and is used to obtain the first Run ITa Z°/7* —
putp~ signal. The number of data candidates with a reconstructed invariant mass
in the mass window of 66 < MM+M_ < 116 GeV/e? and with |n,] < 0.6 are used to

measure the Z° production cross section at /s = 2 TeV.

Chapter 1 presents the Standard Model and describes its theoretical shortcom-
ings. The motivations for supersymmetry are outlined and the Mssm and MSUGRA
models are described. The production and decay of scalar tau at LEP2 and the
prospects for the discovery with the CDF detector of the supersymmetric trilepton
signal from the associated production of the Y9 are discussed. Chapter 2 intro-
duces the LEP accelerator and the DELPHI detector. The search for staus with the
DELPHI detector is presented in Chapter 3. The data and the Monte Carlo simu-
lated samples are outlined followed by the description of the selection of the stau
candidates based on a sequential cut analysis. Since the result is in agreement with
the Standard Model prediction, it is interpreted as an excluded region in the 7x°
mass plane. Chapter 4 presents the TEVATRON and the CDF detector. Chapter 5
describes the implementation of the CDF cosmic ray tagger, the selection criteria
used to isolate the Z°/~v* — uTu~ signal using the 3.1 pb~! of data collected, and
the measurement, of Z° production cross section at /s = 2 TeV. Chapter 6 con-
cludes and discusses the future prospects of the search for supersymmetry using the

trilepton signal.



Chapter 1

Theory and Motivation

1.1 Introduction

The Standard Model (SM) of particle physics is one of the most successful theories
ever constructed and is in excellent agreement with experimental measurements. In
spite of this, the Standard Model contains several theoretical problems which cannot

be solved without the introduction of new physics.

This chapter discusses briefly the Standard Model (SM) of particle physics and
some of its successes and limitations. It is shown how the introduction of a new
kind of symmetry, Supersymmetry (SUSY), solves two of the main problems of the
SM, namely the hierarchy problem and the unification of the couplings at a higher
scale and by doing so reduces the number of free parameters. The basic ideas of
the Minimal Supersymmetric Standard Model (Mssm), the minimal Supergravity
model (MSUGRA) and R-Parity conservation are introduced as well as the predicted
particle spectrum. Finally, the two supersymmetric channels relevant to this the-
sis, involving the production of supersymmetric particles at DELPHI and CDF, are
described.

1.2 The Standard Model

The Standard Model [2] describes the interactions of the fundamental particles,
called fermions, via the exchange of bosons. The constituents of matter, fermions,

are organised in three families (see Table 1.1).
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Fermions Generation Quantum Numbers
1 2 3 Q nv Y
v, v v 0 +1 -1
Leptons ( ¢ ) ( . ) ( ’ ) f
e/, w), A 1 -3 -1
er HR TR -1 0 —2

u ¢ t +§ +% +§

Quarks T y b B B L
L L L 3 2 3

Up Cr tr +2 0 0 | +3

&y o by | -3 | 0 | -3

Table 1.1: The elementary fermions and their electroweak quantum numbers, where Q is
the charge, 1. ?I,/V is the third component of weak isospin and Y is the weak hyper-charge. The
subscripts L and R refer respectively to left and right-handed helicity states.

The fundamental forces, electroweak, strong and gravitational are mediated by the

exchange of bosons. (see Table 1.2).

Boson Q LY | Mass [GeV/c?] Interaction
Vector Boson
w +1  +1
80.45 (charged) Electroweak
W~ -1 -1
Z° 0 0 91.19 (neutral) Electroweak
0% 0 0 0 (neutral) Electroweak
g 0 0 0 QCD

Scalar Boson

H 0 0 > 113.5 [3] Yukawa

Table 1.2: Properties of the gauge bosons, where Q is the charge, [;V is the third component

of weak isospin.

The electromagnetic force is mediated by photons, the weak force by the heavy
bosons, Z° and W* and the strong force by gluons. The Standard Model envisages
that gravity is mediated by the exchange of the graviton, but a satisfactory quantum

description of gravity has not yet been described. The masses of the fermions and
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heavy bosons are generated by the Higgs mechanism involving a heavy scalar Higgs
boson which has not yet been observed. LEP experiments have excluded a Standard
Model Higgs with mass below 113.5 GeV/c? [3].

Presently, the Higgs boson is the one remaining particle of the Standard Model
that has so far not been discovered. All other Standard Model particles have been

observed and many of their properties have been measured.

1.2.1 Model description

The Standard Model combines the idea of quantum mechanics and special relativ-
ity into a quantum field theory description where the particles emerge as quanta
of the field variables. Its two major components are Quantum Chromodynamics
(QCD) and the Unified Electroweak Theory (QED). The model is based on the
symmetry groups SU(3)c® SU(2),® U(1l)y. The SU(3)c symmetry group, where
C denotes the colour, describes the strong interactions mediated by eight gluons.
The SU(2), ® U(1l)y symmetry group, where L denotes left-handed helicity and Y
the weak hyper-charge, describes the weak and electromagnetic interactions and is

known as electroweak symmetry.

Electroweak theory

The central postulate of the SM is invariance under local gauge transformations.
The invariance requirement leads to the introduction of four massless fields. The
first three constitute a triplet W¢="*% associated to weak isospin of the SU(2)y
group and the fourth is a single B, field associated to hyper-charge Y of the U(1)y
group where:

Y =2Q- 1) (1.1)

The B, field couples to the fermions with a strength ¢’ while the W, fields couple
with strength ¢ to the left handed chirality states. The observed gauge bosons are

linear combination of the four gauge fields.

The two charged boson fields Wlf are given by:

1
Wy =—
V2
Since the Z boson couples to both right and left handed fermions, the field, A,, cor-
responding to the physical , and the field, Z,,, corresponding to Z°, are orthogonal

(W, F iW?) (1.2)
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combinations of the W, and B, fields and are given by:

A, = sin by Wi + cosw B, (1.3)
Z, = cosby W; —sinfy B, (1.4)

The weak mixing angle, fy, can be expressed as a function of the weak and electro-

magnetic coupling constants, g and ¢ :
g sinfy = g'cosby = e (1.5)
where e is the electron charge.

The coupling strengths!, Qj—1,2,3 are defined as:

2 g;
; =0)=>"" 1.6
The electromagnetic fine structure constant, o, has the value 1/137 at energies
which are small compared with the electron mass. At higher energies it becomes

larger, for example, at LEP energies it takes a value closer to 1/128.

Quantum Chromodynamics

The gauge theory of the strong interaction is called Quantum Chromodynamics
(QCD) [4]. In this theory the quarks possess an internal property called colour and

the gauge transformations are transformations between quarks of different colours.

The eight gauge bosons of QCD are called gluons and these are the ones that mediate
the strong interaction. Due to colour exchange, multiple gluon couplings are allowed
in QCD which is what underlies the decreasing strength of the strong coupling, a3
with increasing energy scale. At the Z° mass energy scale, the strong coupling is
measured to be:

asz(M2) = 0.118 4 0.004 (1.7)

Higgs Mechanism

The principle of local invariance leads to the introduction of the massless W and B
fields. However, since the weak interactions are very short range, it implies that the

gauge bosons must be massive. In order to give mass to the gauge bosons without

IFor matter of simplicity, the natural units 7 = ¢ = 1 have been used.
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loosing local gauge invariance, a procedure exploiting the spontaneous symmetry
breaking mechanism and the Higgs mechanism [5] is introduced. The Higgs mecha-

nism introduces a weak isospin doublet of a complex scalar field with hyper-charge

Y=1:
(et [ (@ +i®)/V2
o) = ( P9 ) B ( (<1>3+7;<1>4)/\/§> (1.8)

where ®; are real fields. The most general form of the potential which stays invariant

under gauge transformation can be written as:

V(@) = p’|2f* + Al2|* (1.9)

By choosing the parameters x? < 0 and A > 0, the potential has an infinite number
of states each with the same lowest energy:
— 2

<P >= oy = v# 0 (1.10)

The fundamental state is degenerate and does not respect the gauge symmetry of

SU(2),® U(1)y. This phenomenon is called spontaneous symmetry breaking, where

the vacuum expectation value, v, represents the energy scale where the electroweak

symmetry is broken. By expressing the Lagrangian in terms of these fields, one

obtains a massive scalar particle called the Higgs boson (H), and three massless

particles known as Goldstone bosons.

P.W. Higgs was one of the first to realise that the choice in which the vacuum is
the true vacuum is equivalent to choosing a gauge, which is necessary in order to
quantise the theory. G. Hooft and M. Veltman [6] applied that idea to the Standard

Model. In the Higgs mechanism, perturbative expansion is computed around:

1 {0
D, = NG ( ) ) (1.11)

The three degrees of freedom of the scalar doublet are used to give the longitudinal
polarisation of the W and Z° bosons. The mass terms appear only for the Wy, Z,
and H fields. The A, field, corresponding to the photon, stays massless since the
choice of the hyper-charge Y = 1 for the scalar doublet leaves it invariant under

U(1)y local gauge transformation. The mass of the gauge bosons are given by:

1
My = 59Y (1.12)
1
M, = §gv/cosﬁw (1.13)
My = w/2N (1.14)
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The parameter v is related to the Fermi coupling constant, Gz by:
v=(GpV2) 7 =246 GeV (1.15)
which has been measured to high precision [7].

From equation 1.12 and 1.13 one can see that the theory predicts the ratio of the
W-mass to the Z-mass, but since ) is a free parameter of the theory, the mass of

the Higgs boson is not predicted.

Hierarchy problem

This section describes the problem of quadratic divergence of the Higgs Boson mass

when radiative corrections are taken in account.

Let’s consider the first order perturbative correction to the Higgs boson mass.

Figure 1.1: SM quantum correction for the Higgs mass: loop containing a Dirac fermion F'

with mass mp.

