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Abstract

In 1995 LEP, CERN's large e+e collider, increased its centre-of-mass energy be-
yond the Z boson resonance up to 184 GeV in 1997. The data recorded by the ALEPH
detector allow to study the parameters of the standard model and to search for new
particles.

The mass of the W boson can be determined at LEP via the measurement of the
cross section of W pairs at the production threshold. Two selections for the final states
Ivlv and ri/qq' are developed. In combination with the other decay channels, the mass
of the W boson and its branching ratios are measured. The reaction e+e~ —>• Wei/
gives access to the coupling 7WW. The cross section of this process is measured and
limits on the anomalous couplings (A7, K7) are determined.

The non-minimal standard model with an extra scalar doublet predicts the existence
of charged Higgs bosons. A selection of the final state ruqq' is developed. In absence
of a signal, limits on the mass of the charged Higgs bosons are determined.

In a supersymmetric theory each boson is associated to a fermion and vice versa.
A search for sleptons, the supersymmetric partners of the leptons, is performed. The
result is interpreted in the framework of the minimal supersymmetric extension of
the standard model (MSSM). Moreover, in the MSSM a practically invisible W decay
is possible. This decay can be detected if the second W decays to standard model
particles. A limit on the invisible branching ratio of the W boson is deduced.
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Chapter 1

Introduction

The standard model of elementary particle physics describes matter and its interactions
to an unprecedented degree of precision. Matter is built of fermions (quarks and
leptons) and their interactions are mediated via bosons. The photon (7) is responsible
for the electromagnetic interactions, the charged vector bosons (W±) are responsible for
the particles' decay (as in the neutron decay), the Z boson is the carrier of the neutral
current. Masses are generated via the Higgs mechanism, leading to an additional
neutral scalar particle, the Higgs boson (H).

The standard model, in spite of its success, is considered to be insufficient because
of theoretical prejudices, one of which can be formulated in the following way: Why
is matter built only of fermions and not also of bosons and why are interactions me-
diated only by bosons and not also by fermions? The supersymmetric extension of
the standard model attempts to solve this apparent asymmetry by introducing a new
symmetry, which effectively doubles the particle spectrum: each fermion receives a
bosonic partner and each boson receives a fermionic partner. This leads to the predic-
tion of several new particles and in particular, as the Higgs sector has to be extended
to construct the model, charged Higgs bosons are predicted.

Many of today's most precise measurements of parameters of the standard model
and interesting results on searches for new physics were obtained at LEP, CERN's
large e+e~ collider, where the four experiments ALEPH, DELPHI, L3 and OPAL are
recording data. From its inauguration in 1989 to autumn 1995 LEP operated at centre-
of-mass energies at and around the Z resonance (91 GeV). An example of the precision
measurements of parameters of the standard model is the measurement of the Z boson's
mass of 91.1867 ± 0.0020 GeV/c2 and its width of 2.4948 ± 0.0025 GeV/c2 [1].

Precision measurements of the standard model can be viewed in two different ways.
They constitute a stringent test of the standard model, but on the other hand they can
be used to constrain physics beyond the standard model via higher order effects on the
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measured quantities. For example, from the measurement of the electroweak parame-
ters one can derive a limit on the contribution of new physics or new particles to the
invisible width of the Z boson, which must be less than 2.9 MeV/c2 [1]. One attempts
to give the limits not in a specific framework, but in the most model independent way.

While limits derived from measurements of electroweak parameters are especially
well adapted as a parametrisation of a theory whose exact theoretical structure is not
known, the approach is not efficient for most cases where new particles with well defined
production and decay properties are predicted. The reason is that the effect of the new
particles on the measured parameters can be very small and on the other hand, if the
particles are light enough to be produced, they can have properties making them easily
distinguishable from the known particles. In the completely decoupled environment,
the search for the new particles is the only way to verify or falsify the new theory.

A highly visible example of a search for new particles, where "new" in this particular
case stands for "as yet unobserved", is the search for the standard model Higgs boson.
The final result for LEP1 was a mass lower limit of 66 GeV/c2 [2]. No hints for the
production of new particles were discovered at LEP1.

Starting in late 1995, LEP's energy was increased in a first step to 130 GeV and
136 GeV and in 1996 the threshold for W pair production was reached and surpassed.
In 1997 the centre-of-mass energy was once more increased to 183 GeV, passing the Z
pair production threshold. Further increases of LEP's energy are foreseen with a final
centre-of-mass energy of possibly 200 GeV to be reached in the year 2000.

The physics goals of this high energy period have shifted from Z boson physics
precision measurements to W ± boson physics measurements. The mass of the W*
boson is of interest because it is one of the limiting factors in the prediction of the
Higgs boson mass via radiative corrections. The measurement of the triple gauge boson
couplings (TGC) provides an opportunity to constrain physics beyond the standard
model.

The new energy regime also extends the kinematic reach of the direct search for
new particles. Many of the searches for new particles performed at LEP1 had already
reached the kinematic limit after only two years of running [3] due to the large cross
sections at the Z boson resonance.

In this thesis three ingredients of physics analyses at LEP with the ALEPH detector
will be studied: measurements of the W* pair production cross section, measurement
of the W* boson's branching ratio, constraining the W* boson's anomalous couplings
via the measurement of the single W* cross section, i.e., e+e~ —» We^, and the search
for the production of the charged Higgs boson and supersymmetric particles.

The thesis is structured as follows: In chapter 2, the standard model and its inter-
actions will be described briefly. The focus will be directed to the description of the
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properties of the W* boson at LEP, i.e., its production, its decay and its couplings.
The principles of the measurement of the W* mass via the measurement of the W* pair
production cross section at threshold will also be described in this chapter. This will
be followed by a brief discussion of the single W* process in view of the measurement
of the triple gauge boson couplings.

In chapter 3 two related extensions of the standard model will be described. First
the Higgs sector will be extended by an additional scalar doublet, which substantially
increases the number of physical Higgs bosons. In particular the properties of charged
Higgs bosons, predicted by such models, will be described. In a second step the stan-
dard model will be extended supersymmetrically. The motivation of supersymmetry
and the basic concepts of the construction of a specific model, the A4SSM, which
needs a two Higgs doublet structure, will be discussed briefly. The last part of the
chapter will focus on the description of the phenomenology of the MSSM. at LEP,
i.e., the production and decay of supersymmetric particles.

The experimental setup will be described in the next chapter. The topics which are
discussed in this chapter are the LEP accelerator system, the ALEPH detector and the
basic event reconstruction tools on which the analyses are based. A short comment on
the strategy for the optimisation of analyses will be made in this context.

In chapter 5 the main physics processes will be presented, which constitute the
backgrounds to the standard model analyses and the searches for supersymmetric par-
ticles. Common to all of the final states treated in this thesis is the characteristic
missing energy, which is either due to the presence of neutrinos or undetectable super-
symmetric particles in the final state. The sources of missing energy in the background
processes will be pointed out in this chapter.

The presentation of the analysis work performed will commence with the
physics topics. The selections for the purely leptonic final state and the semi-leptonic
final state, when the lepton is a tau, for W* pair production will be described. The
physics results, derived in combination with analyses dedicated to the other final states,
will be discussed. The second part of this chapter will deal with the single W* anal-
yses. The analyses will be described and the result of the measurement of the cross
section will be given. The cross section measurement will then be used to derive limits
on anomalous contributions to the W* boson couplings.

As mentioned above, charged Higgs bosons are a consequence of models with two
scalar Higgs doublets. The direct search for these particles in the channel rvqq' will
be described in chapter 7. The results will be presented in combination with the two
other channels, the fully hadronic (qq'qq') and fully leptonic (TUTU) final states.

Chapter 8 will deal with analyses in search of supersymmetry. The focus of the
first part of this chapter will be the search for sleptons, the superpartners of the lep-
tons. In the second part the search for practically invisible W± decays, which arise for



restricted areas of supersymmetric parameter space, will be described. As W* bosons
are produced in pairs at LEP, the events will be tagged by the visible decay of the
second W± . The results will be presented in the form of a limit on the W* boson's
invisible branching ratio.

All of the results will be compared to, where available, results from the other LEP
experiments, the results from the Tevatron, Fermilab's large pp collider, or the results
from CESR, Cornell's lower energy e+e~ collider. At the time of writing the LEP
collaborations had not yet published the results of all the data recorded at high energy,
therefore the results of the other collaborations cited in this thesis are necessarily
incomplete.

In the last chapter the analyses performed and their results will be summarised.
An outlook for the future will be given on the physics topics discussed in this thesis
and supplementary applications of the analyses developed will be mentioned.



Chapter 2

The Standard Model

In this chapter the standard model of elementary particle physics will be described
briefly. First the general concepts of the electroweak part of the model will be outlined.
The second section is dedicated to the description of the W* boson properties. The
strategy of the measurement of the W± boson mass at pair production threshold will
be outlined. It will be followed by a section focused on the measurement of the triple
gauge boson couplings A7 and K7 via the single W* cross section.

2.1 Particles and Interactions

The standard model of elementary particle consists of fermions, which constitute mat-
ter, and bosons which mediate their interactions. The masses of the particles are
generated via the Higgs mechanism, which in turn leads to a scalar particle, the Higgs
boson. The standard model Lagrangian is invariant under the local gauge transforma-
tions SU(3)cxSU(2)LxU(l).

The strong interaction is mediated via massless gauge bosons called gluons, which
interact only with coloured objects, the quarks. This interaction is described by the
SU(3)c, where C stands for the colour-charge, invariance, a non-abelian field theory
Quantum Chromodynamics (QCD).

Electroweak interactions are described by the SU(2)LXU(1) [4, 5, 6] symmetry, in-
dependent of the strong interaction. In constructing the electroweak Lagrangian, the
notation of [7] will be used.

Fermions are grouped into three families as shown in Table 2.1. Each family in
turn consists of a left-handed lepton doublet, a left-handed quark doublet, a right-
handed charged lepton singlet and two right-handed quark singlets. In the standard
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Table 2.1: The matter particle content of the standard model.

model there are no right-handed neutrinos. Right-handed and left-handed refer to the
particle's chirality. Often helicity is used, which, in the limit of massless particles,
is equal to chirality, Helicity is the projection of the spin direction on the particle's
momentum direction.

The left-handed and right-handed fermions are obtained from the fermion fields
(e(x)) with the matrix 75 by (for simplification in this section we will consider only the
first family's leptonic sector):

(2.1)

Electroweak interactions are mediated via four gauge bosons: The massless photon (7)
and the massive W± and Z bosons. The photon is the carrier of the electromagnetic
interactions, the W* bosons are responsible for the charged current decays and the Z
boson is the carrier of the neutral currents.

The electroweak Lagrangian can be decomposed into three parts, the first one £ 0

describes the free fields, the second one C the interactions of the gauge bosons with
the matter fermions and the third one Cyuk generates the masses of the fermions and
gauge bosons.

The Lagrangian describing the free fermion and gauge boson fields £ 0 is written in
the following way:

Co = -ITr(WA pWA*) - \BXPBXO + (ueh,ëL)(hxdx)(veL,eL)T + ëRi7
xd,eR (2.2)



W\p and B\p are the field strength tensors of the SU(2) group and U(l) group re-
spectively. The tensors are defined via the vector fields B\, W{, Wj[, W ' , the Pauli
matrices ra and W\ = W"| r a as:

WAp =
(2.3)

BXp = dxBp-dpBx

The third term of the SU(2) field tensor, which is proportional to the coupling g
associated to the SU(2) group, is due to the non-abelian structure of the group. The
generator of the U(l) group, with the coupling constant g', is called hypercharge.

The charged boson fields W j , W j , the Z boson field Z\ and the photon field A\
are defined in terms of the fields W£, B\ and the coupling constants g, g'\

( 2 . 4 )

yg +g
Ax = , } (gWl + g'Bx)

At tree level, the photon and the Z boson do not interact since the Z boson is neutral
and the photon couples to charged particles only.

The definition of the photon and Z boson fields is equivalent to a rotation with an
angle, the weak mixing angle (t?w)5 which is related to the coupling constants g and g':

sin ^ w = —; 9 , cos dy/ = , 9 (2.5)
J2 2 j 2 2

Using the definition of the fields above and the electroweak angle, C, describing the
interactions of the gauge bosons and the fermions, can be written in the following way:

a = -e{AxyL + - 1 ( w + ^ 7 v + wA-eL7V) + . 9
 1

 9 ^ c } (2.6)
V2smv sinwwcosvw

e is the electric charge, 3^m is the electromagnetic current and 3$c * n e neutral current,
defined in the following manner:

(2.7)

The coupling constants are related to the electromagnetic coupling in the following
way:

aem = ~92 s i n 2 ^w = —g'* c o s 2 ^w (2.8)
47T 47T



With these two components of the Lagrangian, one can already deduce important
properties of the standard model. The W* bosons couple only to the particles of a left-
handed doublet. Thus in the standard model, interactions depend on the handedness
of the particles, or, stated in a different way, parity is violated. The photon does not
couple to the neutrino, the Z boson however does. This construction is in accordance
with the experimental observations.

So far all particles are massless. To give masses to the gauge bosons, it is not
possible to add a term of the type M^Z^Z^ to the Lagrangian, since such a term would
break gauge invariance and lead to a non-renormalisable theory, which renders a theory
useless.

This problem was solved in the Yukawa part of the Lagrangian. A complex scalar
doublet ((/)) is introduced in the Lagrangian:

Cyuk = (dx^)(dX(i>) + fi2^cf> - A(0V)2 - ye[ëR0VeL ,eL)T + (ve,eL)<f> eR] (2.9)

The first term is the kinetic term of the scalar field (it actually belongs in £o)- The
second and third term are the components of the scalar potential:

A and /J,2 are independent positive parameters. The last two terms are Yukawa type
interactions between the scalar field and the fermion fields with the Yukawa-coupling

The vacuum expectation value of the scalar (or Higgs) potential is calculated to be:

W|0)=| ) : = ( ) = f) (2.11)

The minimum of the potential is not at zero, but at a value po/y/2, this is the so-called
mexican hat form of the potential. To see the effect of the non-zero vacuum expectation
value, the scalar field is expanded around the minimum with the ansatz:

(2.12)

and the partial derivative in the kinetic term of the scalar field is replaced by the
covariant derivative:

Dx = dx + ig'Bxyu + igWa
x y (2.13)
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If all non-leading terms of the scalar fields with the exception of the kinetic terms are
neglected, one finds the following components:

(2.14)

yepo/y/2(ëReh + ëLeR) = me(êReL + ëLeR)

The left-handed neutrino and charged lepton fields entered the Lagrangian symmetri-
cally. After the scalar field acquired a vacuum expectation value, the neutrino remained
massless and the electron became massive. The symmetry was spontaneously broken.

The massless gauge bosons W* and Z have acquired mass terms via the scalar field,
which, as shown in [8], does not destroy the renormalisability of the model. No mass
term is generated for the photon.

Also present is a massive scalar particle, the Higgs boson. A complex scalar doublet
field has four degrees of freedom. Three of these are absorbed by the W* and Z bosons,
which became massive in the process. This leaves one degree of freedom, the standard
model Higgs boson.

The Higgs sector is governed by two parameters. For practical purposes these are
usually taken to be directly measurable quantities: the mass of the W* boson, which
is connected to the Higgs sector via the vacuum expectation value, and the mass of the
Higgs boson. The Higgs boson quartic couplings are fixed by the Higgs boson mass and
the vacuum expectation value, (or the Higgs boson mass, the W± boson mass and g):

From the equations in 2.14 one can also deduce that the Z boson mass and the
boson mass are related at tree-level via the weak angle:

™l = J%- (2-16)
COS2 Vyj

Historically the weak interactions were described by Fermi as a four-fermion contact
interaction. As the gauge bosons are massive, Fermi's ansatz is validated, since the
transformation of a massive propagator from momentum space to real space in the
limit of low momentum transfer is a Dirac delta function, i.e., a contact interaction.