Figure 1.1 shows the one loop correction to m?% from a Dirac fermion F of mass
myp and with coupling strength, Az, of the Higgs to the fermions. The correction is
then given by:

Ar|”
1672

Am?% = —2A%y + Gm%ln(ﬂ> +.. ] (1.16)
mpg
where Ay is the momentum cutoff parameter used to regulate the loop integral. It
can be interpreted as the energy scale at which new physics enters to alter the high-
energy behaviour of the theory. The first term of equation 1.16 diverges quadratically
with the momentum cutoff Ayy. Since the Higgs-fermion coupling is proportional
to the fermion mass, the most important contribution occurs in the case of the top
quark (Ap & 1). If we insert Ayy ~ Mpjanek, then the radiative correction to the

scalar field is of the order of the Planck scale:

Am3; ~ (10" GeV/c?)? (1.17)
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Those corrections need to be compared with the order of magnitude of the Higgs
mass which is required to be less than 1 TeV in order for the SM to stay a per-
turbative theory [14]. Thus those large quadratic corrections must be cancelled by
a fine-tuning of the parameters to the order of one part in 10'® and such a tuning
is extremely unnatural. Additionally, this cancellation must occur at every order
in perturbation theory and therefore the parameters need to be retuned each time.

This problem is known as the hierarchy problem.

1.2.2 Success and limitations

Over the past 11 years, experiments carried at CERN, SLAC and FNAL have
checked many of the Standard Model predictions to high accuracies (see Fig 1.2) [8]

Winter 2001

Measurement Pull Pull

32-10123

m,[GeVv] 91.1875+0.0021 .04
r,[GeV]  24952+0.0023  -46
o), [Nb]  41.540+0.037  1.62

R 20.767£0.025  1.09
AY 0.01714 £0.00095 .79
A, 0.1498 +0.0048 .41
A, 0.1439+0.0041  -.96
sin?g" 0.2322+0.0010 .78
R, 0.21664 + 0.00068  1.32
R, 0.1729£0.0032 .20
AYP 0.0982 +0.0017  -3.20
AL 0.0689 +0.0035  -1.48
A, 0921+0.020  -68
A, 0.667+0.026  -.05
A 0.1513+0.0021  1.68
sin’e,, 0.2255+0.0021  1.20
m, [GeV]  80.452 + 0.062 95
m, [GeV] 174351 -27

Aa® (m,) 0.02761+0.00036 -.36

-3-2-10123

Figure 1.2: Electroweak measurements and comparison from Standard Model from Moriond

2001.

Some of those high precision measurements have been the determination of the W=
(My = 80.452 + 0.062 GeV/c?) and Z°(Mz = 90.1871 £ 0.0021 GeV/c?) masses, the
weak mixing angle (sin? fy, = 0.2255 4= 0.0021) [9] as well as determining the num-
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ber of neutrino families to Ny = 2.994 4 0.012 [11]. However, the most impressive
result is the tight constraint on the top quark mass by experiments at LEP with-
out this particle being kinematically accessible [9]. Higher-order processes involving
virtual top quarks are an important element in quantum corrections to the predic-
tions that the electroweak theory makes for many observables. The comparison of
experimental measurements at LEP and theoretical predictions favours a top mass
in the neighbourhood of 180 GeV/c?, which is compatible with the TEVATRON top
quark mass measurement 175.9 + 4.8(stat.) £ 4.9(syst.) [12].

As shown in Figure 1.3, direct searches and precision measurements constrain the
Higgs mass to be between about 113.5 GeV/c? and 200 GeV/c®>. The value of x?,
associated to the adjustment of the different independent SM parameters, seems to

favour a Higgs mass below 150 GeV/c? (see Section 1.3.5).

6
] oY i
A i
i —0.02761+0.00036
} -+ 0.02738+0.00020 ]
4 . 5 —
. ] i
>< 4
<
2 . —
0 Excluded \ Preliminary
T

10°
m,, [GeV]

Figure 1.3: Ax? of for a global fit of the precision electroweak data as a function of m . The
main result is shown by the solid curve. The associated band represents the estimate of the
theoretical uncertainty. The dashed curve is the result using a theory driven determination

of Aay,(myz) [13].

Although the Standard Model seems to be a very effective theory at the electroweak

scale i.e.,at /s & My =~ My, many problems remain. Some of them are:

e Although the Higgs mechanism provides a framework to predict the bosons
masses, it appears somehow ad hoc and does not explain the origin of sponta-

neous symmetry electroweak breaking.

10
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e The Standard Model has three independent gauge groups, each with its own
gauge coupling oy, g, a3. An idea which theorists find very appealing is that
the three forces described by these three gauge groups are parts of a single
unifying force. It is assumed that there exists some large scale, Mgy, at
which these three gauge couplings converge and above which there is only one
Grand Unified Force. The three gauge couplings accurately measured at the
Z mass scale can be extrapolated to the GUT scale (Mgyr ~ 10 GeV/c?)
using the Renormalisation Group Equations (REG). As shown in Figure 1.4,
the coupling constants do not unify at a large energy scale. This contradicts

the unification of the forces.

e When radiative corrections to the Higgs mass are taken in account, scalar
corrections to the Higgs mass become quadratically divergent (see Section
1.2.1). One solution to cancel those divergences is to fine-tune the parameters,

which is regarded by most theorists as unacceptable.

ool
= 60 < 1ay

E g SM
50 - e N :
TP 7 4
2“ ,_ 1 ..r'
10 £

1/ 0
Yo 5 -

Ylog Q

Figure 1.4: Evolution of the inverse of the three coupling constants in the SM, where o

(e.m), aig (weak) and a3 (strong).
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1.3 Supersymmetric Models

In recent years, supersymmetry (SUSY) has been extensively studied to give a picture
of possible physics beyond the SM. Supersymmetry is an elegant theory which relates
fermions to bosons. This theory predicts the existence of additional particles which
differ from their SM partner by half unit of spin. In this section, the motivation to
supersymmetry will be introduced. The Minimal Supersymmetric Standard Model
(MssMm) will be briefly described as well as one of the supersymmetric breaking
mechanisms (SUGRA) which predicts the entire SUSY mass spectrum from a few
parameters. The concept of R-Parity conservation will be introduced and finally the

particle spectrum will be described.

1.3.1 Motivation for Supersymmetry

This section describes how the introduction of supersymmetry solves both the hier-

archy problem and the unification of couplings at a high energy scale.

Solving the hierarchy problem

Supersymmetry (Susy) offers a very attractive solution for the hierarchy problem
by generating another loop contribution so that both contributions cancel the di-

vergence.

Figure 1.5: SUSY quantum correction for the Higgs mass: loop containing scalar particle

S with mass mg.

If an additional scalar particle S with mass mg and with a coupling \g exists, an

additional correction shown in figure 1.5 arises and can be written as:

As

Ay = %5 [A?N - 2m25ln<M> + .. } (1.18)

12
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By comparing equations 1.16 and 1.18, one can see that by choosing A\g = |2\r|?,
the quadratic divergence cancels out. Furthermore a complete cancellation of the
fermionic and bosonic contribution, even at higher orders, can be achieved by also
requiring mrp = mg. Hence, a mechanism that transforms fermions into bosons and

vice-versa gives a possible solution to the hierarchy problem.

Supersymmetry solves the gauge hierarchy problem by predicting that all bosons
have a fermionic partner and all fermions have a bosonic partner. The supersym-
metric partners differ from their ordinary partner by half unit of spin, all other
quantum numbers remain unchanged. The operator which transforms fermions into

bosons and vice versa, is an anti-commutating spinor, () with:

Qlboson >=|fermion >  Q|fermion >= |boson > (1.19)

Each SM particle is paired with its superpartner to form a supermultiplet with the

same coupling strength. There are two types of supermultiplets:

o Chiral supermultiplet contains a chiral spin—% fermion and a spin-0 scalar;

o Massless Vector supermultiplet contains a spin-1 vector boson and a Majorana?

. 1 .
spin-; fermion.

Unification of gauge couplings

As mentioned in Section 1.2.2, in the SM the gauge coupling constants do not
unify at any energy scale. However, in a supersymmetric theory, the new particles
introduced into the spectrum change the evolution of the couplings. Figure 1.6

shows this evolution in the SUSY model. The forces unify around 10'6 GeV.

If supersymmetry was an exact symmetry, the particles and their superpartners
would be degenerate in mass. Since no scalar particles with the same mass as
the SM fermions have been observed, SUSY must be broken at some higher energy
scale. Two supersymmetric breaking mechanisms have been studied in the litera-
ture: gravity mediated supersymmetry breaking (SUGRA) [16] and gauge mediated
supersymmetry breaking (GMSB) [17]. In this thesis, the SUGRA breaking mech-

anism is considered.

2A Majorana fermion, 1 is one which is its own charge conjugate, ¥¢ = 1), e.g.:Majorana

neutrino.

13
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Figure 1.6: Evolution of the inverse of the three coupling constants in the MSSM, where

a1 (e.m), ao (weak) and g (strong).

1.3.2 Minimal Supersymmetric Standard Model (MSSM)

The Minimal Supersymmetric Standard Model (MssM) is the simplest supersym-
metric extension of the Standard Model since it requires a minimal number of new
particles and interactions that are consistent with the SM gauge group. It respects
the same SU(3)c ® SU(2), ® U(1)y gauge symmetry as the SM.

The fermions (quarks and leptons) belong to chiral supermultiplets® together with
spin-0 sfermions (squarks and sleptons). The gauge bosons (photon, gluon, W=, Z°)
belong to the vector supermultiplets together with the Majorana spin—% gauginos

(photino, gluino, wino, zino).

The Mssum requires two Higgs doublets for two reasons. The first reason is that since
the SM fermions have exactly the right quantum numbers to cancel the triangle
SU(2), and U(1)y gauge anomalies, the contribution from the fermionic partner of
the Higgs doublet remains uncancelled. The second reason is that two Higgs doublets
are required in order to give both the up and down quarks masses. Therefore, the

Higgs boson is paired with a spin—% Higgsino in a chiral multiplet.

3SM fermions are chiral since their left and right handed components transform differently
under SU(2)r @ U(l)y

14
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The exact nature of the Supersymmetry breaking mechanism is unknown, but it can
be incorporated by adding explicitly soft Susy breaking terms consistent with the
symmetries of the SM. For the Msswm [15] they consist of:

e gaugino masses ( My, My, M; for each U(1), SU(2) and SU(3) gauge groups);
e mass terms for various left and right spin 0 (squarks, sleptons, Higgs) fields;
e trilinear (A-term) interactions amongst the scalars and

e analogous bilinear (B-term) interactions.

In addition to those soft-breaking terms, the ratio, tan 3, of the two Higgs vacuum
expectation value, Vevs, and a supersymmetric Higgsino mixing parameter j must
be specified. In the unconstrained MssMm, the above terms are considered to be
free parameters of the theory. The large number of unknowns can be reduced if a

particular SUSY breaking mechanism is employed.

1.3.3 Minimal Supergravity (MSUGRA)

The minimal Supergravity model (MSUGRA) is based on a local version of supersym-
metry. Since invariance under local SUSY transformations implies invariance under
local coordinate change (which is the underlying principle of the theory of General
Relativity), gravity is naturally included. In this model, supersymmetry is broken
in the hidden sector [18] and transmitted to the wisible sector via gravitational

interactions [19].

In this model it is assumed that the gauge couplings unify at the scale M, ~
10 GeV as motivated by Figure 1.6 which shows that the three gauge couplings
do meet at this scale. It is further assumed that at this energy scale, the masses of
all scalar partners (¢ and l~) take a common value of myg, the gauginos masses unify
at M;(M,) = my, the trilinear parameters have the same value Ap and the neutral
Higgs boson masses are equal to M), g = \/TW, where p is the Higgs mass
parameter (see section 1.3.5). Figure 1.7 shows the masses from the M, down to
the electroweak scale predicted through the supersymmetric renormalisation group

equations (RGEs).

One can notice that m? goes negative toward the electroweak scale. This introduces
the breaking of electroweak symmetry. This mechanism only works in the case of
Mo ~ 175 GeV/e? [20].

15
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Figure 1.7: Running of the sparticle masses from the GUT scale to the electroweak scale
for a particular choice of model parameters [23]. The bold lines are the three soft gaugino
masses, Mg, My (labeled W) and M (labelled B) The light solid lines are the squarks (¢z,
qr, fL, fR) and slepton soft masses (l~L, ZR). Finally the dashed lines represent the soft Higgs
masses, M}, and My, labelled by H; and H,,.

At the electroweak scale, the gaugino mass terms are related by:

5
M1 = gtan29WM2 (120)
M3 = ﬂSiHQQWMQ (].2].)
Qem

With this set of assumptions and the further requirement that the Z° boson mass
acquires its measured value when the parameters are evaluated at a lower scale, the

SUSY sector requires 5 free parameters:
mo, M1, Ay, tan 3, sign(u) (1.22)
In addition, as in the SM, the top mass, m;, must be specified.

Furthermore, within the MSUGRA framework, R-Parity (see Section 1.3.4) is as-

sumed to be conserved.

1.3.4 R-parity conservation

In constructing MssM, there are terms that allow for violation of Baryon number (B)

or Lepton number (L). A solution to the problem is to introduce a new symmetry

16
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called R-Parity which forbids the undesirable lepton and baryon number violating
terms. R-Parity is defined as a multiplicative quantum number such that all SM
particles have R-Parity +1, while all superpartners have R-Parity -1. R-Parity can

be written as:
R — (_1)3B+L+25 (123)

where s is the particle spin.

The assumption of R-Parity conservation has profound phenomenological conse-
quences. Firstly, it implies that SUuSY particles must be pair produced from SM par-
ticles. Secondly, the lightest supersymmetric partner (LSP) must be stable. Cosmo-
logical constraints favour an LSP which is neutral in electric and colour charge [24].
Hence the LSP is stable and neutral and thus escapes experimental detection. There-
fore the LSP is an excellent candidate for dark matter and is generally assumed to
be the lightest neutralino x!. Furthermore, SUSY particles will decay into a state
which contains an odd number of LSP, typically one. Experimentally this means
that the search for supersymmetric particles is characterised by the missing energy

from the non-observed LSP.

1.3.5 Particle spectrum

In this section the particle spectrum in the context of MssM is described (see Ta-
ble 1.3).

Higgs

The Higgs scalar fields of the MssM consist of two complex SU(2),, doublets each of
which have four degrees of freedom. When electroweak symmetry is broken, three of
them become the longitudinal modes of the Z° and W* massive vector bosons. The
remaining five Higgs scalar mass eigenstates consist of one CP-odd neutral scalar
A, a charge +1 scalar H' and its conjugate charge -1 scalar H~ and two CP-even
neutral scalars h and H. After fixing v? + vZ so that the W boson get its mass

according to the equation:

2
M%:$3@3+@) (1.24)

the Higgs sector can be described with two additional parameters:

tan = -2 (1.25)
U1
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d d
L L
c ¢ L
CR  Sr - CrR Sk
S S
L B L
") ow b M R S O X
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.1 e . e .
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Wi Wi {5/7 Za H?,Z}
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. . I ==
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H* i+ (W, it}

Table 1.3: Particles of the M SSM. Arrows indicate fields that mix due to the Yukawa

interactions and the corresponding physical fields that result.
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and My, the mass of the pseudo-scalar Higgs boson. The masses of the different

Higgs can then be expressed in terms of M, and tanp:

M3 = m?+mj;+ 2’ (1.26)

M}p. = M3+ M, (1.27)
1

MEy = 5 (Mj + Mz F \/(Mg + M2)2 — AM% M2 cos? 25) (1.28)

The MssM seems to predict that one of the neutral Higgs scalar must be lighter than
the Z boson: myo < Mz|cos 23|. However, after taking into account the radiative

corrections, one obtains the upper bound:
myo < 130 GeV/e? [21] (1.29)

which is in agreement with the EW precision measurements®.

Sleptons

Below the electroweak breaking scale, fields with different SU(2),® U(1)y quantum
numbers can mix if they have the same SU(3)¢ ® U(1l)g, quantum numbers.
Thus, for example, the superpartner of the 7=, the SU(2);, doublet and singlet
fields, 7, and 7, respectively, have identical quantum numbers and thus can mix.
Furthermore, since the gauge interactions of the sfermions are the same as for the SM
fermions, a left-handed slepton will couple to the W boson, while the right-handed

will not.

In the context of MSUGRA, the following equations describe the slepton masses at

the electroweak scale [22]:

1 1
M = mj+ ZCI +Cy + §M% cos 23 (1.30)
1 1
Ml2~L = mi+ ZOI +Cy — (5 + sin? Oy ) M cos 23 (1.31)
Ml%{ = mj+ Cy —sin® Oy, M cos 23 (1.32)

1 2
The slepton’s masses are obtained by the diagonalisation of the following mass ma-

trix:

( M;L +ml2 ml(Al +utan5) ) (133)
ml(

A+ ptan ) ME +mj

4This assumes that all the sparticles that can contribute to A(m?,) in loops have masses that
do not exceed 1 TeV.
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For the first two lepton generations, one can approximate m; = 0 and therefore the
mass eigenstate are } r and ] - However for the third generation, m, = 1.777 GeV/cz,

thus one obtains two mass eigenstates (71, 72) which are a mixture of 75 and 7p:

7:-1 _ co? 0 sin0; 7:'L (1.34)
7 —sinf; cosf: Tr

where the mixing angle - is defined by:

0; = %arctan <2m7 (Ar + pu tan 3))

1.35)
2 2 (

M;[:L - M%R
At the electroweak scale, the stau will be the lightest slepton due to the presence
of the diagonal terms in equation 1.33 and their larger evolution due to Yukawa

couplings.

Charginos

The charged Higgsinos (H*, H~) and winos (W, W) mix to form the two mass

eigenstates called charginos (Yi, X3) obtained by the diagonalisation of the mass

matrix:

( M, V2Myy sin 3 ) (136

V2My cosf p

The nature of the chargino is important. Depending if the chargino is Higgsino like
or wino like, the interactions with other particles will be different and therefore the

cross sections and branching ratios will change.

Furthermore, in the limit of |+ Ms| >> M, mass eigenstates of the charginos con-
sist of a wino like, )Zf and a higgsino like )ZQi, and their masses can be approximated

to:
M%,(Mg + p sin 23)

1.37
M2 _ M22 ( )

M>~<1i,2 - MZ +

In this case, the lighter chargino, i, is wino (~ W#) while X3, is Higgsino (~ H*).

Neutralinos

Neutralinos are a mixture of the photino (), the zino (Z) and the two neutral
higgsinos (I:IRZ). The four mass eigenstates (X143 4) can be obtained by the diago-
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nalisation of the following matrix:

M, 0 — My cos Bsin By M sin Bsin Oy,
0 Moy My cos Bcos Oy — My sin Scos Oy
— My cos Bsin By, M cos [Scos Oy 0 —
My sin Bsiny,  — M sin Bcos Oy, — I 0
(1.38)

In the limit of |+ M| >> My, the mass eigenstates of the the lightest neutralino,
(x}) and the second lightest,(x3), can be approximated to:

M? sin’ Oy (M, + p sin 23)

My = M, — == Y (1.39)
M3, (My + 1 sin 273)
My = My~ D (1.40)

1.4 Supersymmetric Channels

This section describes the production and decay of the supersymmetric partner of
the tau lepton at LEP2. The prospects of observing a supersymmetric signal in
the trilepton channel from the associated production of the ;zf;zg, with the CbDF

experiment at the TEVATRON in Run IIa, are discussed.