The constant of the Fermi model (GF) can be related to the standard model pa-
rameters in the following way:

G 7 (



To complete the construction of the standard model, one final point needs to be ad-
dressed. So far the only down-type particles have acquired a mass via the Higgs mech-
anism. To generate masses for up-type quarks, an additional Yukawa coupling term
must be added. This can be accomplished in the following way (written only for one
generation):

£yuk = î/uÛR0Te (uL, dL)T = Î/U(ÙR<ML ~ UR02UL) (2.18)

e is an antisymmetric matrix and yu is the Yukawa coupling of the u quark. Neglecting
all non-constant terms, only the second term survives, for which fa = v. Thus in the
standard model it is possible to give masses to up-type and down-type fermions with
just one scalar Higgs doublet.

In the leptonic sector the mass eigenstates of the particles are identical to their
weak eigenstates. In the quark sector the quark weak eigenstates are related to their
mass eigenstates via the Cabibbo-Kobayashi-Maskawa (CKM) matrix:

(2.19)

The matrix V,j is unitary. It is characterised by three angles and one complex phase,
which can generate CP violation. The matrix elements on the diagonal (V,-,) are close
to unity, therefore the off-diagonal matrix elements must be small.

In neutral current interactions, flavour changing neutral currents, i.e., vertices of
the type Zds, are not observed, due to the unitarity of the CKM matrix. In charged
current interactions couplings between fermions of different families and a charged W*
boson are allowed in contrast to the leptonic sector. In [7] it is argued that the CKM
matrix in the leptonic sector is necessarily diagonal because the neutrinos are chosen
to be massless in the standard model.

The construction of the standard model is now complete. In total 18 different
parameters govern the model:

• 3 real angles and a complex phase for the CKM matrix

• 9 fermion masses

• 9-, 9'•> 93 the gauge coupling constants (U(l), SU(2)L, SU(3)c?)

, nan from the Higgs scalar potential

It must be noted that the accounting for parameters is arbitrary in a way, e.g., the
vanishing neutrino masses could be counted as three additional parameters. Neverthe-
less this set of parameters will be used and compared to other models later on in a
consistent fashion.
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2.2 The Properties of the W* Boson

One of the topics of this thesis is the W* boson. Its general properties, the impact
of the measurement of its mass and specific aspects of its production and decay at LEP
will be outlined in this section.

The measurement of the W* boson mass was performed indirectly at the Z reso-
nance peak from a fit of electroweak observables via the precisely known Fermi-constant
(GF = (1.16639 ± 0.00002) • 10~5 GeV~2) in the muon decay:

(2 20)
w ( l - m w /m 2 ) 1 - Ar

The equation above is different from the one given in the previous section in two
aspects: Ar incorporates the higher order corrections to the tree level relations. These
corrections depend on the top quark mass, the Higgs boson mass and also on the W*
boson mass. Details of the dependence on m\y are given in [10]. The second difference
is the dependence of the electromagnetic coupling a on the momentum transfer:

a(m2) = 137-1

(2.21)
a(m|) = 128"1

As the functional dependence of Ar is complicated, the equation must be solved itera-
tively. Under the assumption that the radiative corrections are given by the standard
model, the W* boson mass can be measured even below production threshold.

In the indirect determination of the W± boson mass the results from SLD, situated
at SLAC's e+e~ linear collider, and from neutrino-nucleon scattering experiments are
also included [1]. The Higgs boson mass is predicted to be 41I21 GeV/c2 (the limit
from the direct search for the Higgs boson is not included), a light top quark mass
of 157+9° GeV/c2 is preferred (the direct measurement from the Tevatron is 173.1 ±
5.4 GeV/c2 [11]) and the W± boson's mass was determined to be 80.329±0.041 GeV/c2.

The indirect measurement is based on the assumption that the radiative corrections
are entirely due to the standard model. The direct measurement of the W^ boson's
mass at LEP is therefore a non-trivial test of the standard model. If the measured (or
rather predicted) MV^ mass agrees well with the results from the direct measurement,
the correctness of the complex calculations of the radiative corrections is verified. If
the values for the W* mass do not agree, the cause could be either an error in the
calculation or a hint for new physics, which are by construction not included in the
calculation.

The second goal is defined again in the framework of the standard model. The
errors on the Higgs boson mass prediction are large as the sensitivity is logarithmic in
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the Higgs boson mass. In order to improve the prediction, an error on the direct mea-
surement of the W* boson mass comparable to the error on the indirect determination
must be achieved. The goal is a mass measurement with a precision of ±40 MeV/c2.

The sensitivity of the prediction of the Higgs boson's mass to the error on the
W* boson's mass is illustrated by the following example: If the Higgs boson's mass
were 100 GeV/c2 and if the top quark mass is fixed to 180 GeV/c2, an uncertainty of
±25 MeV/c2 on the W* boson's mass translates into errors of +48, —36 on the Higgs
boson mass. If the error on the W ± boson mass is ±50MeV/c2, then the errors are
almost doubled: +112,-63.

w

v

W

Figure 2.1: CC03 production diagrams for W^ pair production.

The pair production of W* bosons at LEP proceeds via the three diagrams shown
in Figure 2.1, the two s channel (7, Z exchange) diagrams and the t channel (neu-
trino exchange) diagram. These three diagrams are commonly referred to as CC03
(3 Charged Current) diagrams.

The differential CC03 cross section in lowest order is given by [9]:

costi + O((32)
s 4 sin4 (2.22)

where /? = (1 — 4mw/.s)1/2. The dominant term at production threshold (/3 w 0) is
independent of cosi?, the W ± bosons will be produced isotropically. When the centre-
of-mass energy increases, the next to leading term ~ cos •d will become more important,
the W* bosons will be produced more frequently in the forward direction, relative to
the e± momentum's direction.
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Integrating out the angular dependence, the total cross section is then given by:

wa2 1
a r**J

s 4 sin4 4/? + O((33) (2.23)

The leading term is entirely due to the t channel neutrino exchange. Therefore it is very
difficult to measure the couplings of the W± to the photon and Z boson at threshold.

The W* boson decays to fermion anti-fermion pairs belonging to the same SU(2)L

doublet. Its width is, in lowest order, the sum of the partial widths for the hadronic
and leptonic decays for which the sum of the decay product masses is less than the W±

boson mass. This excludes all decays involving the top quark [12]:

rBorn V"* pBorn i V"""1 pBorn /o t)A\

W - 2 ^ L Wu.-d, + Z > L Wi/.-/,- {1.11)
•=i,2 i=l,2,3

.7 = 1,2.3

The masses of the fermions in the decays of an on-shell W* boson are small compared
to the W± boson mass. Therefore the masses of the fermions are neglected in the
calculation of the partial widths. The individual hadronic and leptonic contributions
can be written in the following way:

Nç is the colour factor, which is 3 for hadronic decays and unity for leptonic decays.
V,j is the CKM matrix element ij for the quark sector (V= I3 for the leptonic sector).

In the formulae given above a and sin2 t?w are sensitive to the radiative corrections.
In the improved Born approximation, the electroweak corrections are taken into account
by rewriting the widths in terms of GF and m\y- In the hadronic channel, QCD
corrections are taken into account additionally. The W* boson's partial and total
widths then read:

w

(2.26)

The comparison of the improved Born approximation with the complete set of correc-
tions show an agreement to better than 0.6%. The effect of finite fermion masses is
less than 0.3%.

Since W* bosons are produced in pairs at LEP, three distinct final states can be
identified (branching ratios in parentheses): the hadronic final state (45.6%), when
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both W* bosons decay hadronically, the semileptonic final state (43.8%), when one
W* boson decays hadronically and the other leptonically, the fully leptonic final state
when both W* bosons decay leptonically (10.6%).

So far the discussion has centred on the properties of the W ± boson in the standard
model. The measurement of the triple gauge boson couplings (TGC) of the W ± boson
to the neutral gauge bosons constitutes a test of the standard model and at the same
time an opportunity to search for new physics via the deviations from the standard
model values.

Following the notation of the LEP2 workshop [13], a general lorentz- and electro-
magnetic gauge invariant Lagrangian for the WWV coupling, where V stands for a
photon or a Z boson, is written in the following way:

j
m w

+ig%W-1W+(&'V +

(2.27)
with gww-/ = e and gwwz — ecot$w- Only the following couplings are non-vanishing
in the standard model:

9? = g1 = KZ = i^ = \ (2.28)

These relations are valid at tree-level. Including loop corrections, anomalous couplings
can be introduced in the standard model at the level of 10~3.

CP violation can be obtained from the couplings g%, ky and Ay. The parameters
g(, Ky and Ay conserve C and P separately. g\ conserves CP, but violates C and P.

The 7W+W~ couplings conserving C and P separately are related to the charge
(Qw), the magnetic dipole moment ((Xw) and the electric quadrupole moment (qw) of
the W ± boson [14]:

= eg\

(2.29)

mw

In principle one needs to measure all couplings simultaneously, however usually a re-
duced set of parameters is used. In particular, only the couplings conserving C and P
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invariance separately will be considered from here on, since the possibility of observing
the other effects is rather remote at LEP.

The standard model in the context of the measurement of the TGC's is considered
to be an effective theory at low energy. One can restrict the number of indepen-
dent parameters by requiring that the Lagrangian be invariant under transformations
SU(2)LXU(1). The choice is motivated by the argument [15] that a violation of this
symmetry leads to quadratic and quartic divergences in Ar, which is an indication of
an inconsistent Lagrangian at the high scale.

However, this does not lead to a strong restriction as all couplings in the effective
Lagrangian can be made SU(2)LXU(1) invariant with Higgs fields and/or additional
gauge fields. As effects of new physics are suppressed by (^/J/ANP) , where ANP is
the scale of new physics and d the dimension, one further restricts the dimension of
the terms generating the couplings to be equal to six.

After these considerations three parameters, in the literature frequently referred to
as "blind directions", remain: a ^ , ag^, aw- The three parameters guarantee bosonic
loop corrections to be consistent with the results obtained at the Z resonance peak, do
not change the propagators at tree-level and do not introduce anomalous couplings in
the Higgs sector. The a-couplings are related to five couplings (gf, «7, «z, A7, \z) in
the effective Lagrangian in the following way:

^ ffw
 (AKZ - Agf ) = aw* + CCB* (2.30)

A7 = \z = aw

where AX denotes the deviation of X from its standard model value, i.e., AX = X — 1.

2.3 The Determination of the W± Boson Mass at
LEP

Three independent methods can be exploited to measure the W* boson's mass at
LEP. They were studied in detail in the LEP2 workshop [16].

The energy spectrum of the leptons produced in W* boson decays depends only on
the W boson's mass and the centre-of-mass energy. Since the centre-of-mass energy
is known, the mass of the W± boson can be measured. This measurement suffers from
the following limitations: only W± boson decays to electrons and muons can be used,
since the tau decays, spoiling the measurement of the lepton energy. Only the events
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close to the endpoints of the spectrum are sensitive to the mass, reducing the available
statistics even further. Additional complications are the finite W^ boson width and
initial state radiation, which smear out the sharp endpoints of the energy spectrum.

The second method is the direct reconstruction method. The W* boson's mass
is reconstructed from the visible decay products. This method excludes the use of
the fully leptonic final states. Since W* bosons are produced in pairs, if both decay
hadronically, the quarks will be detected as jets. It is difficult to assign the correct two
jets to the W± decay in such an environment. Additionally Bose-Einstein effects and
color reconnection effects, i.e., interactions between the four quarks in the final state,
must be handled, which can lead to a shift of the W* boson mass. These effects are
difficult to handle as the estimation of their impact on the measurement are highly
model dependent.

f
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Figure 2.2: Variation of the W* boson's cross section as function of the centre-of-mass
energy for several W* boson masses.

For the reconstruction method the semileptonic final state is the most promising
channel. If the lepton is an electron or a muon, it can be identified easily. The hadronic
system is unambiguously identified. The mass of the hadronic system and the mass of
the system consisting of the lepton and the neutrino, inferred from the event's missing
momentum, can be used. In general the direct reconstruction method relies strongly
on a good simulation of the detector response.

The third method, to which a part of this thesis is dedicated, is the threshold
method. It makes use of all decay modes of the W* boson. As shown in Figure 2.2,
the production cross section of W^ boson pairs close to threshold varies strongly as
a function of the W± boson's mass. The centre-of-mass energy must be chosen to
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Figure 2.3: Variation of the cross section error functions for \fs — 2mw-

minimise the expected error on the W* boson's mass.

The cross section is measured in the following way:

a = eC
(2.31)

where Not,, is the number of observed events, e is the efficiency, C is the integrated
luminosity and (TBG is the background cross section deduced from Monte Carlo simu-
lations. The error on the W* boson's mass is, neglecting the theoretical errors in the
calculation of the cross section:

Amw =
da

- <TBG)A£)2

(2.32)

Inserting Equation 2.31 into the equation above, three different types of contributions
to the error on the W* boson mass are identified:

(2.33)Amw
dmw

da
dniw

da
a , ~

dm\y
da

The contribution proportional to the square root of the cross section is due to the
statistical error of the number of observed events. The error on the efficiency and on
the integrated luminosity is proportional to the cross section, while the error on the
background estimation translates into a multiplicative factor. These three components
are shown in Figure 2.3 as a function of y/s — 2Mw-
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Assuming that the dominant error is the statistical error, the optimal point for the
threshold measurement was determined to be: y/s = 2mw + 0.5 GeV. The quantity
to be measured is the mass and the optimal point depends on the mass. However, as
Figure 2.3 shows, the variation of the error in the vicinity of the optimal point is rather
flat within several hundred MeV.

20 -

15 -

10 -

5 -

140

fI --
/ / • •

J

• i

• Born

- + r w

- +rw +

+ rw+
i

^ - —

-

Coulomb

Coulomb + ISR

i . i .

150 160 170 180

Vs (GeV)
190 200 210

Figure 2.4: Influence of W* width, Coulomb singularity and ISR on the cross section.

The determination of the mass via the measurement of the cross section places
stringent constraints on the calculation of the cross section as function of the W ±

boson's mass. Not only the tree level cross section must be calculated, but higher order
corrections must be included also. In particular the effects of initial state radiation,
the Coulomb singularity and the width of the W* boson must be taken into account.

Initial state radiation is calculated by convoluting the non-radiative cross section
for W* boson pair production with the radiative spectrum. The treatment of ISR in
the presence of a t channel diagram is difficult. The most sophisticated method to
include ISR is implemented in the KORALW [17] generator, where the YFS (Yennie-
Frautschie-Suura) soft photon exponentiation method is used. In other generators a
structure function approach is used,

The W* bosons in the final state can exchange photons. This is the Coulomb
singularity. Its effect is largest for slowly moving W* bosons, i.e., at threshold, changing
the cross section by 5.8%, but at 190 GeV the effect is only 1.8% [12].

As a next step the width of the W± boson must be included. For massless fermions
the cross section is calculated by convoluting the tree level cross section (cr£C03) with
two Breit-Wigner functions (pw)'-

a = jds+pw(s+) J ds_pw(s-)aZCO3(s;s+,S-)
0

(2.34)
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The modification of the cross section prediction as a function of the centre-of-mass
energy is shown in Figure 2.4 for the successive inclusion of the three effects.