1.4.1 Supersymmetric Scalar Tau at LEP

As mentioned in Section 1.3.5, the stau is predicted to be the lightest slepton and

hence has the highest discovery potential since it is more accessible kinematically.

The staus can be pair produced with an e*e collider by the s-channel diagram
shown in Figure 1.8. For a large part of the MssM, the right-handed stau is predicted
to have a lower mass than the left handed stau. A conservative approach is adopted
by assuming that m;, > Eje.m which is indeed conservative since the cross section
for left-handed stau is typically larger than that of the right-handed one. Hence in
this study, the mixing angle, 0z, is set to 5 which corresponds to the case where the

lightest stau is a right-handed stau (71 = 7r).

Typically, the predicted cross section of the right-handed staus varies from 0.2 to 1
pb for m;, between 30 to 70 GeV/c?, at a centre of mass energy of 189 GeV (see

Figure 1.9a). Assuming R-parity conservation, the stau decays predominantly to a
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Figure 1.8: Production and decay diagram for the stau
tau and the lightest neutralino:
T =T+ X (1.41)

Figure 1.9b shows the branching ratio for this decay channel for the parameters
(0 = —200 GeV/c? and tan 8 = 1.5) recommended by the LEP Susy Working
Group [10]. In this case the branching ratio is almost always at 100%. However
when the neutralino y? has a small mass, two other decay channels, %1% — 75+ %X
and 7:1% — v, + X open. The subsequent decay of the second lightest, neutralino Y}
and the chargino YT introduce new topologies which are not considered in the stau

search presented in this thesis.

Since the neutralino escapes undetected, the signal topology consists of an acoplanar
tau pair with missing energy. Figure 1.10 shows an event display of a MC stau event
generated for p = —200 GeV/c?, tan 8 = 1.5 and (7g,x}) signal of (80,20) GeV/c?.
The event shows four acoplanar tracks, where three of them deposits energy in the
electromagnetic and hadron calorimeters (7 — 37v,;) and where the other track
showers in the electromagnetic calorimeter (7 — ev.r,). The arrow indicates the

direction of the missing energy.
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Figure 1.9: Stau production cross section and branching ratio BR(75 — 7 + XV).

Both plots were generated using SUSYGEN 3.00 [25] assuming MSSM parameters p =

—200 GeV/c?, tan 3 = 1.5 at a centre of mass energy of 189 GeV.

Figure 1.10: Event display of a MC stau event generated at 200 GeV with p

DELPHI Run:
qfﬂ‘?:( Beam: 100.0 GeV
Wﬁz DAS: SIM: 99A1

-47143 Evt:
Proc:20-Aug-2001
Scan:18-Feb-2002

iLil

DST

—200 GeV/c?, tan 3 = 1.5 and (Tg,X}) signal of (80,20) GeV/c®. One of the 7 de-

cays hadronically (7 — 3mv;), while the other one decays to an electron and a neutrino

(T — evev;). The arrow indicates the direction of the missing energy.
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1.4.2 Trilepton signal from YiX) associated production at
CDF

The trilepton signal plus missing transverse energy (3/4+H7) is one of the most
promising channels for SUSY discovery at the TEVATRON. In the MSUGRA, the
associated production of lightest chargino, i, and the second lightest neutralino,
X9, that could be produced, cascade decay to a final state with three leptons and
missing transverse energy (3[4 Hp) for some regions of the parameter space. The
Y& X9 production occurs via quarks-antiquarks annihilation in the s-channel through
the W boson exchange and in the ¢ and u-channel through squark (§) exchange (see
Figure 1.11).

q X q ) . X
wW* 5
.
~0 > : - v0
q X2 q X2

Figure 1.11: Feynman diagrams for q¢' — )Zi':f(g

The production cross section depends on the masses of chargino (mxli) and neu-

tralino (mgg). If the squarks are much heavier that the gauginos, the s-channel
dominates, if however the squarks are light, a destructive interference between the
W-boson and the squarks exchange amplitudes can suppress the cross section by
as much as 40% compared to the s-channel contribution alone. At the TEVATRON,
the pair production )%li X5 dominates over the strongly produced gg, ¢, GG over

essentially all of the parameter space for which |u| >> M; + M.

Once the )Zli and Y5 are produced, they decay through a cascade of decays with
lighter sparticles until the decay terminates with the production of the LSP (x°).
Sparticle branching fractions are a complicated function of the SUSY model param-

eter space.

Figure 1.12 shows the Feynman diagrams of the Y7 (a) and {3 (b) decays into final
states of leptons and neutralino. The chargino decays to a lepton, neutrino and

neutralino (Y& — IvxY) via a slepton (&, fi or 7), a sneutrino (7) or a W boson.
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Figure 1.12: Feynman diagrams for (a) )Zi': — lvx?Y and (b) X3 — XU, where [ = e, pu.

The second lightest neutralino (x3) decays to two leptons and a neutralino (x°) via

a slepton or a Z boson.

Regardless of the intermediate stages, the final state always involves a lepton-
antilepton pair, an additional lepton, a neutrino and two xY. Since X! escapes
undetected, the signal topology to search for is 3 leptons and missing transverse
energy, Hy. The direction of the escaping neutrino and two x! are uncorrelated and
therefore the amount of Fr can vary from a small to a substantial amount. In the
case where the 7 lepton decays leptonically, this channel can offer a very distinctive

trilepton signature with very little Standard Model background.

The mass distribution of the same flavor, opposite sign dileptons, m;;, can provide
important information about the neutralino, and possibly also slepton, masses [59].
It is expected that with a sufficiently large trilepton signal, a mass end point should

be visible. In the case where 3 — ll}(? via a real slepton, [, an edge is expected

at:
le mfzo
my " =mgo, |1 — =%, |1 — —F (1.42)
2 m2, ms
X2 ZR

In the cases where the leptons arise as secondaries from the 7 decay that is produced
from the X9, the dilepton mass distribution will rise at lower mass values, and the

sharp edge will disappear.

25



CHAPTER 1 Supersymmetric Channels

s = 2.0 Te¥, u = 0, m,p = 200 GeV

[a} mg = 100 Ge¥ (B g = 200 Ge¥
:E" ::l T I T I 171 ] I T fIIIIIIIII i ..IIII:
= 108 [ EeRac i i .
" Rl 5 -
B . /
2 1wl g o e —
BFOFy ¢ £ ] E
= SR L X L=
el B 5
I,ltn 10 IE._ Yo ta g EL E_E
" F e qF .E' 3
4 b S S ﬁ' Z ]
t1a”) k g - | d !-g'
| E % -t JE e ]
} . 1 1L
E: Fl=ap ":m ] :I l=egar@ ' 8
B r . [ Aol ]
“]—".;' -I- -I...-I. IJ.I.IIlIIIIlI.'_'.'.I | IJ_._._
10 20 a0 i 20 30 40 S0 80
tangd Lamf

Figure 1.13: Cross section pp — X{E)N(g — 3l + X without cuts versus tan 3, with g > 0,
and with my /o = 200 GeV/c?, for my = 100 GeV/c? for 4 final states: 777 (solid), 771
(dot-dash), 7ll (dash) [ll (dot) where [ = i or €.

Figure 1.13 shows the predicted cross sections of pp — i X3 — 31 + X for mg =
100 GeV/e? and 200 GeV/e?, > 0 and my/, = 200 GeV/c?. For my = 100 GeV/c?,
the dominating final state involves three 7’s over the whole tan g range, followed
by 7ll, 77l and [l (where | = e, ) which decrease as a function of tan 3. For
mo = 200 GeV/c?, the cross sections are lower and the dominating final states are
77l and three 7’s which increase as a function of tan S and [ll which decreases as
a function of tan 8. Therefore, the detection of tau leptonic decays would increase
the reach in the discovery of a trilepton signal over a larger range of the parameter

space.

Monte Carlo studies [63] have investigated the prospects of detecting the Susy
trilepton signal at the TEVATRON. The results show that with soft but realistic
lepton pr cuts, the leptonic decay of the 7 can substantially enhance the statistical
significance of the trilepton signal. Figure 1.14 shows the 99% C.L. for Run Ila (2
fb~1) observation contour in the (1my 2, mg) plane for the SUSY trilepton channel for

the MSUGRA parameters tan =2, u > 0 and Ay = 0.

It is worth noticing, that by tagging the hadronic decay of one of the tau, one could
increase the number of trilepton events by as much as a factor of 6. This would

increase the potential of observing a trilepton signal as well as increasing the region

26



CHAPTER 1 Supersymmetric Channels

of the SUSY parameter space that can be probed.
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Figure 1.14: Contours for the 99% C.L. for Run Ila (2 fb ') in the (m1/2, myg) plane for
the SUSY trilepton channel for the MSUGRA parameters tan 3 = 2, > 0 and Ay = 0.

In conclusion, for my = 100 GeV/c*> and tan 3 = 2, the trilepton signal could be
seen at Run ITa if my, < 240 GeV/e? (mﬁ < 177 GeV/c?). The observation of
the Susy trilepton signal could possibly be enhanced if the hadronic tau decay
could be efficiently tagged while keeping the Standard Model backgrounds under
control [64]. In the eventuality that a signal is not observed, a substantial region of
the parameters space not accessible at LEP2 can be probed and the lightest chargino
mass could be excluded up to ~ 200 GeV/c*.
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Chapter 2

The DELPHI detector and the

LEP accelerator

2.1 Introduction

This chapter introduces the LEP eTe™ accelerator at CERN and the DELPHI exper-
iment which is one of the four general purpose experiments. The DELPHI detector
consists of a series of sub-detectors which provide tracking information for charged
particles, calorimetry energy deposit, muon identification and luminosity measure-
ment. After a brief description of the LEP machine, the DELPHI detector is presented

in more detail, with special attention paid to the features important to this analysis.

2.2 The LEP Accelerator

The Large Electron-Positron (LEP) collider is located on the French-Swiss border
at the European Laboratory for Particle Physics (CERN). Its main goal is the
detailed study of electroweak interactions, both by performing precise measurements
of the relevant physical quantities and by searching for new physics. In its first
phase (LEP1: 1989 to 1995) LEP was operating at a centre of mass energy (1/s)
very close to the Z° mass (91.188 GeV). The large statistical sample of events
accumulated allowed very precise measurements to be performed. The increase of
the centre of mass energy was started in November 1995 entering the second phase
(LEP2). WHW ™ pairs were produced for the first time at LEP in summer 1996 at
/s ~ 161 GeV. This second phase took LEP to an energy of 209 GeV in summer
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2000. The data studied in this thesis were those taken during the 1998 and 1999
period at /s = 189 to 202 GeV.

2.2.1 The LEP ring

ALEPH

!
a

Figure 2.1: The CERN accelerators. The following description includes only components
used by LEP. LEP: Large Electron Positron collider, SPS: Super Proton Synchrotron, PS:
Proton Synchrotron, LPI: LEP Pre-Injector, EPA: Electron Positron Accumulator, LIL: LEP

Injector Linac.

The LEP ring is 26.7 km in circumference and lies within a stable layer of rock at
an average depth of about 100 m below the surface. The tunnel was excavated as
a sequence of straight sections and arcs; the ring consists of eight lengths of each
type. The four experiments, ALEPH, DELPHI, L3 and OPAL are situated in the
middle of the alternate straight sections. Positioning the detectors in the straight

sections protects the experiments from synchrotron radiation from the beams. Mid-
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way along each section, where the beams are brought into collision at the centre of

each experiment, is the interaction point.

The acceleration of electrons and positrons to such high energies requires a complex
chain that uses the other accelerators available at CERN (see Figure 2.1). The
positrons are produced by the collision of 200 MeV electrons with a tungsten target.
Electrons and positrons are then accelerated to 600 MeV at the LIL (Linear Injector-
LEP) and accumulated in the storage ring EPA (Electron-Positron Accumulator).
When the currents reach a certain value the beams are injected in the PS (Proton
Synchrotron) where they are accelerated to a maximum energy of 3.5 GeV and then
in the SPS (Super Proton Synchrotron) where they reach an energy of about 20
GeV prior to injection into LEP.

The ete™ beams are then accelerated to the desired energy for collision using radio
frequency (RF) cavities located in the straight sections, while dipole magnets guide
the beams through the curved sections. Once the required acceleration has been
achieved, LEP is operated as a storage ring, and the cavities are used to replace
the energy lost by the particles in synchrotron radiation. The copper cavities used
during the first phase of LEP were replaced by superconducting cavities to allow for
the acceleration of the ete™ pairs to higher energies required for the LEP2 running.
In order to achieve a long beam lifetime, the rate of particle loss due to collisions
with residual gas molecules in the beam pipe, is minimised by keeping the LEP beam

pipe at low pressure.

The bunches of each beam must be tightly focused (“squeezed”) at the interaction
point in order to maximise the luminosity £. This is accomplished by a set of
superconducting quadrupole and sextupole magnets situated a few meters away the
interaction points. The very strong field gradients allow to focus the beams to
typical dimensions of ~ 10 um in the vertical plane, ~ 150 pm in the horizontal

plane and ~ 2 cm along the beam direction.

The number of particle per bunch is of the order of 2-10*. The number of bunches
per beam is 4. Additionally at LEP2, the bunches can be divided into bunchlets of

particles. The interval between collisions is ~ 22 pus.
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Luminosity

For a storage ring such as LEP, if the electron and positron beams overlap completely,

the luminosity is given approximately by:

ny NN,
= lNeNyf [em™2s7] (2.1)
4dmo,oy
where n; is the number of bunches per beam, f is the frequency of revolution, N, and
N, are the number of electrons and positrons per bunch respectively and o, and o,

are the rms spread of each bunch in the horizontal and vertical planes respectively.

Thus, the total number of events observed by each detector is related to the total

cross section, op, by the time integral:

N = /ﬁthO'Tdt (22)

where ¢, is the efficiency of the detector.

Since the luminosity relates the event rate of a given process to its cross-section, an
accurate measurement of the luminosity is important in the determination of cross
sections and other quantities derived from them. At LEP, the luminosity is measured
using equation 2.2 by obtaining the event rate for a high statistics process whose
cross section is theoretically known with great precision. This process is Bhabha
scattering ete”™ — eTe”™. The luminosity integrated over a certain period will be

given by:

L= Ldt = [pb 1] (2.3)
At Ocff

where N = N™es — Nback jg the number of events after background subtraction

and the effective cross section o.rf = og,e is obtained from the theoretical cross

section (o) by correcting for the effects of geometrical acceptance (¢,) and Bhabha

identification efficiency ().

2.3 The DELPHI Detector

The DELPHI Detector (Detector with Lepton, Photon and Hadron Identification) is
the most elaborate of the four general purpose LEP experiments. The design aims
for high tracking efficiency and good calorimetry performance over nearly the full
solid angle. The detector includes both powerful particle identification capabilities

and precise vertex determination.
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The standard DELPHI coordinate system is defined as follows: the z axis is along
the electron LEP beam direction, the x axis points towards the centre of LEP and
the y axis points upwards. The polar angle with respect to the z axis is # and the

azimuthal angle around the 2 axis ¢ is defined with respect to the x axis. The radius
in the transverse plane is R = y/x? + 2.

DELPHI is formed by a cylinder (barrel region) closed by two end-caps that constitute
the forward regions of the detector. Figure 2.2 shows the layout of the barrel and one
end-cap. The barrel covers the # region from 40° to 140°, while the two end-caps,

also referred to as the forward regions, cover 1.7° < 0 < 40°; 140° < 6 < 178.3°.

The measurement of the properties of the final state particles and the identification of
leptons, photons and hadrons require a number of sub-detectors, with very different
characteristics and goals. The DELPHI detector consists of 19 sub-detectors and a
superconducting solenoid, surrounding the electromagnetic calorimeter, which gives
a uniform axial magnetic field of 1.2 T . The magnetic field, B, makes the trajectories
of charged particles follow a helical path with axis parallel to the beam pipe. The
measurement, of the radius of curvature, R, determines the transverse momentum
pr of particles, defined as:

pr = BRq (2.4)

where ¢ is the particle charge. The electromagnetic and hadronic calorimeters mea-
sure the energy deposit of both charged and neutral particles and track the direction
of showers as they develop. Finally, muon chambers identify muons which traverse

the calorimeters leaving only a small energy deposit.

Since its first operation in 1989, the DELPHI detector has been upgraded several
times. The original detector is described in [29] and references therein. The three
major upgrades are described in [30]. A summary of its performance is reviewed in
[31].

The following section will review the components of the DELPHI detector relevant

to this analysis.

2.3.1 Tracking detectors

The trajectories of charged particles from collisions are determined from their ionis-
ing properties in the tracking detector active volumes through which they pass. The
curvature of a particle in the magnetic field is used to determine the sign of charge

and momentum.
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The geometrical acceptance and spatial resolutions of the DELPHI tracking detectors
described below are given in Table 2.1. Most charged particles have space points
measured by more than one of the tracking detectors mentioned. It is therefore
essential to combine tracking information from all the sub-detectors which makes
the internal and global alignment important. This is achieved by using Z° — p*p~
events, with LEP operating at the Z° peak.

Position Acceptance | Max. No. Points | Resolution
R(cm) |2|(cm) f(deg) along track per point
() (mm)
VD 6.6/9.2/10.6 <24 >21 Ro¢: 3 R¢: 0.008
zZ: 3 z: 0.010
VFT 11-26 4 z,y: 0.1
ID drift 11.8-22.3 <62 >10 24 R¢: 0.085
ID straws 23-28 <105 >15 5 R¢: 0.1
TPC 35-111 <134 >20 Ro, z: 16 R¢: 0.23
R¢: 192 Z2: 0.9
OD 198-206 <232 >43 R¢: 5 R¢: 0.11
zZ: 3 Z: 35
FCA 30-103 155-165 11-33 6 0.3
FCB 53-195 267-283 11-35 12 0.15

Table 2.1: Specifications and performance of the DELPHI tracking detectors. The resolution

in 7 is given for tracks which cross the VD at 90°

Solenoid

The tracking system is enclosed within the worlds largest superconducting solenoid:
it is 7.4 m long and has a radius of 2.6 m. The solenoid generates a highly uniform
1.2 Tesla field; correcting coils at the ends ensure that the field remains parallel to

the z axis. The return yoke of the solenoid incorporates the hadron calorimeter (see
2.3.2).

Vertex Detector (VD) and Very Forward Tracker (VFT)

A significantly upgraded vertex detector [32] was installed during the spring of 1996
when the length of the detector was doubled to 48 cm (see Figure 2.3). The barrel
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vertex detector (VD) consists of three concentric shells of silicon microstrip detec-
tors at average radii of 6.6, 9.2 and 10.6 cm. The first and third layers consist of
double sided detectors with strips both parallel and perpendicular to the z axis, thus
providing both R¢ and z information. The Very Forward Tracker (VFT) forms a
crown of ministrips and pixel detectors capping both ends of the VD. It allows the

tracking coverage to be extended down to a polar angle of 11°.