The treatment of W* bosons as stable particles which subsequently decay is only
an approximation. The correct treatment of the process is to treat the W* bosons
as intermediate resonances and calculate the full four-fermion process. For example,
e+e~ —y e+fee~i/e can also be obtained via two Z bosons: e+e~ —> Z*Z —> e+e~veve-
In this particular process a total of 56 diagrams must be calculated, involving delicate
issues of interference between the diagrams and of gauge invariance. From a practical
point of view, the non-CC03 diagrams are not sensitive to the W^ boson's mass. They
can therefore be treated as an additional background in the following way:

a =
£4/^4/

eC
(2.35)

e is the efficiency for the CC03 events, (7Cco3 the CC03 cross section, e4/ the efficiency
on the four-fermion signal and 04/ is the four-fermion signal cross section.

2.4 TGC at LEP

The measurement of the triple gauge boson couplings of the W± boson is usually
considered only in the context of the pair production of the W* bosons. The most
inclusive measurement is the total cross section, which is sensitive to a deviation of
the couplings from the standard model values. The magnitude of the cross section is
not the only quantity sensitive to anomalous couplings, anomalous couplings can also
modify the production and decay angles of the W^ bosons.

7

Figure 2.5: Single W* production diagrams at LEP.
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Making use of this information necessitates the full reconstruction of the events,
i.e., the reconstruction of the production angles, the decay angles etc. Problems quite
naturally arise in the fully hadronic channel from the ambiguity in associating the
correct jets to one W* boson and the determination of the charge of the W± boson.
The semileptonic channel is therefore favoured in this respect as an identified lepton
permits to deduce unambiguously the charge of the W* boson and additionally there
is no wrong jet combination. In the fully leptonic decays, the difficulty arises from the
two missing neutrinos. Here W ± boson's charge can be inferred from the leptons, but
the original W* boson direction cannot be reconstructed.

From a theoretical point of view the measurement of the TGC's via W pair pro-
duction is sensitive only to the s channel contribution to the total cross section, since
in the t channel production diagram no triple gauge boson vertex is present. In low-
est order at production threshold only the t channel diagram is present, making it in
principle impossible to measure the TGC's there. The W* boson's width effectively
reduces the W^ boson's mass in a certain fraction of the events, which creates an s
channel contribution. Nevertheless it is obvious that the TGC measurement at LEP
profits from a centre-of-mass energy far above threshold.

While the problems or limitations described above can be overcome by a sufficient
amount of data and an increase in energy, one fundamental problem will always remain
in W* boson pair production: It is impossible to separate the contribution of the 7WW
vertex from the ZWW vertex.

bosons are not only produced in pairs at LEP. Single W* boson production
can occur via the graphs shown in Figure 2.5. In Figure 2.5 (Left) irrespective of the
anomalous couplings, the 7WW vertex will always dominate. The contribution of the
equivalent diagram with the ZWW vertex is strongly suppressed [18] due to the large
mass of the Z boson.

If the W* boson decays to a lepton, the signature for the process is a single lepton
in the detector, as the electron is predominantly produced in the forward direction and
escapes detection. If the W± boson decays hadronically, one expects to see a two jet
system where the invariant mass of the system is the W* boson's mass.

The simulation of processes with t channel photon exchanges is technically chal-
lenging. Currently two generators are capable of generating processes in which the
electron is emitted with essentially no transverse momentum.

PYTHIA uses the equivalent photon approximation, i.e., it calculates the process
7e —>• Wv (essentially ignoring the electron line connecting the initial and final state),
and then integrates over the photon content of the electron to determine the cross
section e+e~ —> Wez/. In the standard model the cross section for this process is
only of the order of several hundred femtobarn, i.e., small compared to the W* pair
production cross section, which is several picobarn. The cross section grows strongly
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Figure 2.6: The single W* cross section calculated by PYTHIA.

as the centre-of-mass energy increases as shown in Figure 2.6. While PYTHIA is a
robust generator capable of generating many different processes, its disadvantage is
the absence of a procedure to introduce anomalous couplings. The detection efficiency
can depend on the couplings, therefore PYTHIA can only be used as a cross check.

GRC4F is a four-fermion final state generator, which is capable of generating cor-
rectly the full phase space including anomalous couplings [19]. The only drawback to
the generator is that it generates the four-fermion final state including all diagrams,
not only the two diagrams above. Therefore the strategy developed for the CC03 cross
section, i.e., to correct the measured four-fermion cross section back to the CC03 cross
section, cannot be used in this case. The signal cross section is therefore defined as a
four-fermion cross section, where cuts are defined to enhance the relative contribution
of the signal, i.e., the two diagrams shown in Figure 2.5, to the total four-fermion cross
section with cuts.

In particular, the electron (connecting the initial and final state) must be emitted
at low polar angles, a high mass system must be produced. The following values were
chosen:

• electron: $e < 34mrad

decay:

1. for quarks: Mqq, > 60 GeV/c2

2. for leptons: [ cos t? | < 0.95 and E^ > 20 GeV
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Chapter 3

Extending the standard model

The standard model currently is the most successful model of particles and their inter-
actions. However it is widely believed that, due to theoretical problems in the Higgs
sector, it is only a low energy approximation of an underlying theory.

There are many possibilities to extend or replace the standard model. Two related
topics will be described in this chapter. Both of these attempt to stay as close as
possible to the standard model by extending it.

First the Higgs sector of the standard model will be extended by introducing a
second scalar doublet. The model and the resulting phenomenology will be described
briefly.

In a supersymmetric extension of the standard model, two Higgs doublets are needed
to give masses to up-type and down-type fermions. Some of the basic ideas of super-
symmetry and arguments motivating the need for this kind of theory will be outlined.
The phenomenology of one particular model, the minimal supersymmetric extension
of the standard model, will be outlined.

3.1 Extended Higgs Sector

In the minimal standard model masses are generated via the introduction of one com-
plex scalar doublet. There is no theoretical reason to introduce only one doublet. Higgs
sectors with two doublets are of particular interest, because they lead to 1 — Ar « 1,
where Ar was defined in the previous chapter in connection with GF.

Two Higgs doublet models can give rise to severe flavour changing neutral currents
(FCNC), incompatible with experimental observations. These can be avoided, accord-
ing to a theorem by Glashow and Weinberg [21], if a fermion of a given charge only
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couples to one Higgs doublet. In the literature there are two models of particular in-
terest obeying this construction. In Model I one Higgs doublet couples to the ordinary
fermions as in the standard model, the other one does not couple to the fermions. In
Model II one Higgs doublet only couples to down-type quarks and leptons and the
other one to up-type quarks. Since the Model II Higgs system is also the one necessary
for supersymmetry, only this model will be discussed in the following.

A general two doublet Higgs potential [22], under the assumption that a discrete
symmetry <f>\ — ~4>\ and </>2 = — </>2 is only softly broken, with the two complex scalar
doublets is:

V{4>) = Xi(4>[<k - vl)2 + \2{4<h - vl)2

sine]2

The angle £ present in the last two terms can be the source of CP violation in the
Higgs sector, if £ is non-zero and A5 ^ A6. If this last condition is not fulfilled, i.e.,
A5 = A6, the angle can be absorbed in a redefinition of the fields. The minimum of the
potential is, if all A,- are greater than zero and allowing no CP violation in the Higgs
sector:

The two scalar Higgs doublets have acquired a vacuum expectation value, similar to
the procedure in the minimal standard model. With two complex scalar doublets, eight
degrees of freedom are present. Three of these are absorbed to give masses to the gauge
bosons. Five physical particles remain, two charged Higgs bosons (H*), one CP-odd
neutral Higgs boson (A) and two CP-even neutral Higgs bosons (h, H).

A detailed description of how to identify the linear combination of the fields to
construct the physical particles can be found in [23]. In particular, the masses of the
Higgs bosons are determined from the mass matrix, which is defined in the following
way [24]:

(3-3)

The partial derivatives are calculated with respect to the eight degrees of freedom, i.e.,
by rewriting each field as the complex sum of two real fields.

The masses of the gauge bosons, the CP-odd neutral Higgs boson and the charged

Higgs bosons in terms of the vacuum expectation values of the two Higgs doublets and
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the parameters A, of the Higgs potential are related in the following way:

mw — 9 ^

_ (n2

mi =

In the CP-even neutral Higgs sector the following mass matrix must be diagonalised
to determine the masses of the two Higgs bosons:

4v2(\x + A3) + u2A5 (4A3 +
M=\ | (3.5)

(4A3 + A5)un>2 4u2(A2 + A3)

This leads to the following expressions:

m2
h = 0.5[Mn + M22 ~ yJ{Mn - M22)2 + 4M2

l2]
(3-6)

m2
H = 0.5[Mu + M22 + J(Mn - M22)2 + 4M2

12]

The mass of h and the mass of H differ only in the sign of the square root. Conven-
tionally h is chosen to be the lighter one of the two. As the two neutral Higgs bosons
mix, their mixing angle must be specified additionally. The angle (a) in terms of the
neutral Higgs mass matrix elements is written as:

sin 2a = 2Mn
 = (3.7)

y/(Mn - M22)
2 + AM\2

In the minimal standard model the Higgs potential consisted of two free parameters
(A and /J.2), which were replaced by mw and mn- In the extended standard model
the scalar potential is described by eight free parameters (Ajt,-=it6, vi, v2). Again it is
convenient to use a different set of quantities: The four masses of the Higgs bosons (
nih, mji, mA, niH±), the mass of the W* boson, the mixing angle (a) in the neutral
CP-even Higgs sector the ratio of the vacuum expectation values:

tan/?=— (3.8)
«1

The CP-even sector is determined by Ai, A2, A3, A5, i>i and v2. With tan/3, mw, «, irih
and rriH there is still one parameter missing. This parameter can be determined in the
self-couplings, i.e., the vertices hhh, hhH, hHH and HHH, of the Higgs bosons [26].

In spite of the relations among the various masses and parameters, none of the
Higgs boson masses can be predicted. In a general two-doublet model it is also not
possible to deduce from one measured Higgs boson mass plus an additional parameter
the masses of the other Higgs bosons.
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3.2 Properties of the charged Higgs boson

Figure 3.1: Production processes of the charged Higgs bosons at LEP.

The search for charged Higgs bosons will be performed later on in this thesis, therefore
its properties will be discussed in more detail in this section. The main interest are its
production and decay properties at LEP.

Charged Higgs bosons are produced in pairs at LEP as shown in Figure 3.1 via the
5 channel 7 and Z boson exchange. For energies at the Z boson resonance peak, the
cross section is dominated by the Z boson exchange, but for lower energy colliders and
the energy regime of LEP2, the photon component dominates. The total cross section
can be written as:

(3-9)

The first term in the parentheses is the pure photon exchange term, while the other two
terms involve the Z boson propagator, i.e., they are due to the photon-Z interference
term and the pure Z exchange term. The Z charges are defined as:

à = - 1 .
e 4 cos #w sin

Ve = 4 cos ̂ w si

2 cos vw sm u\y

The factor /33 = (1 — 4mH±/.s)3/2 is commonly referred to as the P-wave suppression
factor, since the charged Higgs bosons are scalars, which are produced via a spin-1
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Figure 3.2: Pair production cross section for the charged Higgs boson as function of its
mass. Solid curve: 172 GeV, dashed curve: 161 GeV, dotted curve- 133 GeV

boson. The /33 behaviour is typical for any pair produced scalar particle. By virtue of
this behaviour, the cross section for scalar particles drops strongly close to production
threshold. The angular distribution of the charged Higgs bosons is:

dcr 2
•77- ~ sin v
dJJ

(3.11)

This behaviour is also in general valid for the pair production of scalar particles via an
s channel exchange.

The behaviour of the charged Higgs boson pair production cross section is shown
in Figure 3.2 as function of the Higgs boson mass for the three centre-of-mass energies
133 GeV (dotted curve), 161 GeV (dashed curve) and 172 GeV (solid curve). The
effect of initial state radiation is included in the calculation of the cross sections.

Two distinct regions are observed. For Higgs boson masses below half the Z boson
mass the lower centre-of-mass energy has the higher cross section. Above about half
the Z boson mass the behaviour is inverted: at the higher centre-of-mass energy, the
cross section is also higher. There is a kink at mz/2.

For the high masses the /?3 factor, favouring the highest centre-of-mass energy,
competes with the s~l behaviour, favouring the lowest energy. Naturally at the high
mass end of the spectrum, the higher centre-of-mass energy translates into a higher
mass reach. The kink is due to the effect of initial state radiation: For Higgs boson
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masses less than half the Z boson mass, initial state radiation can return the effective
system excluding the photons to the Z boson resonance energy, increasing the cross
section substantially.

Figure 3.3: Leptonic branching ratio for the charged Higgs boson as function of tan/?.

The partial widths for the hadronic and leptonic decay of the charged Higgs boson
are [25]:

(3.12)

The factor Nc is the colour factor (Nc = 3) in the quark partial width and V,-,- is
the CKM matrix element. The absence of the term in the leptonic partial width
proportional to cot /? is due to the vanishing neutrino mass.

The partial widths are proportional to the masses of the decay products. The
dominant decay modes therefore are the heaviest particles in a weak doublet. In the
leptonic sector this means that the decay will mainly be to tau and its neutrino. In
the hadronic sector one expects to observe mainly decays to the second family (cs and
cs), since the top quark is too heavy and the other decay modes are suppressed by the
non-diagonal elements of the CKM matrix.

In Figure 3.3 the branching ratio of the charged Higgs boson to the tau and its
neutrino, which will be called leptonic branching ratio for simplicity, is shown as a
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function of tan 0. The branching ratio is valid for any charged Higgs boson mass as
the mass cancels out in the ratio. For simplicity the leptonic branching ratio shown is
approximated as:

v _ _ _ ^ r (H ± -» TU)
; r (H ± -> es) + T(H± -)• cb) + rCH* -> ri/)

( 3 > 1 3 )

3Vc's(m
2 cot4 0 + ms

2) + 3V2
b(m2 cot4 0 + m2) + n£

The c quark mass is fixed to 1.3 GeV/c2, the s quark mass to 0.15 GeV/c2, the b quark
mass to 4.8 GeV/c2 and the tau mass 1.777 GeV/c2 and the two CKM matrix elements
to Vcs = 0.9743 and Vcb = 0.041. In this approximation, qualitatively unchanged when
introducing the running masses for the quarks, the leptonic branching ratio dominates
over much of the parameter space, while the hadronic branching ratio dominates only
for tan 0 close to and less than unity.

The search for charged Higgs boson pairs at LEP must therefore be sensitive to three
distinct final states. The purely hadronic final state, with no missing energy, the purely
leptonic final state, commonly called acoplanar leptons, and the mixed final state with
missing energy due to the neutrinos in the primary Higgs decay and the secondary tau
decay. The maximal branching ratio of the mixed channel cannot exceed 50%.

To generate the signal and for the calculation of the cross section in Figure 3.2 the
generator HZHA [28] was used. In this generator radiative corrections are included
for order a2 soft photon exponentiation. The effect of initial state radiation typically
reduces the cross section for charged Higgs boson mass greater than half the Z boson
mass by 10%-20%. The tau decay is performed via the TAUOLA library [29], which
takes into account final state radiation. The fragmentation of the quarks to hadrons is
performed via JETSET [30].

3.3 Supersymmetry

Supersymmetry introduces a symmetry between bosons and fermions. Several argu-
ments can be given to motivate the belief that supersymmetry must be realized in
nature.

In the standard model matter is built only of fermions while its interactions are
mediated only via bosons. If there were as many fermions as bosons building matter
and mediating its interactions, this asymmetry would be resolved.

At the Planck scale Mp

MP = (87rGNewton)-1/2 = 2.4 • 1018 GeV/c2 (3.14)
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gravitational effects will become important. This scale is more than sixteen orders
of magnitude higher than the electroweak scale. In comparison: the standard Higgs
boson mass must be less than about 1 TeV/c2 to ensure unitarity (for example in the
pair production of W^ bosons).

The calculation of the corrections to the mass of the standard Higgs boson [27] due
to a non-coloured fermion loop of mass nif leads to the following expression:

Am| = M [_2A2 + 6mf
2ln(A/mf) + ... ] (3.15)

where Af Hff is the Yukawa coupling of the fermion. A is technically a cut-off parameter
for the loop integral, but it is also the energy scale up to which the theory is valid. If
the standard model is valid up to the Planck scale, the corrections to the Higgs boson
mass must be fine-tuned to one part in 1016 to give a Higgs mass of the order of the
electroweak scale.

It must be noted that in principle the term proportional to A2 for a fermion at the
electroweak scale can be eliminated via dimensional régularisation. However, such a
term is reintroduced by the particle content of the high scale.

Performing the same calculation for a scalar leads to a similar expression:

2 - 2ms
2ln(A/ms) + .. . ] (3.16)

where the Yukawa-coupling is defined as AS|H|2|S|2. A difference of one-half unit of the
spin of a particle leads to a change of the sign of the divergent terms.

If there were a theory that contains two scalars for every fermion (and As = |Af |2) ,
then the quadratic divergences cancel and only the logarithmic parts remain. However
even the fermion masses, including radiative corrections, are logarithmic divergent.
The improvement over the standard model is substantial.

As there is no evidence for degenerate scalars and fermions, the interest in su-
persymmetry might end here. However one can try to break supersymmetry without
reintroducing the quadratic divergences. It was found that terms can be added to a
Lagrangian fulfilling this requirement.

Qualitatively the corrections to the Higgs boson mass then take on the following
form for a scalar and a fermionic field, (msoft is the mass splitting between the fermion
and the scalars) [27]:

r x 1
ln(A/msoft) + . . . (3.17)16TT2

J

If A ~ 1 and A the Planck scale, for a soft supersymmetry breaking mass of 1 TeV/c2,
the correction to the Higgs boson mass will be about 500 GeV/c2. Since the correction
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increases about linearly with msoft, one can turn this observation into a prediction:
In order not to recreate a fine-tuning problem, the masses of at least some of the
supersymmetric partners must be less than about 1 TeV/c2.

Supersymmetry was invented in a non-linear form by Volkov and Akulov [33] and
in a linear realization by Wess and Zumino [34] as a rather mathematical concept. It
was not in any way based on the phenomenological approach described above.

The Haag-Lopuzanski-Sohnius [35] extension of the Coleman-Mandula [36] theorem
provides a guideline as to which form the supersymmetric algebra can take on. It
was shown that supersymmetry is the only possible extension of the Poincaré group.
The supersymmetric algebra is a graded Lie algebra as it involves anti-commutation
equations:

(3.18)

where Q generates the transformation of a fermion to a boson and vice versa, and P**
is the momentum generator of space time transformations.

In supersymmetry supermultiplets are introduced in which a boson and a fermion
must be present. Scalars and fermions are arranged in a matter (or chiral) multiplet,
vector bosons and fermions are arranged in a gauge (or vector) multiplet.

Supersymmetry exhibits several interesting properties: The masses of fermions and
bosons belonging to the same supermultiplet must be equal. Additionally one can show
that the number of fermions and bosons in a supermultiplet must be equal. Perhaps
most important of all, the interactions of particles belonging to the same supermultiplet
are the same.

In a bit more technical terms, superfields are introduced, which contain a matter
multiplet, a gauge multiplet and auxiliary fields.

If one calculates the transformation properties of a supermultiplet in a Lagrangian,
e.g., of a matter superfield, one can show that the supersymmetric algebra closes only
if one uses the equation of motion. Technically speaking the Lagrangian is invariant
on-shell. Introducing the auxiliary fields permits to close the supersymmetric algebra
also off-shell.

One can understand the necessity also in the following way: On-shell, the scalar field
by construction possesses two degrees of freedom and the fermion also as it possesses
two independent chirality states. Every bosonic degree of freedom is compensated
by a fermionic degree of freedom. Off-shell the situation changes: there are still two
scalar degrees of freedom, but the fermion now possesses four degrees of freedom, as
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a Dirac spinor. These two non-compensated degrees of freedom must be compensated
by the auxiliary fields. As they appear only off-shell and physics are always performed
on-shell, they are, at this stage, only for bookkeeping purposes.

For the gauge multiplet a similar argument can be made: On-shell: two fermions
are associated to a massless vector field, which has two degrees of freedom. Off-shell:
there are four fermionic degrees of freedom, but a massless off-shell vector field has only
three degrees of freedom. Again the additional degree of freedom must be compensated
by an auxiliary field with a trivial (= 0) equation of motion.

The auxiliary fields in matter multiplet are called F fields and the corresponding
fields for the gauge multiplet are denoted as D fields. While one might feel uncomfort-
able with the additional fields, it must be noted that these fields can be rewritten in
terms of the scalar fields.

The complete scalar potential, where the F- and D-terms are replaced by the scalar
fields, is:

« l \Yl{4>*Ta<f>)2 (3.19)

a stands for the gauge groups governing the theory and Ta are hermitian matrices.
For SU(2) they are proportional to the Pauli matrices. W is the derivative of the
superpotential with respect to the scalar field <f>i. The superpotential in turn is an
analytical function in the scalar fields:

W = M^Mj + yj%4>j4>k (3.20)
0

It is interesting to note that the scalar potential is always positive and, in contrast to
the standard model, the potential is determined, at least partially, by the interactions
and is not added completely ad hoc.

Supersymmetry must be realized as a broken symmetry. The allowed supersym-
metry breaking terms, which are added to the Lagrangian by hand, fulfilling the re-
quirement of not reintroducing the quadratic divergences in the Higgs boson mass
corrections are [37] in the notation of [27]:

C = -l-{Mx\
aXa + c.c.) - (m2)^*0, - (hiï'htj + ^aWfrhfa + c.c)j (3.21)

A mass term (MA) for each gauge group is present, scalar mass terms ((m2)}, 6*J) and
a trilinear coupling a1-7'*.

The introduction of soft supersymmetry breaking parameters ad hoc is not an ele-
gant solution. However one can consider the breaking parameters a parametrisation of
the ignorance of the actual mechanics of supersymmetry breaking, which is a similar
consideration as the anomalous couplings of the W* boson parametrising the underly-
ing theory.
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Several interesting paths have been followed in order to explain these parameters.
In particular, the successful concept of spontaneous symmetry breaking was applied.
In the so-called D-term breaking scheme [38] the D field was forced to acquire a vacuum
expectation value. This however lead to undesirable consequences of breaking electro-
magnetism, colour and or lepton number. This approach was subsequently abandoned.

In the F-term breaking scheme [39] the superpotential is written in such a way that
the F fields cannot simultaneously be zero. However one can show that the sum of
the scalar masses and the fermions at tree level must be equal for one super multiplet.
Consequently F-type breaking can lift the degeneracy of scalars and fermions, but for
each scalar AM heavier than the fermion, there must also be a scalar AM lighter than
the fermion.

So far only global supersymmetry was used. If supersymmetry is gauged locally,
gravity can be incorporated, leading to supergravity. Since the graviton, a massless
spin-2 particle, must have a supersymmetric partner the gravitino (spin-|), the model
now contains all spin states from 0 to 2 in steps of ̂ .

The gravitino can help solving the problem of generating the soft supersymmetry
breaking masses. A hidden sector is introduced, which communicates with the visible
sector via gravitational interactions. The hidden sector is connected to the gaugino
and scalar soft supersymmetry breaking terms in the following way:

£• = - ^ Ç \faWcc. - ^FsF:x)M*} (3.22)

In the hidden sector the F field acquires a vacuum expectation value, which is of the
order of 1021 GeV2, so that the mass terms in the Lagrangian are of the order of
1 TeV/c2. Similar to the generation of the fermion masses, the fa and x*j ensure that
different soft breaking masses can be generated for each superparticle.

The spontaneous symmetry breaking in the hidden sector leads à la standard model
to a new massive particle. This particle is the gravitino. Its mass in this scenario is
typically of the order of 1 TeV/c2. For completeness sake: the same approach can
also used in gauge mediated supersymmetry breaking. The main difference is that the
gravitino in those scenarios is very light.

3.4 The MSSM Particle Spectrum

The concepts described in the previous section were fairly general. In this section
general properties of a specific model, the minimal supersymmetric extension of the
standard model (MSSM) will be discussed.
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An equal number of fermions and bosons in a multiplet does not necessarily lead to
the prediction of new particles. In the early days, attempts were made to fit the existing
standard model particles in a supermultiplet. One idea which was followed [42] was to
group the scalar Higgs and photon with the electron and neutrino. Unfortunately this
"economical" approach was not successful since it leads to lepton number violation and
it is difficult to incorporate the second and third generation.

The currently most popular model is the MSSM. Each standard model particle
(or rather degree of freedom) receives a new particle as partner. The following section
follow closely the notation of [27, 40].

In the leptonic sector each charged lepton receives two scalar partners, called left-
handed and right-handed sleptons (ëL, CR), where "left" and "right" refer to the chiral-
ity state of the corresponding lepton as scalars cannot exhibit a handedness. For the
neutrino there is one sneutrino (VL)- In the gauge sector the massless neutral gauge
bosons are associated to the fermionic winos and binos. These become zino and photino
after symmetry breaking.

The Higgs sector in the M.SSM. is particularly different from the standard model.
If there were only one Higgs doublet, triangle anomalies would arise. These are similar
to the triangle anomalies in the decay Z —> 77. In the Z decay they are suppressed
by the GIM mechanism: The anomalies cancel if the sum of the charges of a family
is zero. In the Higgs case the anomalies cancel if there are two Higgs doublets with
opposite hypercharge.

A second argument for two Higgs doublets is that supersymmetry forbids certain
Yukawa type terms in the Lagrangian. These constraints do not allow the same Higgs
field to give masses to up- and down-type particles. Thus supersymmetry is an appli-
cation of the Model II two Higgs doublet model.

The third argument for a two Higgs doublet structure is more of practical nature.
The particle content of such a Higgs sector, i.e., the scalar Higgs bosons and their
fermionic partners, completes the compensation of fermionic and bosonic degrees of
freedom in the gauge/gaugino sector as shown in the last three lines of Table 3.1.

The Higgs potential after electroweak symmetry breaking is usually written in the
following way:

(3.23)
+\{92 + 9l2)[H[*H[ - Ht Hi}2 + y\H\*Hi\>

The supersymmetric Higgs fields are related to the two-doublet model via:

. * ' = - _ = J (3-24)m
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In this notation up-type fermion masses are proportional to i>i and down-type fermion
masses to t>2-

Comparing the MSSM Higgs potential to the general two-doublet Higgs potential
leads to these relations between the A,- and the new parameters:

Ai = A2

A4 = 2\x-\<f

A5 = A6 = 2Ai - \{g2 + g'2) (3.25)

^ + g ' 2 -4Ai)

The parameter /i is the supersymmetric Higgs mass parameter.

It is interesting to note that supersymmetry demands that A5 = AÔ, thus CP-
violation is not present in the Higgs sector of the MSSM. The number of independent
parameters in the Higgs sector is reduced from eight to three. These are usually taken
to be the mass of the lightest neutral CP-even Higgs boson (h), tan/? and mw from
the electroweak sector.

The relationships induced among the various parameters by supersymmetry lead
to stringent constraints on the Higgs particles' masses at tree level:

mH± = mw + mA

ml = 0.5 [mi + m | - ^(m\ + m|)2 - 4m|mi cos2 2(3 ] (3.26)

= 0.5 [m2, + m | + ^(m^ + m|)2 - 4m|mi cos2 2/3 ]

Thus the charged Higgs boson in the minimal extension of the standard model is nec-
essarily heavier than the W± boson. This relationship is unchanged including radiative
corrections for large regions of parameter space. Therefore if a charged Higgs boson is
observed with a mass less than about 80 GeV/c2, the parameter space of the MSSM
is strongly restricted. In the CP-even neutral sector, the tree-mass formulae can be
translated into the following relationship:

i< e e <m z | cos2£ | (3.27)

Thus at least one Higgs boson should be lighter or as heavy as the Z boson. However,
this stringent bound for the neutral Higgs bosons is loosened substantially by radiative
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corrections, which are driven mostly by the heavy top quark mass and the top squark
masses:

' ^ ^ (3.28)
~~87r2mw m2

The only strong prediction remaining after including these corrections is that the light-
est neutral Higgs boson (h) must have a mass less than about 150 GeV.

Before continuing the discussion, a technical remark must be added. If one con-
structs a general supersymmetric Lagrangian, the following Yukawa type terms are
present:

where i,j, k denote the generational indices, L is a left-handed lepton doublet, E is a
right-handed lepton singlet, Q is a left-handed quark doublet, U and D are a right-
handed quark singlets. The simultaneous presence of two of these terms (for example
A' and A") can lead to a rapid proton decay inconsistent with experimental limits.
There are two ways to avoid this problem. The first one is to demand that only one
of the terms is present (or at least dominating), the second one is the introduction of
R-parity [41], a new multiplicative quantum number:

R = (-l)(L+3B+2S) (3.30)

where L is the lepton number, B is the baryon number and S is the spin of the particle.
R = 1 denotes a standard particle, R — — 1 denotes its supersymmetric partner.

R-parity conservation will be assumed throughout in the following. This assumption
has far reaching consequences: Supersymmetric particles must be produced in pairs.
They decay, possibly via cascade decays until the lightest supersymmetric particle is
reached, which is stable.

The full list of the particles in the M.SSM, is displayed in Table 3.1. The gluon,
as a massless spin-1 particle is grouped with the gluino, its fermionic partner.

spin-0

H
hA
H±

spin-1/2
q
g
£
7

H, Z
h

H ± ,W ±

spin-1

g

7
Z

Table 3.1: The (s)particle content of the MSSM
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Figure 3.4: Mass contours for the lightest neutralino of 50 GeV/c2 (full curve),
100 GeV/c2 (dashed curve) and 200 GeV/c2 (dotted curve) as function of fj, and M2

for tan/? = 2.

The weak eigenstates of the neutral Higgs and gauge bosons mix to form the mass
eigenstates, which are called neutralinos {x,x'iX",x'")- From Table 3.1 one can see
that four of these particles are necessary to account for the degrees of freedom. The
neutralino mass matrix in the base

- ^H2 sin/?, ^HI sin/? (3.31)

0 0
0

where AT, Az, ip correspond to the photino, zino and the higgsino fields respectively,
takes on the following form:

( Mi cos2 i9w + M2 sin2 $ w (M2 - M^cos^w sin
- M i ) c o s i 9 w s i n ^ w M2 cos2 i9w -f M1 sin2

0 mz jusin2/? —//cos 2(3
0 0 -//cos2/3 -//sin2/? /

(3.32)
The masses Mi, M2 (,M3) are the soft supersymmetry breaking masses associated with
the U(l), SU(2) (,SU(3)) groups respectively.

If supersymmetry is unbroken (and // is vanishing), only the matrix elements (3,2)
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and (2,3) are non-zero. The eigenvalues for the photino is then zero, and that of the zino
is mz as required by construction. Mixing between the gauginos and higgsinos is already
present before supersymmetry breaking, as the eigenvector with mass eigenvalue
is:

0 \

v-4. (3.33)
V2

0/
If the electroweak symmetry were to remain unbroken, the Z boson would remain
massless and the neutralino mass matrix would be diagonal (and vanishing).

The neutralino mass matrix is manifestly symmetric, therefore it can be diago-
nalised with a unitary 4x4 matrix (iV,j). The eigenvalues are the masses of the neutrali-
nos. Technically the eigenvalues can be positive or negative, the sign of the eigenvalue
is the CP quantum number of the neutralino [31].