Outer Layer (R1=103 mm, R2=108 mm, minimum angle: 23° to 24,7°)

Figure 2.3: The Silicon tracker consists of three concentric cylinders of silicon strips known
as vertex detector and in the forward region two layers of pixels and two of ministrips referred

to as the very forward tracker.

Time Projection Chamber (TPC)

The principal tracking detector of Delphi is the Time Projection Chamber (TPC)
(see Figure 2.4). The chamber is filled with Argon-Methane gas mix held at 1
atmosphere pressure. The TPC provides three dimensional spatial information, and
measurements of particle % to aid particle identification. The chamber is symmetric

around the z = 0 plane. Each end cap is divided into 6 azimuthal sectors, each with

B
dx

dimensional track reconstruction using 16 points per track.

192 sense wires, used for measurement and 16 circular pad rows which enables 3

A charged particle passing through the detector causes ionisation to occur in the
active drift volume. The created electrons drift towards the anode in an axial electric

field which is a uniform 150 Vem ! and directed towards the central plane at z = 0
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Drift path of ionisation electrons

Path of a charged particle

Amplification % Central cathode plane

wires

Beam

proportional
chamber

Figure 2.4: Schematic layout of the Time Projection Chamber.

in each half of the detector. The z position is calculated from the arrival time of
the drifted electrons. The R¢ coordinate is determined from the charge induced in

the cathode pads by the avalanche around the anode.

The Inner (ID) and Outer Detector (OD)

The Inner Detector (ID) consists of two concentric sections: an inner drift chamber,
surrounded by straw detectors. The drift chamber is divided in 24 azimuthal sectors,
each sector having 24 anode wires. It gives a maximum of 24 R¢ measurements
per track. The outer part is formed by 5 concentric layers of straw tubes which
perform fast (¢ < 3us) R¢ measurements that participate in the first level trigger.
Information on the z coordinate is also available due to the small stereo angle of 2

layers.

The Outer Detector (OD), composed of five layers of drift tubes, improves the mo-
mentum resolution of high pr charged particles. All layers provide an R¢ coordinate

measurement and three also provide a z measurement.
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Forward Chambers (FCA and FCB)

The Forward chamber A (FCA) is mounted on both ends of the TPC. Each side
consists of three modules with 2 staggered planes of drift tubes turned with respect
to each other by 120° and operated in limited streamer mode. The Forward chamber
B (FCB) situated at z = £+ 267cm, consists of 12 sense wire planes rotated in pairs

by 120° with respect to each other.

2.3.2 Calorimeters

The Delphi calorimetry system is used to measure the energy of charged and neutral
particles. Electromagnetic and hadron calorimeters have the common feature that
the particle is made to shower in order to fully deposit its energy. They have some
basic differences due to the fact that they aim to measure the energy of distinct types
of particles, which interact with matter in a very different way. The acceptance and

resolutions of the DELPHI calorimeters are summarised in Table 2.2

Detector Position Acceptance Depth Shower Resolution
r(em)  |z] (em) f (deg) op/E (%)

HPC 208-260 < 254 > 43 | 18X, (~ 0.6)1) 4.3® 32/VE

FEMC 46-240 280 — 340 | 10-36.5 20X (~ 1)) 3.0912/VE +11/E

HCAL barrel | 65-479 < 489 > 10 ~ 6A(~ 57X)) 21 112/VE

STIC 6.4-41 218 —249 | 1.7 —10.6 27X 1.5 13.5/\/E

Table 2.2: Specifications and performance of the DELPHI calorimeters.

Electromagnetic Calorimeters

Electromagnetic calorimeters measure the energy of electrons and photons, via cas-
cade bremsstrahlung and pair production processes. The combined effect of these

processes is the development of electromagnetic showers.

The DELPHI detector uses two different designs of electromagnetic calorimeters in

the barrel and forward regions.

1 A radiation length, X, is the mean distance over which a high energy electron loses all but

1/e of its energy.
1 The interaction length, A, in a material is defined as the mean free path of a hadron before

undergoing an inelastic interaction.
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High Density Projection Chamber (HPC) The barrel electromagnetic
calorimeter is a sampling calorimeter which uses the time projection technique to
collect the charge from electromagnetic showers. The detector consists of 144 mod-
ules with 24 segmentation in ¢ and 6 along z. It is 508 cm long and has an inner
radius of 208 cm and and an outer radius of 260 cm, covering an angular region of
41.5° to 138.5°. Each module (see Figure 2.5) is a trapezoidal box filled with 41
layers of lead separated by gas (80%-20% Argon-Methane). The electromagnetic
particles shower in the lead and ionise the gas. The lead wires provide also the
electric field cage. As in the TPC, a proportional wire chamber is used to readout
the drift volume. The shower arrival position gives the R¢ information, while the
drift time gives the z. The energy resolution o(FE)/FE for 45 GeV electrons is about
6.5% [31].

Figure 2.5: Internal structure of the HPC module, showing the development of a typical

electron shower.

Forward Electromagnetic Calorimeter (FEMC)

The forward electromagnetic calorimeter, situated in each end-cap, beyond the FCB,
is a lead glass calorimeter. Each end cap calorimeter consists of 4532 Cerenkov lead-
glass blocks and cover polar angles between 8° and 35° from the beam pipe. The
charged particles of the electromagnetic shower that develops in the blocks emit
Cerenkov photons collected by vacuum photo-diodes at the end of each block. The
energy resolution o(F)/FE for 45 GeV electrons is about 4.8% [31].

Small Angle Tile Calorimeter (STIC)

The STIC (see Figure 2.6) is a sampling lead scintillator calorimeter that covers

polar angles between 1.7 and 10.6°. As well as providing accurate luminosity mea-
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surements from low angle Bhabha scattering (see Section 2.2.1) with a precision of
0.09%, the STIC can also be used, as is done in this analysis, to tag high energy,

low angle, photons and electrons.

DELPHI STIC

Silicon planes

Outer Shield Inner Shield

Figure 2.6: A cut away diagram of the STIC detector.

Threaded through the 47 lead-scintillator layers of the calorimeter are 1600 wave-
length shifting optical fibers. These read-out fibers run perpendicular to the scin-
tillator plates. This calorimeter geometry is known as the Shashlik technique: it
combines a highly uniform energy resolution with good photon collection, while
retaining excellent detector hermeticity. In order to separate charged and neutral
particles, two layers of scintillator planes are located in front of the calorimeter. The
reconstruction of the shower is aided by two layers of Silicon strips embedded in the

calorimeter.

Hadronic Calorimeters (HCAL)

Hadron calorimeters rely on detecting the showers of secondary particles produced
by inelastic hadronic interactions with the nucleons of a converter material. The
DEeLPHI hadron calorimeter is incorporated into the return yoke of the supercon-
ducting solenoid and cover both the barrel and the end-caps. The barrel section is
divided into 24 sectors with 20 layers, where a layer consists of a 5 ¢m thick plate
of iron followed by a sampling detector. The end-cap regions have 19 such layers.
Hadronic showers initiated in the iron are sampled by streamer tubes to produce an

energy measurement.
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2.3.3 Muon Chambers

The identification of muons is based on the association of hits in the DELPHI muon
chambers to the extrapolation of charged particle tracks. The iron of the calorimeters
absorbs most of the hadrons, though there is residual background due to fake muon

signatures caused by hadrons.

The DELPHI muon detection system consists of three separate sub-detectors: the
first system covers the barrel region, the second the forward region and the third
covers the gap between the barrel and the end-cap regions. Table 2.3 summaries the

specifications and performance of the DELPHI muon chambers.

Position Acceptance | Max. No. Points | Resolution

R(cm) |z|(cm) O(deg) along track per point

() (mm)

MUB | ~ 445 <385 52-128 2-6 Ro: 1.5
z: 10
MUF | 70-460 463/500 9-43 4(z,y) x,y: 1
z: 10

MUS 550 487 42-53 2 10 x 10

Table 2.3: Specifications and performance of the DELPHI muon chambers. The resolution

quoted for the MUS is given in the local coordinate system of each chamber

Barrel Muon Chambers (MUB)

The MUB consists of three layers of muon chambers modules divided in 24 azimuthal
sectors. A typical sector of the barrel muon chambers is illustrated in Figure 2.7.
The inner modules lie 20 cm inside the HCAL and the outer modules outside the iron.
the peripheral modules are arranged behind any gaps not covered by the previous
two layer of modules. Each module layer comprises a number of drift chambers
arranged in two active layers. The chambers within each module are staggered in

order to resolve the inherent right-left ambiguity of the drift chambers.

An electric field is produced between the central anode wire and the 13 copper
cathode strips which run along the top and bottom inner surfaces of the chamber.
The timing of the signal on the anode wire is used to determine the R¢ hit position.
One of the central cathode strips is comprised of an insulated copper winding with a
signal propagation speed approximately of 0.5 cm/ns. The z-coordinate of a particle

is determined by the relative timing of the signals travelling on this delay line to the
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Figure 2.7: A typical sector of the DELPHI barrel muon chambers.

ends of the chamber.

Forward Muon Chambers (MUF) The forward muon detectors consist
of two detection planes; the first lies at 20 ¢cm inside the iron of the forward HCAL
and the second outside. Each set of chambers is divided into quadrants consisting

of two orthogonal planes of drift chambers.

Surround Muon Chamber (MUS) The surround muon chambers cover
the gap between the MUB and the MUF chambers at a polar angle of around 45°
and 137°. At each end of DELPHI, eight chambers are attached in pairs to the edges
of the end-caps. The modules on the top and sides of the end-cap are inclined to 45°
to obtain the maximum angle coverage. Each modules is comprised of two staggered

layers of streamer tubes, based on those used in the HCAL.