The field content of the lightest neutralino is used to denote the regions of the plane
(/z,M2). When |/z| > > M2 the region is called gaugino region, when M2 > > \(J,\ the
region is called higgsino region.

In Figure 3.4 the contour plot for the masses of the lightest neutralino (x) of
50 GeV/c2, 100 GeV/c2 and 200 GeV/c2 is shown to illustrate the behaviour of its
mass as a function of \x and M2. The value of tan/3 is fixed to be 2. In the gaugino
region the neutralino masses are approximately equal to one half M2. The contour
lines are close to but not exactly symmetric with respect to a change of sign in fi.

The nature of the lightest supersymmetric particle has not been specified. The
lightest neutralino is a good candidate. It is colour-neutral and not-charged, therefore
it interacts only weakly. Additionally the lightest neutralino can be a candidate to solve
the dark matter problem of the universe. For these reasons the lightest neutralino will
be used as LSP in the following. In gauge mediated scenarios the gravitino usually is
the lightest and the (lightest) neutralino the next-to-lightest supersymmetric particle.
The neutralino decays to the gravitino and a photon.

The 4-component notation of fermions (Dirac) is equivalent to the two-component
notation (Weyl). As in the standard model already the left-handed and the right-
handed components behave differently, the Weyl notation is well motivated. This is
the preferred notation in the chargino sector. The mixing matrix of the wino and
higgsino fields in two-component form can be written as:

(( M2
(3-34)

mwv 2 cos p J

The charginos are then defined as xt = Vij^f and x7 = Uij^J- The Uij and Kj are
unitary 2x2 matrices that diagonalise the chargino mass matrix in the following way:

U'XV-1 = MD (3.35)
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Figure 3.5: Mass contours for the lightest chargino of 50 GeV/c 2 (full curve),
100 GeV/c 2 (dashed curve) and 200 GeV/c2 (dotted curve) as a function of \x and
M2 for tan/3 = 2.

In Figure 3.5 the solution of the diagonalisation for the lightest chargino mass is shown
as a function of \x and M2 . tan/? was fixed to 2. Comparing the contours to the
neutralino contour, in the gaugino region the chargino is about twice as heavy as the
lightest neutralino. In the higgsino region the mass difference is much smaller. There
the chargino and neutralino masses can even be degenerate.

Radiative corrections to the tree level values of the chargino and neutralino masses
were calculated in [43, 44]. Though the exact corrections depend strongly on the
model assumptions, generally the corrections are of the order of 1%. For example the
contribution of a t t loop to a higgsino mass is [44]:

= 3
15TT2 (3.36)

Cancellations with other loop contributions reduce the five percent corrections to one
percent. Due to the smallness of these corrections, the masses of neutralinos and
charginos used are the tree-level masses. To put these corrections into perspective: the
equivalent contribution (tt loop) to the neutral scalar Higgs boson mass is of the order
of 60%.
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A priori each sfermion mass could be considered to be an independent parameter.
However if one introduces in the fermionic sector two soft supersymmetry breaking
masses for two particles in the same weak doublet, for example for the sneutrino and
the left-handed selectron, SU(2) invariance would be broken. Therefore the following
relationship always holds [50]:

mf = m? - cos2 T?wm| cos 2/? (3.37)

Consequently the left-handed slepton must always be heavier than the sneutrino, if
tan (3 is greater than unity. Similar relationships hold in the left-handed squark sector.

While the above relationship concerned the members of one weak doublet, there
is also a complication in the same flavour scalar sector. The mass matrix for down-
type squarks and charged sleptons can be written in the following way in the basis of
left-handed and right-handed sfermion:

m? mf (A; — fj, tan P) \ / 2 \

( Î 1 (3-38)
mf (Aj - /J, tan (3) m | J \ *R /

the off-diagonal matrix elements are proportional to the trilinear coupling Aj and to
the fermion's mass. Since the mixing angle is governed by the fermion mass, it is
expected that in the first two generations the weak eigenstates are equal to the mass
eigenstates. For the up-type squarks tan/3 must be replaced by cot/?.

Having completed the particle spectrum, it is interesting to take a look at the
number of parameters governing the MSSM. Since it is an extension of the stan-
dard model, the 18 parameters mentioned in the previous chapter are present also, to
which one parameter has to be added in the scalar (R= 1) Higgs sector. In the truly
supersymmetric sector (R= —1) the following parameters must be added:

• fi, Mi, M2, M3 in the chargino/neutralino sector

• 15 m-f soft breaking parameters for scalar fermions

• 9 Aj trilinear parameters in the scalar fermion sector

In total 47 parameters govern the AiSSM., but already several additional assumptions
were made: the trilinear terms are real, not complex and the soft supersymmetry
breaking parameters in the scalar sector are generation-diagonal to avoid additional
sources of flavour changing neutral currents.

None of the masses of the supersymmetric particles can be predicted, nor the tri-
linear couplings. One parameter, however, is bounded from below in most models:
tan/3 > 1. This bound is motivated by requiring that the all fermion couplings remain
finite up to high energies.
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Grand Unification

An increase of the particle content of a model by a factor two and doubling the number
of free parameters might seem hard to accept in spite of the theoretical elegance of
supersymmetry. The model described above is (with the caveats mentioned) a "minimal
assumption" model. It maximises the number of free parameters. However there are
arguments that can reduce the number of parameters.

An interesting road to reduce the degrees of freedom in the M.SSM. is provided
by the concept of a Grand Unified Theory (GUT). In this theory, which is not unique
to supersymmetry, the model is embedded in a larger symmetry group, e.g., SU(5) or
SO(10).

10 s

0
2 4 8 10 12 14 16

Log10(Q/1 GeV)

18

Figure 3.6: Running of a,,i = 1,3 in the standard model (dashed lines) and in the
MS S M (full lines).

If one calculates the standard model couplings of the three gauge groups SU(3),
SU(2) and U(l) according to the renormalisation group equations as a function of the
mass scale, they do not intersect in one point, as shown in Figure 3.6 (a~l = <JT2/(4TT)).
In the MSSM [32] the running of the couplings is different, because the supersymmet-
ric particles contribute to the loop calculations. Effectively supersymmetric particles
introduce an intermediate scale, modifying the slope of the running after passing the
threshold. In Figure 3.6 (taken from [27]) the sparticle mass threshold was varied over a
range from 250 GeV/c2 to 1 TeV/c2. The three couplings intersect at Mv » 1016 GeV,
just two orders of magnitude below the Planck scale.
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This observation leads naturally in a top-down approach: The gauge couplings are
universal at the GUT-scale, i.e., one assumes that the observation is not an accident
but an indication of physics at the high scale.

The first order renormalisation group equations can be written in the following form
(t= ln(<3/Qo), Q is the energy scale) for the gaugino couplings and the gaugino masses:

dMn _ 1 . 9-,/r
dt - 8 7 r 2"«y a -a

(3.39)
dff2 _ 1 i 4

where the ba are (33/5, 11, -3) in the MSSM and (41/10, -19/6, -7) in the standard
model.

Since the slopes of the parameters ba are common to both the gauge couplings and
the gaugino masses, the ratio of the two equations leads to the following relation:

d l n M , = d l n ^
dt dt v '

Thus the ratio of gaugino mass and the square of the gauge coupling is constant,
independent of the energy scale. At the GUT scale the coupling constants are universal
so it is a natural to assume that the gaugino mass parameters are also equal at the GUT
scale. As a consequence Mi, M2 and M3 are reduced to one independent parameter
(which is usually taken to be M2):

^ \ ^ s (3.41)Mi ^ t a n t f w M 2 \
3 3 as cos*

Taking this idea one step further one can also assume that the soft supersymmetry
breaking terms for the sfermions are also universal at the GUT scale (mo). This, how-
ever, does not imply that all sfermions have equal mass at the electroweak scale. Ra-
diative corrections for left-handed sfermions are different from right-handed sfermions,
since their couplings to gauge bosons are different. The solutions of the renormalisation
group equations for the masses of the right-handed slepton, the left-handed slepton and
the sneutrino at the electroweak scale take on the following form:

m?R = m2, + 0.22M2, - sin2 # w m | cos 2/? + mf

mfL = m2, + 0.75M2, - 0.5(1 - 2 sin2 tf w ) m | cos 2/3 + m? (3.42)

m2 = m2 + 0.75M2. + 0.5m| cos 2(3

The difference between the left-handed and right-handed slepton masses is:

mfL - mfR = 0.53M2 - (0.5 - 2 sin2 tf w ) m z c o s 2/5 (3.43)

therefore, as tan/3 > 1 is preferred by theory, the left-handed slepton will be heavier
than the right-handed slepton in GUT-models. Left-handed and right-handed sleptons
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are mass degenerate only for tan/? « 1 and a massless neutralino (M2 = 0). Sleptons
of a specific handedness are, due to the smallness of the lepton masses, to a good
approximation degenerate in mass.

The number of independent trilinear couplings can also be reduced. Since the off-
diagonal terms in a sfermion's mass matrix are proportional to the fermion's mass,
the couplings would need to take on "unnaturally" large values in the first and second
generation to generate mixing. Therefore in the first two generations the sfermions
weak eigenstates are identical to their mass eigenstates. For the third generation a
universal trilinear coupling can be assumed at the GUT scale.

With these additional GUT assumptions, sometimes referred to as "supergravity-
inspired", the number of parameters is reduced from 47 to 21. Note that also two
previously independent parameters of the standard model, two of the gauge couplings,
are now predicted by the model. In the supersymmetric sector (R = — 1) the following
parameters are retained:

• //, M2 in the gaugino sector

• m0 in the sfermion sector

• Aj the trilinear term for the third generation

The natural scale of gravity mediated interactions is the Planck scale. However the
unification scale is two orders of magnitude lower. Several attempts were made to
explain the difference of scales in the context of superstring theories. One of the
explanations put forward is that there is a threshold effect in the evolution of the gauge
couplings close to the Planck scale, modifying the running of the couplings in such a
way that the real intersection point is at the Planck scale. Recently the discussion has
shifted to a different approach. In the context of M-theory and superstring theories, the
gravitational constant is modified in order to achieve a unification of all four couplings.

In minimal supergravity models [45] the number of parameters is reduced even
further: a common gaugino mass parameter (m^) , a common scalar fermion mass
(mo) and a common trilinear coupling (Ao) are used. Since the physics (as mentioned
above) between the GUT scale and the Planck scale are unknown, the parameters are
defined at the GUT-scale. The argument is that any correction will be of the order of
ln(McuT/Mp). Additionally one requires that the electroweak symmetry breaking is
driven by supersymmetry [46], i.e., the radiative corrections to the top quark's Yukawa
coupling drive the potential to its "mexican hat" form. This additional requirement,
which works very well with the top quark mass of about 174 GeV/c2, determines the
supersymmetric Higgs parameter n up to its sign.

For the following chapters and analyses, the "minimal" assumptions scenario will
be used and the GUT relationship between Mi and M2. The trilinear mass terms
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are considered only in the third generation. Any deviation from this scenario will be
mentioned explicitly.

A supersymmetric theory as the MSSM currently more than doubles the particle
spectrum and more than doubles the number of independent parameters at first glance.
This type of approach clearly does not do justice to supersymmetry because there are
ways to reduce the number of parameters in a well motivated way, several of which
were outlined in this section. Perhaps most important of all, supersymmetry seems to
provide a route towards incorporating gravity in a quantum field theory.

3.5 Supersymmetric Particles and their Properties
at LEP

As the next step, having outlined the particle content of the MSSM, more restraining
models and the assumptions on the parameters governing the models, the phenomenol-
ogy of these particles will be discussed. In particular, the production and decay of
sleptons, charginos and neutralinos at LEP will be described. As an approximate
rule, supersymmetric diagrams can be obtained from their standard model analogon
by replacing at each vertex two standard model particles with their supersymmetric
partners.

Sleptons

Sleptons can be produced in pairs via s channel photon and Z exchange at LEP. Se-
lectrons additionally can be produced via t channel neutralino exchange. The two
production diagrams are shown in Figure 3.7.

The production cross section for smuons and staus obey, as for the charged Higgs
boson a (33/s behaviour, modified by the terms due to the Z exchange and the photon-
Z interference. The latter two components make up less than one third of the total
cross section at LEP2 energies. This behaviour is significantly modified in the selectron
channel due to the additional t channel.

The production cross section for smuons and staus depends only on their respective
masses, as their couplings to the Z boson and the photon are fixed by their standard
model partners. The neutralino exchange for the selectrons introduces a dependence of
the cross section on the supersymmetric parameters /i, tan/? and M2. The behaviour
of the cross section for smuons and for selectrons as a function of the slepton mass
is shown in Figure 3.8. For selectrons a point in the gaugino region was chosen, i.e.,
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Figure 3.7: Slepton production diagrams.

H = —200 GeV/c2, tan/? = 2 and the neutralino mass was fixed to be zero (M2 =
0 GeV/c2).

Comparing the smuon cross section to that for the charged Higgs boson, one finds
qualitatively similar curves. The cross section for the charged Higgs boson is only
slightly larger. This is due to the suppression of the Z component far away from the
Z resonance. At higher energies the photon component is dominant, for which the
coupling for both processes is proportional to the electric charge.

The selectron cross section exhibits a slightly different behaviour. The kink around
half the Z boson mass is absent and the cross section is significantly larger than the
smuon cross section. This is the effect of the constructive interference of the neutralino
t channel exchange. Since the t channel dominates the cross section, the kink, charac-
teristic of the radiative return to the Z boson resonance in a s channel Z boson exchange
is washed out.

For the point chosen in Figure 3.8 the additional t channel neutralino exchange leads
to an increase of the cross section. In order to quantify the effect of this component in
a different way, the ratio R

<r(e+e~ —> ë^ë^)
R —

<r(e (3-44)

of the selectron and smuon cross sections is shown in Figure 3.9 as a function of M2 and
fj,. tan/3 is fixed to the same value as before and a slepton mass of 70 GeV/c2 is used at
a centre-of-mass energy of 183 GeV. For small M2 the cross section is strongly enhanced
as evidenced by the contour plot R= 2. The cross section then descends rapidly for
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Figure 3.8: Production cross sections at 183 GeV (solid curve), 172 GeV (dashed-dotted
curve), 161 GeV (dashed curve) and 133 GeV (dotted curve) Top: for right-handed
snvuons Bottom: for right-handed selectrons for \i = —200 GeV/c2, tan/? = 2 and
M2 = 0.

medium range values of M2 even below the smuon cross section (R== 0.5) before starting
to gradually increase again. For M2 = 1000 GeV/c2 the ratio is about 0.8.

The parameters \i = -200 GeV/c2 and tan/? = 2 will be used as the standard set to
show the behaviour of the sleptons in the gaugino region: this point avoids the mixed
higgsino/gaugino region at small M2 and small |/i| and the cross section is typical for
the gaugino region as shown in Figure 3.9.

The angular distribution of the sleptons is for the pure s channel production pro-
portional to sin21?. This behaviour is modified by the t channel contribution. In the
gaugino region this causes the production to be stronger in the forward direction.

The sleptons decay to their standard model partner and the lightest neutralino in
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Figure 3.9: Contour lines for the ratio of the production cross sections R= 2, R= 1
and R= 0.5 for selectrons and smuons as functions of M2 and (J, for tan/3 = 2 and a
slepton mass of 70 GeV/c2 at 183 GeV.

a two-body decay. The decay structure is more complicated when the particles are the
next-to-next-to lightest supersymmetric particles, i.e., when cascade decays via other
supersymmetric particles are allowed.