2.4 The DELPHI Online System

The Data Acquisition System (DAS) [31] [33] reads out digitised data from the
detector, storing the results for subsequent analysis. The data flow is subject to
the Delphi trigger systems and proceeds according to timing signals from a central
trigger control supervisor. Detector operation is monitored and controlled by the

Slow Controls system.
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CHAPTER 2 The DELPHI Offline Analysis Chain

2.4.1 Trigger

The role of the trigger system is to reduce the rate of beam cross-overs (BCO)
(45 kHz) to the desired read-out and storage rate (a few Hz). The Delphi trig-
gering algorithm is composed of four successive levels of increasing selectivity
(T1,T2,T3,T4) [34]. The first two triggers are hardware triggers and operate syn-
chronous with respect to the beam cross-over signal, while the last two are software

triggers.

The first level trigger (T1) is taken at 3.5us after the BCO and relies only on infor-
mation from the fast tracking detectors (ID, OD, FCA, FCB), the scintillator arrays
in the barrel (Time Of Flight, TOF [35]) and in the endcaps (Forward Hodoscope,
HOF), by scintillators embedded in the HPC, by the FEMC and the MUB. T1
acts as a loose pre-trigger to get a crude impression of whether the event may be

interesting or not. The trigger rate is typically 700 Hz.

In T2, the information from the TPC, HPC and MUF, and detector correlation in-
formation are now available. If the second level trigger results in a positive decision,

all sub-detector systems are read out. The trigger rate is typically 5Hz.

The T3 level repeats the T2 logic using more detailed detector information. Signals
from tracks, muon chamber hits, and calorimeter deposits are analysed. The decision
is taken asynchronously with respect to the BCO. This trigger halves the T2 trigger

rate.

T4 is based on a tailored version of the Delphi reconstruction program DELANA [36]
and rejects events without tracks pointing to the interaction region or significant
energy deposits in the calorimeters. This final trigger level again roughly halves the

T3 trigger rate.

The trigger efficiency for various types of event topology has been studied and for

the topology studied in this analysis is close to 100% [34].

2.5 The DELPHI Offline Analysis Chain

The raw data is written out by the data acquisition system. The raw data consist
of the unprocessed digitized signals from each of the detectors for each triggered
event. This data must be processed by the Delphi offline system to produce data

suitable for direct use in physics analyses. This procedure is summarised by the flow
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diagram in Figure 2.8.

DELSIM - DELPHI Detector
Simulation subdetectors

Event FASTBUS data readout
- generation

- frag_mentation Database

- particle decays CARGO, DDAPP

ONLINE
data readout

full simulation of the
interactions and the
detector response

detector geometry
calibration

DELANA
detectors TD and TE banks
track reconstruction TK banks
vertex reconstruction TV banks
particle identification

DST data TANAGR@

DELGRA
interactive graphics-
program

SHORT- and MINI-
DST production

Physics
Analysis

SHORT-DST data

MINI-DST data

Figure 2.8: DELPHI offline analysis chain.

DELANA [36] is the main reconstruction program, converting raw data in the form
of tracking hits and calorimeter deposits into charged tracks and energy clusters.

DELANA reconstructs events using the detector raw data and the up-to-date infor-

mation from the CARGO database.

The data output of DELANA is in the form of Data Summary Tape (DST), which
contain all the information required for physics analysis. The DST ANAlysis pro-
gram DSTANA is then run on DST, providing some corrections not implemented
at the DELANA level. SHORT and MINI-DST are also produced at this stage,

providing efficient summaries of the event information.
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Chapter 3

Search for the supersymmetric

scalar tau, stau (7) with DELPHI
at /s = 189 to 202 GeV

3.1 Introduction

During the 1998 data taking period, the LEP accelerator was operating for the first
time at a centre of mass energy of 189 GeV. During the following year, the centre of
mass energy was increased from 192 GeV up to 202 GeV. These increases in energy
allow the extension of the search for the scalar partner of the tau (stau) which is
predicted by supersymmetric models (see sections 1.3 1.4.1). This chapter reports
on the search for the stau using a sequential cut analysis on the data taken by
DELPHI at centre of mass energies between 189 GeV and 202 GeV and shows, for
this energy range, the combined exclusion region in the right handed stau-neutralino

(7r) (X%) mass plane .

Section 3.2 describes the data samples used. Section 3.3 reviews the various back-
ground processes taken into account. Section 3.4 describes in detail the sequential
cuts analysis using the data sample at 189 GeV. Section 3.5 describes the exten-
sion of the analysis to the 1999 data samples. In Section 3.6, the method used to
determine the systematic errors is discussed. Finally, the results are presented in

Section 3.7 and the conclusions are given in Section 3.9.
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3.2 Data samples

The analysis was initially performed using the data taken in 1998 with the DELPHI
detector at /s = 189 GeV. The search was extended to the 1999 data where
LEP was operating at centre of mass energies between 192 and 202 GeV. Table 3.1
summarises the integrated luminosities recorded for each centre of mass energy after
requiring that the EMF, HPC and TPC efficiencies be greater than 95%.

/s [GeV] | Luminosity [pb_l]
189 154.2
192 25.1
196 75.9
200 82.7
202 40.3

Table 3.1: Integrated luminosities for each data sample after run quality checks on the EMF,
HPC and TPC.

3.3 Monte Carlo samples

The signal topology expected from the decay of a stau pair is a 777~ pair which have
large acoplanarity and missing energy. The 7 lepton decays mainly to one charged
track (1-Prong) or three charged tracks (3-Prong). The leptonic and hadronic
Branching ratios (BR) are BR(1 — lyv,) ~ 35% and BR(T — hv,; h=m or K) ~
64% (50% 1-Prong and 14% 3-Prong decays). The standard model processes which
present a similar signature are numerous. With the higher centre of mass energy
that LEP attained during the LEP 2 phase, new processes such as WTW™ pairs can
be produced. Figure 3.1 shows the evolution in cross section of the SM processes as

a function of the centre of mass energy.

The different generators used to simulate the SM backgrounds relevant to this anal-

ysis are discussed below as well as the generator used to simulate the stau signal.

3.3.1 SM backgrounds

Two fermion backgrounds

At LEP 2, two fermion production (e*e™ — Z°/y — ff) remains one of the dom-

inant processes. At energies above the Z° peak, the emission of hard photons may

45



CHAPTER 3 Monte Carlo samples

o (pb)

mt o(e*e”—>X) (pb) ,

102

L ZZ/_

100 120 140 160 180 200 220 240
Vs (GeV)

-2
10 P N I

Figure 3.1: Cross sections of some typical SM processes. Some generator cuts have been

applied making this diagram [37]

bring the effective energy close to the Z° mass, such events are referred to as “radia-
tive return to the Z°” (ete™ — Z%y). The emitted photon is called the “Initial State
Radiation” photon (ISR). In those events, the energy of the ISR is such that the Z°
is real. The ISR photon is preferentially emitted at low polar angle and often lost in
the beam pipe. The two fermion backgrounds ee™ — Z°/y — p*tp~ and 777~ were
simulated using KORALZ 4.2 [43] while ete™ — Z°/y — qq was produced using
PyTHIA [44]. The generator BHWIDE [40] was used to simulate Bhabha scattering.
Those backgrounds are labeled in yellow in the plots which follow.

Two photon backgrounds

In the two photon processes (ete™ — eTe™ X), the system X is produced by the
scattering of the two quasi-real photons, vy — X. Two photon interactions leading
to muons and taus in the final state were simulated using BDKRC [39] where the
muon sample has a generator cut at £ > 2 GeV. Leptonic final states with electrons
were modeled using BDK [38] and TwoGAM [45] was used for hadronic final states.

Those backgrounds are labeled in green in the plots.
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Compton scattering and WHW~ backgrounds

Compton scattering was generated using CMPT. WTW ™ events were generated
using EXCALIBUR 1.08 [42] with My = 80.35 GeV/c?. In addition, for the 189 GeV
analysis, a second sample of WHW~ events was generated with EXCALIBUR 1.01
where the same W mass was used. Those backgrounds are labeled in red in the

plots.

Energies of the simulated MC samples

The Monte Carlo backgrounds used to analyse the data taken at 189 GeV and
192 GeV were generated at 189 GeV apart from all the 7y samples and the Bhabha
sample which were generated at 184 GeV. All Monte Carlo backgrounds used to
analyse the data taken at 196 GeV and 200 GeV were generated at those energies
apart for ete” — qq which was generated at 184 GeV. Finally, the data taken
at 202 GeV were analysed using the 200 GeV Monte Carlo samples. Table 3.2

summarises the different background generators and cross sections used.

Process Generator 0189 [pb] | 0196 [Pb] | T200 [Pb]
efte” BHWIDE 12611 1119 1081
2 fermions | put KORALZ 8.35 7.63 7.3
Thro KORALZ 8.30 7.55 7.20
qaq PYTHIA 100.0 90.4 86.1
efe~ BDK 2165 2168 2185
vy ptp BDKRC 19091 1900 1940
T BDKRC 436.3 440.7 444.1
qq TWOGAM 2307" 2307 2307"
Comptons CMPT 54.2 49.6 47.66
WHW- EXCALIBURL.01 | 17.48 N/A N/A
EXCALIBURL.08 | 17.73 18.48 18.72

Table 3.2: Simulation Data sets

1184 GeV Monte Carlo samples used
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3.3.2 Stau signal simulation

The generator SUSYGEN [46] was used to produce stau signals at /s = 189 GeV
ranging from M: = 30 GeV/c? to 90 GeV/c? in 10 GeV/c? steps and from 10 GeV/c?
to Mye = (M:z —10)GeV/e? in 10 GeV/c? steps, and used to calculate cross sections
and branching ratios at all centre of mass energies. The SUSY parameters were set
to:

tan3=15; pu=—200GeV/? (3.1)

where tan 3 is the ratio of the vacuum expectation values of the two Higgs doublets

and g is the mixing parameter of the Higgs doublets.