The partial widths of the decay of left-handed and right-handed selectrons to neu-
tralinos were calculated in [47]:

(3.45)
r ( ë L "> e X k ) =

The couplings (fek) are related to the field content of the neutralinos via the diagonal-
isation matrix elements Na:

(3.46)
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The left-handed sleptons can also decay to the charginos, since the charginos are the
supersymmetric partners of the W* bosons, the partial width for this decay is [48]:

r(ëL (3.47)

These partial widths were calculated using only the gaugino component of the neu-
tralinos. The approximation is valid even for very heavy sleptons. The slepton masses
are generated via the soft supersymmetry breaking parameters. The couplings however
are governed by the masses of the leptons. The higgsino component therefore can be
ignored due to the smallness of the lepton masses.

m% [GeV/c ]

Figure 3.10: Branching ratio of sleptons to lepton and the lightest neutralino as function
of the neutralino mass for tan /? — 2, /J, = —200 GeV/c2.

In Figure 3.10 the branching ratio of a slepton of mass 70 GeV/c2 to lepton and
the lightest neutralino is shown. The "standard values" (tan/? = 2, // = —200 GeV/c2)
are used in the neutralino sector. For most neutralino masses this decay is dominant
for right-handed sleptons. Cascade decays become significant only for small neutralino
masses. The drop in the branching ratio is due to the next-to-lightest neutralino
becoming much lighter than the slepton, giving rise to a branching ratio of up to 15%.

When the lightest neutralino is massless, the next-to-lightest neutralino has a mass
of about 28 GeV/c2. The phase space factor alone would lead to a branching ratio of
about 41%. However, the lightest neutralino is purely photino and the next-to-lightest
neutralino is almost purely zino (N22 = —0.92), therefore the coupling is reduced as
expected, as the photon coupling should be stronger than the weak coupling, by a
factor 7V|2 tan2 a?w » 0.24, leading to the branching ratio value of 15%.

48



For the left-handed selectron, the branching ratio to the lightest neutralino is re-
duced also by the decay to the the next-to-lightest neutralino. Even more important,
as the charged currents are stronger than the neutral currents, is the decay to the
chargino, which can have a branching ratio of up to 53%.

To perform the calculations in this section, a generator was constructed on the basis
of [47]. The generator comprises the radiative corrections (initial state radiation) and
as an event generator the final state radiation in the decay of the sleptons. Its results
were cross checked with SUSYGEN [49] and were found to be in good agreement.

Charginos

X

X

Figure 3.11: Chargino pair production diagrams at LEP.

Charginos are produced in pairs at LEP via s channel photon and Z exchange and via t
channel sneutrino exchange as shown in Figure 3.11. The cross section is largest when
the sneutrinos are heavy. The destructive interference reduces the cross section as the
sneutrino becomes light.

For heavy sneutrinos the chargino production cross section is proportional to /?/s,
which is typical for the production of fermions, where (3 is the usual phase space factor
and T/S is the centre-of-mass energy. The cross section close to the kinematic limit will
be larger than that of the sleptons, which is suppressed by a factor (33/s. Typical cross
sections at LEP2 energies are of the order of several picobarn.

Charginos, whose mass eigenvalues must be computed by diagonalising its mixing
matrix, can be lighter than their standard model partner, the W± boson. In this case
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they cannot decay in a two body decay to their standard model partner and the lightest
neutralino, so they must decay via a three body decay via a virtual W* boson.

In first approximation three final states arise, with branching ratios equal to the
standard model branching ratio of the W* boson: the hadronic final state with missing
energy: qq'xqq'x? *ne semi-leptonic final state qq'x^X an<i the folly leptonic (acopla-
nar lepton) final state

The standard model-like behaviour of the charginos can be affected by sleptons
and squarks: The final states reached via a virtual W* boson can also be reached via
virtual sleptons

X± -4 tv -> tXu (3.48)

and virtual squarks
X* -+ q*q' -> qxq' (3-49)

If sleptons are significantly lighter than the squarks, the decays via the virtual slepton
will be enhanced with respect to the decays via the virtual quarks. Effectively the
branching ratio of the leptonic final states will be increased and thus deviate from the

boson-like values.

The discussion so far has centred on the chargino as next-to-lightest supersymmetric
particle. An interesting possibility arises if the sneutrinos are lighter than the charginos.
This scenario opens the possibility of a two body decay:

X* -+ & (3.50)

The sneutrino subsequently decays to neutrino and the lightest neutralino, thus the
only visible particle is the lepton. Since the lepton is produced in a two-body decay,
the kinematics of this decay will differ significantly from the three-body decay above.
However the effect on the branching ratio will be similar, i.e., the leptonic branching
ratio will be enhanced. Strictly speaking this statement is only true if the field com-
position of the chargino has a gaugino component, since for a chargino which is purely
higgsino the coupling in the two-body decay is proportional to the lepton mass, which
is small.

Neutralinos

Neutralinos are produced at LEP via s channel Z boson exchange and via t channel
selectron exchange as shown in Figure 3.12. The s channel photon exchange production
is entirely forbidden at tree level as the neutralino has zero charge. In the Z boson
diagram the neutralinos only couple via their higgsino components. The gaugino com-
ponents would lead to a triple neutral gauge boson vertex, which does not exist.

For heavy selectrons, the production cross section is proportional to j3/s. Typically
at LEP2 energies, the cross section is of the order of picobarn.
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X

Figure 3.12: Neutralino pair production diagrams.

The main process searched for, already implicitly shown in Figure 3.12, is not the
pair production of the lightest neutralino, since this would lead to an invisible final
state (neglecting initial state radiation), but the associated production of the lightest
and the next-to-lightest neutralino: xx'- Its production cross section is enhanced, when
the selectron is light.

The decay of the next-to-lightest neutralino proceeds, in first approximation, via a
virtual Z boson. Thus one expects the following final state topologies: acoplanar jets
q̂ XX a nd acoplanar leptons itxx (*ne Z decay to neutrinos has been omitted as this
would lead to an invisible final state).

In the neutralino decay, the same final states reached via a virtual Z boson can also
be reached via a virtual slepton. As in the chargino case, this can lead to a deviation
of the branching ratio from the Z boson branching ratio, especially when sleptons are
lighter than the squarks.

Since in most scenarios considered, the GUT relationship between Mi and M2 holds,
it is interesting to note that a limit on the chargino mass can be translated into a limit
on the neutralino mass and vice versa. For negative fx and small tan/? associated
neutralino production is kinematically allowed in a region where the charginos are too
heavy to be produced. Thus charginos can be excluded or predicted via neutralinos
even beyond the kinematic limit.
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Figure 3.13: Branching ratio (in %) of W* bosons to the lightest chargino and neu-
tralino in the (/i, M^-plane for tan/? = 1.5.

W decays

So far the only method of production of supersymmetric particles was via neutral
gauge bosons. This is the most promising channel for the detection or exclusion of
supersymmetry, as it is the lowest order production possibility with only two vertices.

At LEP2 the charged gauge bosons can also be exploited to search for supersymme-
try. However as they are produced in pairs the production is governed by four vertices,
thus this route of discovery is strongly suppressed.

The decay width of W* bosons chargino and neutralino is [50]:

i/2

{[2 - K,2 - «? ~ («,2 - S2)2] (Qhj + Qkj) +

the «,-,
(3.51)

j are the ratio of neutralino/chargino mass to the W* boson mass and A,j =
K ] ) 2 - 4 / C ? / ^ . The couplings are given by the components of the diagonalisation
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matrices in the following way:

VZ (3.52)

+ —7=ZjzUi2

where the matrix elements (Zij) are components of the unitary diagonalisation matrix
for neutralinos in the base bino, wino, higgsino. U and V are the matrices in the
chargino sector.

Allowing W* bosons to decay not only to standard model particles, but also su-
persymmetric particles, leads the following three final states: fully standard model,
when both W* bosons decay to standard model particles, the fully supersymmetric
final state and the mixed final state, where one W± boson decays to a standard model
particle and the other one to chargino and neutralino.

In principle one could consider also other supersymmetric decays, e.g., slepton and
sneutrino etc..., but these decays are of no interest as will be shown later. The decay
to chargino and neutralino is of particular interest. As mentioned, sneutrinos can
be lighter than charginos and constitute in the gaugino region the dominant decay
mode. While there is no theoretical argument demanding that the lightest chargino is
essentially degenerate in mass with the sneutrino, it is also not forbidden. In this case
the chargino pair production will lead to an invisible final state (neglecting initial state
radiation).

The mixed final state is an interesting scenario for the search for supersymmetry.
The supersymmetrically decayed W* boson will be practically invisible. However the
event is made visible via the W* boson decaying to standard model particles. In
Figure 3.13 the branching ratio for the W± boson decay to chargino and neutralino is
shown in the plane (fi, M2). Sizable branching ratios are obtained in large regions of
parameter space, even for charginos heavier than 45 GeV/c2, which is, preempting the
discussion of the experimental results in chapter 8, the LEP1 limit.

The mixed final state can be separated further via the W^ boson's visible decay:
One will either observe a single lepton or a hadronic system with a mass of about
80 GeV/c2. The challenge will be to separate this signal from the similar final states
arising in the production of the single W* bosons.

To simulate correctly this type of events, a calculation of the four-fermion process:

e+e- -»• x±x(SM) (3.53)

where SM stands for any standard model combination, including radiative corrections
would be needed. Such a calculation is currently not available.
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Therefore the following procedure was adopted: W* pair events in the CC03 frame-
work are generated, decaying to standard model particles. One of the two W* boson
decays is replaced by an isotropic decay to chargino and neutralino. Since both par-
ticles are heavy, the polarisation of the W* bosons can be neglected. The chargino
subsequently is decayed isotropically to a lepton and a sneutrino. In this approach
the KORALW generator was adapted. By construction initial state radiation is also
present in the YFS scheme.
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Chapter 4

The Experimental Setup

CERN's large e+e" collider LEP is located close to Geneva. ALEPH is one of the four
experiments (the other three experiments are DELPHI, L3 and OPAL) operated at the
ring.

4.1 LEP

With 27 km circumference, LEP is the world's largest circular e+e collider. Elec-
trons and positrons are delivered to LEP by a system of accelerators as shown in
Figure 4.1. Electrons and Positrons are produced and accumulated in the LPI (Lepton
Pre-Injector) complex consisting of a linear accelerator (LIL, 600 MeV) and the electron
positron accumulator (EPA). The beams are then transferred to the PS (Proton Syn-
chrotron), where their energy is increased to 3.5 GeV. The final stage of pre-acceleration
is the SPS (Super Proton Synchrotron), which also delivers protons for the fixed tar-
get experiments at CERN. The electrons and positrons are injected with an energy of
23 GeV into LEP, where the final acceleration to the collision energy takes place.

Typically the maximum beam currents are 4 mA. In the simplest configuration 4
bunches each of electrons and positrons are simultaneously in the accelerator. In the
experiments this leads to a bunch crossing every 22 //s. In the bunch train mode, the
trains consist of up to four waggons (bunches) which are separated by 247 ns.

LEP was operated at centre-of-mass energies close to 91.2 GeV from its inauguration
in 1989 to 1995. In late 1995 the centre-of-mass energy was increased to 130 GeV and
later that year to 136 GeV. This period will be referred to as LEP1.5 hereafter. In
1996 the W pair production threshold was passed with a centre-of-mass energy of
161 GeV. At the end of that year the energy was increased further to 172 GeV. With
energies up to 184 GeV, the threshold for Z boson pair production was passed in 1997.
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Figure 4.1: CERN's accelerator scheme.

The observation of events with unusual properties at LEPl.5 [51] led to the return to
130 GeV and 136 GeV for about a week in 1997. The events turned out to be due to
a large statistical fluctuation [52].

At LEPl energies normal conducting cavities were used. The energy of LEP is more
than twice as high at LEP2, therefore, as the ring radius is constant, superconducting
cavities were constructed, which nominally operate at fields of about 6 MV/m. They
were installed successively in the LEP tunnel. 18 modules, consisting of four cavities
each, were installed in 1995, an additional batch of 18 modules were installed during
the winter shutdown 1995/1996 and, during a technical stop in September 1996, eight
more modules were added. During the winter shutdown 1996/1997, 16 additional
superconducting modules were added, bringing the total number of superconducting
cavities in LEP to 240.
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In the future, further increases of the beam energy are planned. In 1998 the nominal
energy is 189 GeV. LEP running will finish in the year 2000, possibly at an energy of
200 GeV, not by installing additional cavities, but by increasing the field of the cavities,
which necessitates an upgrade of the cryogenic power.

Any uncertainty on the beam energy translates, irrespective of the method used,
into a systematic error on the W* boson's mass measurement. It was estimated that,
in order to achieve a measurement at the level of 40 MeV/c2, the beam energy must
be known to better than 15 MeV.

At LEP1 the beam energy was measured via resonant depolarisation with an error
of about 1 MeV. The polarisation was obtained at the beam energy of 45 GeV, thus at
the collision and physics measurement energy. Machine imperfections cause resonances
which destroy the polarisation, making it impossible to see enough polarisation (> 5%)
for a measurement at beam energies above 60 GeV [53]. LEP is therefore obliged to
calibrate the energy around the Z boson resonance and then extrapolate to the LEP2
energies.

Two devices are available to perform the extrapolation: NMR (nuclear magnetic
resonance) probes and the flux loop. 16 NMR probes were installed, which follow the
changes of the local magnetic fields. It is assumed that all LEP magnets behave in
the same way as this set of magnets. The flux loop measurement is performed via an
electrical loop, which was inserted into the magnets at construction time. A change of
the magnetic field induces a measurable current.

The NMR probes and the flux loop measurements were calibrated at 45 GeV and
50 GeV with the resonant depolarisation procedure. As the two measurements are
independent, they permit to cross check the extrapolation. As a result for the data at
the W boson pair production threshold the centre-of-mass energy was measured to
be 161.31 ±0.05 GeV. At the end of 1996 the energy obtained was 172.09 ±0.06 GeV.
This is the averaged energy from the later part of 1997, it includes data recorded
at 172.3 GeV (the majority) and 170.28 GeV. The errors on the energies are almost
entirely due to the error assigned to the extrapolation [54]. The energy calibration at
183 GeV was not completed at the time of writing.

The current error on the measurement of the beam energy is larger than required
for the precise measurement of the W^ boson mass. To reduce the error, an additional
device, the LEP spectrometer, will be installed. The LEP spectrometer is a dipole
magnet with a precisely mapped magnetic field. The measurement of the deflection of
the beams should provide an additional check of the linearity of the extrapolation of
the energy extrapolation at the level of 10 MeV [55].
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ALEPH

Figure 4.2: A schematic view of the ALEPH subdetectors in the xy plane: VDET,
ITC, TPC, ECAL, HCAL and the muon chambers.

4.2 ALEPH

The ALEPH detector is a detector with almost complete hermiticity. A schematic view
of the detector in the plane transverse to the beam direction is shown in Figure 4.2.
The detector is described in detail in [56, 57] and its performance is discussed in [58].
Only the main detector components, which are important for the following analyses,
will be described briefly here.

Three major tracking devices are used to measure particle tracks in ALEPH: the
silicon vertex detector (VDET), the inner tracking chamber (ITC) and a time pro-
jection chamber (TPC). Energy measurements are performed in the electromagnetic
calorimeter (ECAL) and the hadronic calorimeter (HCAL). The HCAL serves also re-
turn yoke for the 1.4 Tesla axial magnetic field in which the tracking devices and the
electromagnetic calorimeter are located. In the ALEPH coordinate system the z axis
is along the beam axis and the x direction points to the centre of LEP.
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Figure 4.3: Schematic view of the vertex detector in the xy plane (top) and rz plane
(bottom).

VDET

The vertex detector, upgraded for LEP2, is a double-sided silicon detector at 6.3 cm
radial distance from the beam axis. It consists of two concentric layers with 9 faces in
the inner layer and 15 faces in the outer layer It is about 40 cm long, twice as long as
its predecessor and thereby increasing the coverage of the polar angle. On one side the
strips are in parallel to the beam axis and on the other side they are perpendicular to
the beam axis.

The segmentation provides a resolution of 12 //m in r</> and in z direction a resolution
of 14 /im for cos 9 < 0.4. Requiring at least one hit in any layer, the angular coverage
extends down to polar angles of 18.2°. The schematic view in Figure 4.3 shows that the
faces are overlapping so that three space points are available for the track reconstruction
in some regions.

ITC

The inner tracking chamber is a multiwire proportional chamber operated with a
ArCO2 gas mixture. The cylindrical chamber has a length of 2 m, an inner radius
of 12.8 cm and an outer radius of 28.8 cm. The wires are installed in parallel to the
beam axis. Up to eight points are available for track reconstruction. The hexagonal
drift cells consist of one sense wire and four field wires. In the r<£ plane a resolution of
150 fxm is obtained via the measurement of the drift time. The z-coordinate is mea-
sured by the time difference of the arrival of the signal at the two cylinder ends. This
procedure works only, if the signal on the wire is due to only one charged particle's
track. For these single tracks, the resolution in z is about 5 cm. The ITC serves not
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only as tracking device in the offline reconstruction, but also in the level-1 trigger logic.

MflE WBHBEHS

Figure 4.4: Schematic view of the TPC.

TPC

The time projection chamber is a cylindrical drift chamber of length 4.4 m, inner radius
0.31 m and outer radius 1.8 m. A membrane separates it in two halves in the middle.
The charged particles passing through the TPC ionise the gas (ArCH4). The electrons
then drift in the electrical field, which is in parallel to the beam axis, towards the
endplates. The endplates consist of 6 inner sectors and 12 outer sectors. The sectors
are ordered in such a way that the crack between two modules in the inner sector never
coincides with a crack in the outer sector and vice versa.

Each sector consists of wires and pads, which are used for the coordinate measure-
ment in the xy plane. The z coordinate is measured via the drift time. Up to 21 space
coordinates are provided for the track reconstruction. The resolution in z direction is
about 1 mm and the resolution in r</> about 180

Since the drift velocity is 5.2 cm//xs, the TPC signal arrives too late to be included
in the level-1 trigger. The TPC provides tracking information for the level-2 trigger
decision.

ECAL

The electromagnetic calorimeter (ECAL) is a sampling calorimeter. It consists of the
barrel and the two endcaps as shown in Figure 4.5. Its depth of about 22 radiation
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Figure 4.5: Schematic view of the electromagnetic calorimeter.

lengths insures good shower containment.

Energetic particles passing through the passive material made of lead start to
shower. The signal is sampled in wire chambers. This basic structure is shown in
Figure 4.6. Energy and position measurements are made via 3 cm x 3 cm pads, which
are connected to form storeys. The calorimeter is read out in three sections (the
storeys) in depth, corresponding to four, nine and nine radiation lengths. The three
storeys form towers pointing to the interaction point. The average granularity of ECAL
is 0.9°x0.9°. The ECAL energy resolution is 18%/VË© 1%.

HCAL

The hadronic calorimeter, like the ECAL, consists of barrel and two endcaps. At the
same time it serves as return yoke for the magnet. As a sampling calorimeter its passive
material is iron and the signal of the particle showers is detected in streamer tubes.
The depth of the HCAL is about seven interaction lengths. It is subdivided into 23
layers (planes) in depth.

Two different signals are recorded: The signal from the wire, which is used for
the trigger, and the signal of the pads. A digital signal is provided for each streamer
tube, which is useful for muon identification. Even further out are the muon chambers
which are extensions of the HCAL, based on the same technology. The muon chambers
provide up to two space points for the detection of muons. The energy resolution of
the HCAL is 85%/VE.
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Figure 4.6: Electromagnetic calorimeter layer.

Luminosity Calorimeters

The integrated luminosity is measured by counting the number of electron pairs de-
tected at low angles. This process is calculable with great accuracy.

LCAL and SICAL are used for this purpose. LCAL is situated directly below the
endcaps of the ECAL. SICAL is slightly below LCAL. For the following analyses it is
important to note that LCAL extends the calorimetric coverage down to polar angles
of 45 mrad and SICAL down to 24 mrad at LEP1.5. For the data recorded from 1996
on, the calorimetric coverage extends only down to 34 mrad, due to additional shielding
installed to reduce the machine related background.

The integrated luminosities for the data recorded at LEP2 were measured to be:

E/GeV

r/pb"1
130

2.8

136

2.9

161

11.1

170

1.1

172

9.6

181

0.2

182

3.9

183

51.5

184

1.9

For simplicity the data recorded at 170 GeV and 172 GeV will be referred to as 172 GeV
hereafter and the data recorded at centre-of-mass energies greater than 180 GeV gener-
ically as 183 GeV. The data recorded in 1997 at 130 GeV and 136 GeV, for a total of
about 6 pb"1 were not included in the analyses.
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Trigger

The decision to accept and record an event is performed in three steps (trigger levels).
The first level decision is derived from the ITC, ECAL and HCAL information. Only
the most important triggers for the following analyses will be described. The main
trigger requirements for the total energy triggers are to detect either 6 GeV in the
barrel or in one endcap, or 1.5 GeV in each of the endcaps simultaneously. A muon
trigger is built from the coincidence of an ITC track with a HCAL trigger segment.
These are the main triggers used in searches. Additionally there are track triggers,
built on the coincidence of an ITC track with an ECAL energy deposition of at least
1 GeV and neutral energy triggers. The level-1 decision is available after about 5 /usec.

Due to the long drift time, the TPC information is included in the level-2 decision for
the track based triggers. Total energy triggers automatically pass the level-2 decision.
The level-2 decision becomes available after about 50 yusec.

In level 3 the information from all subdetectors is available to verify the level-1
and level-2 decisions. The data is then recorded on tape and available for the off-line
reconstruction and data analysis. Many physics processes are triggered not only by one
dedicated trigger, but by several. For example, an electron pair can be triggered by its
energy deposition in ECAL (total energy trigger) and the coincidence of an ITC track
(TPC track at level-2) with the energy deposition. The redundancy of the physics
triggers lead to a trigger efficiency of close to 100% for most physics processes.

Event Simulation

In order to determine most accurately the efficiency and the background of the analyses,
the four-vectors of the physics processes produced by the various generators are passed
through a detailed simulation of the detector. The detector simulation (GALEPH) is
built on the implementation of the ALEPH geometry in the GEANT package, which
simulates the interactions of particles with matter. After this stage the event recon-
struction, which will be described in the following section, is identical for real and
simulated events.

The measurement of anomalous couplings and the search for supersymmetric par-
ticles necessitate a large amount of simulations. The efficiency of the analyses may
depend to some extent on the parameters chosen, e.g., the masses of particles or the
values of the anomalous couplings. Therefore a fast simulation, which reproduces well
the data, was used to determine the efficiency for the majority of the configurations.
The fast simulation was cross checked to agree well also with a full simulation for
several chosen points.
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4.3 Event Reconstruction

In ALEPH the reconstruction of the event is performed in several steps. After alignment
of the various sub detectors, especially important for the tracking devices, and checks
on the integrity of the data, tracks are reconstructed from the coordinates given by the
tracking devices. The track fit of the combined data from VDET, ITC and TPC permits
to measure charged particles' tracks with a resolution of Ap/p2 = 6 • 10~4/GeV/c.
Energy depositions in HCAL and ECAL are validated and photons are identified and
reconstructed.

The information from the tracking devices and the calorimeters is redundant, as
for most charged particles a track and an energy deposition will be reconstructed. In
hadronic events a large percentage of the energy is neutral energy. The measurements
of the charged particles' tracks with the energy depositions of the neutral ones are
combined in an energy flow algorithm, which is described in detail in [58]. Only a
rough outline of the strategy will be given here.

To take advantage of the good track momentum resolution and account for the neu-
tral energy the following procedure is used: As a first step a cleaning of the calorimeters
is performed. Noisy cells are identified and subsequently ignored. The track momenta
are compared to the associated calorimetric energy deposition. If the calorimetric en-
ergy deposition is larger than the expected one, including resolution effects and the
e/n ratio, the excess is considered to be a neutral hadron. If the track was identified
as an electron, the excess is considered to be an additional photon. This procedure
significantly improves energy resolution for hadronic events from 120%/>/Ë~ to about
65%/v^Ë.

Energy flow produces a list of particles which are classified either as charged parti-
cles, VO's (particles with displaced vertices), photons, neutral hadrons and luminosity
particles from SICAL and LCAL. All analyses will start at this level of reconstruction.

Electron and muon identification will be used frequently in the following analyses.
The particles are identified with the standard ALEPH algorithms. Electrons are iden-
tified via their characteristic shower profile in the electromagnetic calorimeter. The
transverse width of the shower is defined as

RT =
 E*l>>- < E>l» > (4.1)

where E4 is the energy deposited in the four storeys closest to the track, p is the track's
momentum, < E4/P > is the mean fraction deposited in the four towers and O"E4/P * n e

expected energy spread. The longitudinal depth is the second estimator. It is defined
as

RL = X L "
 < X L > (4.2)
ffxL
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where XL is

XL = - , - A — (4.3)
£ E EfS,-

and Sj is the mean depth of the energy deposition and E;- denotes storey i and the
depth layer j .

The estimators, by construction, are distributed as Gaussians, centred at zero with
a width of unit length. However, the transverse width estimator is sensitive to effects
of final state radiation. A photon can be so close to the electron's track that that the
two showers cannot be separated in the calorimeter. The estimator will therefore be
broadened by the photon. The identification criteria resulting from these considerations
are |RL| < 3 and RT > - 3 .

In order to efficiently identify muons with a low mis-identification rate, two different
criteria are used. A loose identification can be useful for the relatively clean leptonic
environment, whereas stricter criteria are useful for the hadronic environment.

A muon, as a minimum ionising particle, is identified via its penetration power and
lack of showering in the hadronic calorimeter and the muon chambers. The following
variables are used, defined with respect to the extrapolation of the track through HCAL
and muon chambers: In HCAL, the number of expected planes Nexp, the number of
planes having fired N/, re, the number of planes having fired in the last ten planes Nio,
the number of planes having fired in the last three planes N03, the multiplicity of tubes
per plane XTOU/t and for the muon chambers, the number of muon chamber hits.

Tight identification criteria are: Xmu/t < 1.5 and the ratio N/,>e/Nerp > 0.4, Nio > 5
and Nea:p > 10. Additionally at least one muon chamber hit or a hit in the last three
HCAL planes is required. Tracks are also accepted as tight-identification muons, if

< 1.5 and there are two muon chamber hits.

For less strict criteria, tracks are accepted as muons, if Xmu/( < 1.5 and two muon
chamber hits are present but are far from the extrapolated track. Additionally muons
are accepted as loosely identified, if Xmuj( < 2.05, N/,>e/NeXp > 0.4, Nio > 5 and either
at least one muon chamber hit is present or N03 > 1.

The definition of a good charged track is common to all analyses. A good charged
track should have at least four points in the TPC. To guard against cosmics, they should
originate from a cylinder of length 20 cm (Z0) in z direction and their closest approach
to the interaction point radially must be less than 2 cm (DO). The reconstructed track's
polar angle should exceed 18.2°.
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4.4 The N95 Technique

None of the additional particles predicted in the extensions of the standard model
have been discovered so far. In the absence of a signal limits are determined.

In the search for new particles one traditionally attempts to optimise the analyses
in a way to obtain the best limit. In an ideal case one would have a high efficiency and
low background. However the definition of high and low must be quantified.

In [59] an unbiased prescription is proposed, N95: If ab is the remaining background
cross section of a given analysis and b = abC is the non-integer number of background
events deduced, then the probability to observe no events in the data for this back-
ground is:

Vb(n0) = e-b— (4.4)
n0!

If one observes no event in the data, at 95% C.L. any signal of which Ko = 3 events
would have been observed, would be excluded. For one event a limit would be set at
Ki = 4.74. The average expected limit can then be expressed as:

_ 1 °°
N95 = - £ KnVb(n) (4.5)

£n=0

where e is the efficiency of the analysis to be optimised.

The cross section expected to be excluded on average at 95% C.L. in absence of a
signal is easily obtained from this expression:

«r*» = 5 ? (4.6)

These formulae are valid, when refraining from background subtraction. The generali-
sation is straightforward:

where Kn(bsub) is the 95% C.L. limit when bsub background events are subtracted.

The limit Kno(bsub) including background subtraction is calculated via the so-called
"PDG" formula, which takes into account statistical fluctuations of the background,
e.g., if less events are observed than expected from the background estimation alone,
by Bayesian statistics [60, 61]:

fi . / , -.i "o \h i -L KT (h , 11"

e-[bSub + Kno(bsub)\ y > [Osub-i-Kno{Osub)\

0.95 = 1 2=2— (4.8)
n = 0 "••

The most important cuts in the analyses described later on were optimised, by min-
imising N95, with this prescription.
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Chapter 5

Physics Processes at LEP2

The most important processes at LEP2, constituting the background for the analyses of
W± boson physics and searches for new particles, will be described in this chapter. This
chapter is intended as a phenomenological discussion of the physics processes, pointing
out their typical properties, which will be used later on to reject them. The common
feature of all signals later on will be missing energy, the focus will be on possible sources
of genuine missing energy, ignoring detector imperfections for the moment.

Process

ee
pp
TT

VV

qq
eeee

eerr
Zee
ZZ

91.2 GeV

6235
1470
1473
8708

30110
2454
1372
266
3.4
13.6

133 GeV
1944
21.3
20.8
108.7
291.9
3419
1794
343
5.4
5.8

161 GeV

1395
12.0
12.0
71.3
147.9
3649
1960
397
6.3
3.5

172 GeV

1218
10.3
10.2
63.2
121.0
3700
2019
413
6.5
3.1

183 GeV

1073
8.4
8.7
58.5
101.8
3725
2060
428
6.7
2.9

Table 5.1: Cross sections (in pb) for various processes for the LEP high energy runs.
The 77 cross sections were calculated with an invariant mass cut of 3.5 GeV/e2. For
the ZZ process a mass cut of 200 MeV/c2 was applied.

5.1 ff Processes

At LEP1 energies the ff process (Figure 5.1) is dominated by the Z resonance. Since
the centre-of-mass energy is close to the Z boson's mass, initial state radiation (ISR)
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is strongly suppressed. The angle between the two fermions in space (acollinearity) is
close to 180° and the visible mass of the event, calculated from the sum of the energies
and momenta of all objects, is close to the Z boson mass.

Figure 5.1: Two fermion production diagram with an ISR photon.

At energies far above the Z resonance peak the characteristics of this process change.
Two different situations can arise. In the first configuration the ff pair exhibits a small
acollinearity (180°) and the visible mass of the event is about equal to the centre-of-
mass energy. The second component is the radiative return to the Z boson resonance.
In these events a photon is emitted in the initial state with an energy returning the
effective centre-of-mass energy of the ff pair to the Z boson resonance energy. In this
case the invariant mass of the ff pair is again close to the Z boson mass.

Radiative events can be subdivided further in two classes. Typically initial state
radiation is emitted in the longitudinal direction with little transverse momentum, i.e.,
it will escape undetected in the beam pipe below the acceptance of the detector. Thus
ISR is a source of genuine missing energy in the two fermion events. The ff system
recoils against the photon and is therefore boosted in the direction of the beam axis.
The angle between the two fermions in space is therefore significantly less than 180°,
the exact values depend on the LEP energy and the decay angle relative to the boost
direction. The angle between the two fermions in the transverse plane (acoplanarity),
i.e., effectively ignoring the boost in the z direction, is close to 180°. Additionally the
polar angle of the missing momentum direction, calculated from the vector sum of the
momenta, is small, i.e., the missing momentum direction points in the direction of the
beam axis.