Generated backgrounds and signals have been passed through the DELPHI detector
simulation program (DELSIM) [41] and then processed with the same reconstruction

and analysis programmes as the data samples.
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3.4 Search for Staus

The characteristic signature of the production of staus is the detection of the decay
products of a 777~ pair which have large acoplanarity and missing energy. The
decay products of the 7 considered are 7 — ev.v;, pv,v., hv;, hnrt°v, where the
tau decays to one charged track (1-Prong), with h = m or K and 7 — hhhnnv,
where the tau decays to three charged tracks (3-Prong). Both the 1-vs-1 Prong
and 1-vs-3 Prongs topologies were taken in account. Due to tracking effects, these
topologies sometimes appear in the detector in the 1-vs-2 Prong topology which

were also included in this analysis.

Section 3.4.1 describes in detail the preselection. Section 3.4.2 describes the se-
quential cuts which suppress the Standard Model backgrounds while preserving any

potential stau signals.

3.4.1 Preselection

This section presents distributions of the variables on which preselection cuts were
applied showing the data superimposed upon the expected backgrounds, as well as
the expected stau signal, for two kinematically different mass combinations: Mz, =
50 GeV/e?, Mo = 40 GeV/e? ; and Mz, = 80 GeV/c*, My = 20 GeV/e?. At each

stage of the preselection, the variables are plotted with all previous cuts applied.

The event must have between two to six “good” charged tracks of momenta greater
than 1 GeV/e. A “good” charged track is defined as a track with momentum error
dp less than half the beam energy and dp/p < 1 and a track length greater than
50 em. In the case where a charged track does not fit those criteria, but has some
electromagnetic or hadronic energy deposit associated with it, it is considered as a
neutral. Tracks below 1 GeV/c are less trustworthy in DELPHI and in this analysis
are more typical of background processes such as ¥y events and beam gas events.
The event is divided into two jets. The first jet is created by opening a cone of
half angle 17° around the largest momentum track and assigning all charged tracks
within this cone to the jet. A second jet is created around the highest momentum
track of the remaining tracks. The highest momentum track in the cone is referred
as the leading track. The opening angle between the two jets, referred as the jet
opening angle, is required to be greater than 17°. It is required that the event has

at least two jets, and in the case where there are only two tracks in the event, it
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is required that they have opposite charge. The invariant mass of the leading track
pair, is required to be greater than 4.5 GeV /c?, which corresponds to generator level

cuts for the vy backgrounds.

The distribution of the track length is shown in Figure 3.2. In order to remove
ID-VD tracks which are typical of bad reconstruction or conversions in DELPHI
and for which the momentum estimate is poor, it is required that both of the two

leading tracks have a track length greater than 100 cm.

DELPHI at 189 GeV - Staus Search DELPHI at 189 GeV - Staus Search
Cut 1  Track length of the leading track Cut 1  Track length of the leading track

M(, X9) = (50,40) GeV/c®

7000 = [
L 160

£ £
(53 (53
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Rejected Rejected

Figure 3.2: Track length of the highest momentum leading track for data superimposed on
the expected backgrounds. The right plot shows the signal expectation for (773,)2(1]) of (50,40)
GeV/c? and (80,20) GeV/c2.

NB: Some backgrounds may not be visible in a plot if their contribution are too small.

Cosmic rays are independent of the interaction point, and therefore are characterised
by large impact parameters. The plots of the polar angle and the z and R¢ impact
parameters !, as shown in Figure 3.3, show the presence of cosmic rays in the data.
Events are rejected if for the two leading tracks, the R¢ impact parameters are both
greater than 0.5 cm or if the z impact parameters are both greater than 2 cm, or if the
difference in z impact parameters is greater than 2 cm. The effectiveness of those cuts
is shown by the good agreement which can be observed by replotting the previous
variables shown in Figure 3.3 once these cuts have been applied (Figure 3.4). In
particular, the theta distribution which has not been cut on, shows good agreement

around 6 = 90°, the region where cosmic rays would be present.

'Impact parameter is defined as the distance of closest approach of a particle to the centre of

the beam spot envelope.
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Figure 3.5: Total visible charge energy in the event for data superimposed on the expected
backgrounds. The right plot shows the signal expectation for (?R,)Z?) of (50,40) GeV/02 and
(80,20) GeV/c?

The visible charged energy 2 in the event, plotted in Figure 3.5, is required to be
greater than 5 GeV so that only events with a reasonable amount of energy are
selected. The fact that the first bin is lower than the second one for both data and

simulation is due to trigger thresholds and generator cuts.

Figure 3.6 shows the energy distribution in the FEMC detector. The peaks at half
the centre of mass energy and at the centre of mass energy are due to Bhabha events
where respectively one or both of the beam particles have been deflected into the

FEMC. In order to reject those events while preserving the stau signals, the energy
in the FEMC detector is required to be less than 50 GeV.

The v backgrounds are characterised by the total of the transverse momentum of
the jets, pgfts = /> Paz; 2+ Dby, % peaking towards zero (Figure 3.7) while the

stau signals peak away from zero. At this stage of the preselection, events with pg,f ts

less than 3 GeV/c are rejected. This cut removes more stau signal events in the

region where the mass difference between the 7 and ! is small (see Table 3.3).

In order to further suppress backgrounds where a photon has been radiated, the

energy of the largest isolated ® neutral is required to be less than 20 GeV. This

2The visible charge energy is defined as: Fy;s = ZZ?HMM V/P? + m2, where m, is the pion
mass.
3An isolated neutral is defined as an electromagnetic energy deposit outside the cones
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Figure 3.6: Energy in the FEMC detector for data superimposed on the expected back-
grounds. The right plot shows the signal expectation for (?R,f((l)) of (50,40) GreV/C2 and
(80,20) GeV/c?
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Figure 3.7: Sum of the jets transverse momenta for data superimposed on the expected
backgrounds. The right plot shows the signal expectation for (73,)2(1)) of (50,40) GreV/c2 and
(80,20) GeV/c?

o4



CHAPTER 3 Search for Staus

variable is plotted in Figure 3.8; the peak at 73 GeV is indicative of “radiative

return to the Z°” events.
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Figure 3.8: Energy of the largest isolated neutral for data superimposed on the expected
backgrounds. The right plot shows the signal expectation for (?R,f((l)) of (50,40) GeV/c2 and
(80,20) GeV/c?

Figure 3.9 shows the distribution of the charged tracks topology from each cone in the
event for the forward and barrel regions separately. The poor agreement between
the data and Monte Carlo in the forward region is due to electron interactions
which are more numerous in the data, indicating an underestimate of the material
budget in the Monte Carlo. Only events with the topology 1-vs-1, 1-vs-2 and 1-
vs-3 are accepted in order to remove events with hadrons in the final states, which
are characterised by high multiplicity. Furthermore, a cut is applied such that no
charged tracks are allowed outside the cones (Figure 3.10). This removes events

with tracks which have scattered in the forward region, typically Bhabha events.

In the forward region, due to the amount of material, the tracking efficiency for
events with electrons in the final state is strongly influenced by the effects of scatter-
ing, interactions and bremsstrahlung. Because these effects are difficult to simulate,
DELSIM is somewhat optimistic in the reconstruction of such events. This can be
seen in the left plot of Figure 3.11 which shows an excess of expected background

over data at small and large values of polar angle where Bhabha events dominate.

In order to correct this difference in tracking efficiency between simulation and
data, the distribution of the polar angle of the two leading tracks for Bhabha,

vy — ete” and Compton scattering samples have been used to estimate a tracking
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Figure 3.9: Charged tracks topology in the event for forward (left) and barrel (right). The
data are plotted superimposed on the expected backgrounds. The two lower plots show the

signal expectation for (7~'R,)~(?) of (50,40) GeV/02 and (80,20) GeV/02

26



CHAPTER 3

Search for Staus

DELPHI at 189 GeV - Staus Search
Cut 8 Number of charged tracks outside the cones

DELPHI at 189 GeV - Staus Search
Cut 8 Number of charged tracks outside the cones

£ £ 5000
Qo Qo
= =
2 L Forward 2 Barrel
£ 12000 5
o - O data & 4000 & 0 data
r backgrounds r backgrounds
10000 v g [ YY g
[ 0 WW background r O WW background
3000
8000 §
6000 |- F
8 2000 -
4000 |- [
[ 1000 L
2000 - [
07 | | Lo b b bvv e b b i 0——‘—‘ | Lo b b bvv e b b i
0 2 3 4 5 6 7 8 9 10 0 2 3 4 5 6 7 8 9 10
N N
—> Rejected racks —> Rejected racks
DELPHI at 189 GeV - Staus Search DELPHI at 189 GeV - Staus Search
Cut 8 Number of charged tracks outside the cones Cut 8 Number of charged tracks outside the cones
-_g 200 g
= =
a Forward @ 400 Barrel
c c
[ [
@ o G 350 :
M(T, X9) = (50,40) GeV/c? MG, X9) = (50,40) GeV/c®
0, 0,
MG, X9) = (80,20) GeVic? 300 MG, X9) = (80,20) GeVic?
250 s
200 §
150
100 %
50
R, P R B I SR 0 o LAY | I P T B
! 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
N N
Rejected track Rejected track

Figure 3.10: Number of charged tracks outside the cones in the event for forward (left) and
on the expected backgrounds. The two

of (50,40) GeV/c? and (80,20) GeV/c?

barrel (right). The data are plotted superimposed

lower plots show the signal expectation for (?R,)N(?)
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efficiency correction factor in the forward region. Figure 3.11 shows the polar angle
distribution of the leading tracks before and after the forward tracking efficiency

correction.
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Figure 3.11: Theta distribution of the leading tracks before (left) and after (right) tracking

efficiency correction in the forward region for data s