If initial state radiation is present as a photon with a large transverse momentum,
the photon will be detected either as a photon or as a luminosity object. In this case no
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missing energy is present, neglecting the effects of the tau decay and the semileptonic
decay of heavy quarks.

Acoplanarity and acollinearity are well defined variables for electrons and muons.
For taus an additional source of missing momentum is (are) the neutrino(s) from the
tau's decay. However due to the small tau mass compared to the LEP2 energies the
decay products are strongly collimated around the tau's original flight direction. There-
fore the direction of the momenta of the visible decay products is a good approximation
of the tau's direction.

Electron pair (bhabha) production is a special case, because a second production
diagram is present, the t channel photon exchange, which is the dominant contribu-
tion to the total cross section. In t channel dominated processes the cross section
changes only slowly with the centre-of-mass energy and initial state radiation is sup-
pressed. Consequently electron pairs are produced with small acollinearity and small
acoplanarity.

Neutrinos cannot be detected in ALEPH, however pair produced neutrinos can be
tagged indirectly at LEP2 energies via initial state radiation. If a photon with a large
transverse momentum is detected, it does not constitute a background for the analyses,
because at least one track is present in all signals. The photon however can convert to
an e+e~ pair in the detector volume, in the ITC/TPC wall for example. The tracks
however will be closely collimated, their acollinearity angle typically is only several
degrees. Evidently these events exhibit large missing energy due to the neutrinos.

Quark pair production gives rise to high multiplicity events, where the quarks are
visible as jets. The momentum direction of the two original fermions can be estimated
via the following procedure: First the thrust axis, i.e., the axis n, for which

is maximised, is determined. The event is then separated in two hemispheres with
respect to the thrust axis. The direction of the sum of the momenta in a hemisphere
is used as the direction of the fermion. Acollinearity and acoplanarity are constructed
from the hemisphere momentum directions.

The hemisphere based approach to reconstruct the quark's original projection is
well adapted to the two jet case. However if there are three jets in the event, e.g., if
a gluon was radiated off one of the quarks, the algorithm may fail as parts of one jet
are divided between the two hemispheres, spoiling the determination of the momentum
direction. In these cases a different approach can be taken making use of a jet-finding
algorithm [63].

The JADE jet algorithm starts from all objects in the event. The invariant mass
of all pairs of objects is calculated:

M2
JADE = 2E!E2(1 - cos rf12) (5.2)
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Figure 5.2: Comparison of the two-fermion production cross section with the standard
model prediction for centre-of-mass energies up to 172 GeV.

Ei, E2 are the energies of the two objects and $12 is the angle between them.

The two objects with the smallest mass combination are replaced by the combined
objects and the procedure starts over again. This is continued until a threshold is
passed, which is defined in the following way:

M2

— > ycut
s

(5.3)

The parameter ycut controls the number of jets. With a low ycut, a large number
of jets (the merged objects) is produced, with a high ycut a small number of jets is
produced, in the extreme case. Several different algorithms exist, but all are based on
this principle, differences are only in the definition of the mass.

Missing energy in jets can arise in general from fluctuations of the jet energy or from
leptonic b quark or c quark decays. Without ISR, the missing momentum in space is
not isolated, i.e, the energy in a cone around the missing momentum direction is large
as the direction coincides with the jet direction. Untagged ISR spoils this behaviour by
adding an additional component in the z direction. Effectively the missing momentum
direction in space becomes isolated. However, in the transverse plane, unaffected by the
z component introduced by ISR, the missing momentum direction remains unisolated,

70



i.e., the energy in wedge around the missing transverse momentum direction will be
large in these cases.

The quark pair production processes were simulated with PYTHIA [30], the electron
events with UNIBAB [64], the muon and tau events with KORALZ [65]. The cross
sections calculated with these generators for the LEPl and LEP2 energy points are
listed in Table 5.1.

In Figure 5.2 the comparison of the measurement of the two-fermion cross section
with the standard model prediction is shown, taken from [62]. Good agreement is
found for electrons, muons, taus and quarks.

5.2 77 Processes

7
f

rS

Figure 5.3: 77 production diagram

The 77 processes, as shown in Figure 5.3, are characterised by a ff system recoiling
against the outer electron and/or positron. In the majority of the events, both the elec-
tron and the positron escape undetected below the detector acceptance ("un-tagged").

The transverse momentum of the untagged events is necessarily less than:

PT < sin (24 m r a d ) ^ (5.4)

where 24 mrad is the lower edge of SICAL and it is assumed that the electron (positron)
momentum is equal to the beam energy. The minimal angle is 34 mrad taking into
account the mask and shielding at LEP2.
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If the fermion pair is a tau pair, the measurement of the transverse momentum is
spoiled by the presence of additional neutrinos. A useful variable to characterise these
events p was invented in [69]: The ff momenta are projected in a plane transverse to
the beam axis. The thrust axis is calculated in the transverse plane. The scalar sum
(p) of the transverse components of the projected momenta with respect to the thrust
axis is calculated. For 77 events p typically takes on values between 0 and 2 GeV/c.

An event is classified as tagged 77 event when either the electron or the positron is
detected. The most likely case is to observe a large energy deposition in the luminosity
detectors. Very rarely one can also observe the electron at large angle so that a track
is reconstructed.

10

Mff [GeV/c2]

Figure 5.4: Production cross section for the process e+e~ -> e+e~e+e~ at 183 GeV as
function of the cut on the ff mass.

In the 77 processes a minimal invariant mass of 3.5 GeV/c2 is required for the
ff system at generator level. As shown in Figure 5.4 for the electron process at a
centre-of-mass energy of 183 GeV, the cross section increases dramatically as the mass
of the ff pair decreases. As only a limited amount of Monte Carlo simulated events
is available, due to the limited CPU time, the generator cut is necessary to ensure a
reliable background estimate. Additionally the signals to be discussed later typically
have a large event mass. The 3.5 GeV/c2 cut has no effect, when the ff system is a
tau pair, since here the minimal mass of the ff pair is automatically at least 2mT «
3.55 GeV/c2.

For the leptonic ff process, the PHOT02 [66] generator was used. The hadronic
ff processes were simulated with PYTHIA and PHOT02. The cross section for an
invariant mass cut of 3.5 GeV/c2 is several nanobarn as shown in Table 5.1.
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5.3 Four-Fermion Processes

7

Figure 5.5: Left: Z Z ^ process. Right: Zee

The separation of 77 processes and four-fermion processes is arbitrary in the sense that
the 77 processes described above in fact are also four-fermion processes. However the
processes in this section have kinematic properties so different from the two-photon
events that it is worthwhile to discuss them separately. An additional motivation for
the separation is that in this section the four-fermion processes are the single and pair
production of Z bosons in the on-shell or thin width approximation, ignoring problems
of gauge invariance.

In Figure 5.5 two typical diagrams are displayed, the first one showing the
process and the second one the Zee process, where the subsequent decay of the Z bosons
is omitted. The Z denotes also the photon, where applicable.

The Zee process resembles the We^ process. In PYTHIA, which was used for
the calculation of the cross section shown in 5.6, the process calculated is 7e —>• Ze
and the photon content of the electron is integrated over. The spectator electron
is deflected with small transverse momentum, either escaping undetected below the
detector acceptance (dominant) or detected in the low angle detectors (less frequent)
or it is reconstructed as a track (rare). The second electron recoils against the Z boson
and will therefore always be at large angles, reconstructable as a track. Missing energy
for this process can be due to the undetected electron or as a second source a decay
of the Z boson to neutrinos. In the acoplanar lepton signal for example, Zee is a
background only if the two electrons are at large angles, i.e., reconstructed as tracks.

The behaviour of the cross section as a function of the centre-of-mass energy is
shown in Figure 5.6. The cross section, after passing the production threshold for
on-shell Z bosons, grows slowly.
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Figure 5.6: Cross sections as function of the centre-of-mass energy for ZZ (dashed
curve) and Zee (full curve).

The ZZW process has two main components. For centre-of-mass energies greater
than about 2mz, two on-shell Z bosons are produced. The threshold behaviour is
clearly visible in Figure 5.6. The source of missing energy is the decay of a Z boson to
neutrinos.

Below the Z pair production threshold the process is similar to the two-fermion
process including initial state radiation as can be seen also in Figure 5.6. The Z* is far
from its mass shell. Thus with rising centre-of-mass energy one observes a decrease of
the cross section. The source of genuine missing energy here again is the decay of the
on-shell Z boson to neutrinos. In this configuration one expects a small visible mass.
The cross section in Table 5.1 was calculated with the standard version of PYTHIA
with a minimal Z* mass of 0.2 GeV/c2 to separate the process from the two-fermion
process with the conversion of the ISR photon.

The region for small Z* masses is difficult to generate due to the low mass resonances
such as the p. These are not perfectly modeled in PYTHIA. The background estimation
in the following chapters therefore was cross-checked with the four-fermion generator
FERMISV [67], modified to include the simulation of the resonance region [68].
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Chapter 6

Boson Physics

The W± boson was discovered at the SPPS, CERN's pp collider, in 1982 by the exper-
iments UA1 and UA2 [70, 71]. The study of on-shell W* bosons remained the domain
of the pp colliders until LEP passed the pair production threshold in 1996. The most
precise determination of the W* boson's mass and branching ratios was achieved by
CDF and DO at the Tevatron, FERMILAB's large pp collider, at a centre-of-mass
energy of 1.8 TeV.

At hadron colliders the W* boson mass is determined via the transverse mass
spectrum in the leptonic decays of W* bosons produced in qq' fusion. Leptonic decays
in this context denote muons and electrons only. The momentum of the neutrino is
inferred from the missing transverse momentum. In 1995, the W* boson's mass from
hadron colliders was reported to be [72]:

m w = 80.26 ± 0.16 GeV/c2 (6.1)

In view of the optimal point for the measurement of the W* boson's mass via the
threshold measurement at LEP, this value translates into an optimal centre-of-mass
energy of 161 GeV.

The leptonic branching ratio is measured at hadron colliders via the ratio R, the
ratio of leptonic W* boson and Z boson events:

In this determination the cross sections are taken from the QCD predictions, the partial
width and the total width of the Z boson are taken from the LEP measurements. This
leaves as free parameter the leptonic branching ratio. In 1995 the results for the
branching ratio were [73]:

H(W± -> eu) = 10.94 ± 0.33 % CDF
(6.3)

+ {e/fi)u) = 11.02 ± 0.50 % DO
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The measurements are in good agreement with the standard model value of 10.6%.

The W* boson's partial width can be fixed to its standard model value and the
total width of the W* boson is deduced:

r w ± = 2.064 ± 0.085 GeV CDF
(6.4)

Tw± = 2.044 ± 0.092 GeV DO

which is to be compared to the standard model value at that time of 2.067±0.021 GeV.
As a reminder, the W* boson's total width is proportional to the third power of the
W* boson's mass. The central value of the W* boson's width and its error is therefore
a reflection of the W* boson's mass and its error.

A less model dependent determination was carried out by CDF. The tail of the
transverse mass distribution is sensitive to the W^ boson's width:

Tw± = 2.11 ± 0.32 GeV (6.5)

this measurement is also in good agreement with the standard model expectation.

The measurement of the W ± boson's couplings is performed at hadron colliders via
the measurement of the cross sections of the production of a single W ± accompanied
by a photon with large transverse momentum. This measurement yielded in 1995 the
following allowed regions on the A7, A«7 parameters at 95% C.L.:

-1.8 < A/c7 < 2.0 CDF

-1.6 < A«7 < 1.8 DO

-0.7 < A7 < 0.6 CDF

-0.6 < A7 < 0.6 DO

(6.6)

Only one coupling is allowed to vary at a time. The W ± 7 process is sensitive to the
same vertex as the single W^ cross section at LEP: 7W+W~.

W bosons are produced predominantly in pairs at LEP. The analyses presented in
this chapter will deal with the selection of the fully leptonic and the semileptonic final
states of W ± boson pairs, the latter restricted to decays involving tau. Afterwards the
focus will be on the single W* boson process, describing the selections and the results
of the determination of the couplings A7 and K7.

6.1 W^ Boson Pair Cross Section

boson pairs are produced at LEP via s channel (7, Z) exchange diagrams and
a t channel (u) exchange diagram as shown in Figure 2.1. In the standard model the
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bosons decay to leptons with a branching ratio of 32.5% or to hadrons with the
complementary branching ratio of 67.5%. This leads to three distinctive final states,
the four quark channel (45.6% of the W* pair events) characterised by four jets and
no missing energy, the semileptonic channels (43.8%) characterised by a high energy
lepton, missing energy and a hadronic system and finally the fully leptonic channel
(10.6%) characterised as acoplanar lepton pairs.

In the following sections the analyses for the selection of the fully leptonic final state
will be described, followed by the selection of the semileptonic final state, when the
lepton is a tau. The results for the individual channels will be given directly after the
description of the analyses. The complete results for the measurement of the W± pair
production cross section, including the fully hadronic final state, and results deduced
from the measurement will be given afterwards.

6.1.1 tvtv Selection

v

Figure 6.1: Configuration of a fully leptonic W* boson pair event.

The typical topology of a fully leptonic W* pair boson event is shown in Figure 6.1.
The signal is characterised by two acoplanar energetic leptons and large missing mo-
mentum carried away by the neutrinos. The typical momentum of the leptons is about
y/s/4. The spread of the momenta at threshold is due to the W* boson's width. It
increases when the centre-of-mass energy rises, where the velocity of the W* bosons
becomes important. Assuming lepton universality, one expects to find in five of nine
events of the fully leptonic W* pairs a tau. In these cases the lepton momentum is
significantly decreased by the presence of the additional neutrinos of the tau decay.
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161 GeV

Events are accepted if they have two or four good tracks with zero total electric charge.
The four-track case is reduced to a two lepton topology by merging the three tracks with
the smallest invariant mass. This triplet is interpreted as originating from a three-prong
tau decay, its mass is required to be less than 1.5 GeV/c2. The two charged objects
will be called leptons hereafter for simplicity. The momentum of the leptons must be
greater than 0.5%y/s.

Two-fermion events with initial state radiation are rejected by requiring an acopla-
narity lower than 170°. The distributions for signal and two-fermion background are
shown in Figure 6.2. Additionally a photon veto is applied. The following criteria must
be fulfilled simultaneously to reject the event: a neutral object must be reconstructed
and its energy must be greater than 1 GeV. The object must lie outside a cone of 10°
around each of the leptons' momentum direction to avoid vetoing signal events with
final state radiation, and the invariant mass with both of the leptons must be greater
than 2 GeV/c2. The last critérium avoids to veto tau decays.

In order to reject tagged two-photon events, it is required that no energy be found
in a cone of 12° around the beam axis. This cut is also effective for two-fermion events
with initial state radiation detected close to the beam axis. The backgrounds from
two-photon and non-WW four-fermion processes, especially the ZZ* process as shown
in Figure 6.2, are reduced further by requiring a visible mass in excess of 12 GeV/c2.

At this point of the analysis, the only reducible background to be dealt with is
the untagged two-photon process. These events are rejected by demanding a missing
transverse momentum larger than 3%\/i, as shown in Figure 6.3. The cut is increased
to 5%>/s if the azimuthal angle of the missing momentum direction points to within 15°
of the vertical LCAL crack, where the "tagged" electron can escape undetected. The
remaining two-photon events after these cuts are tau production events, i.e., 77 —y TT.
If the event is a mono-jet in the transverse plane, i.e., both leptons are in the same
hemisphere, as defined by the thrust axis in the transverse plane, the event is accepted.
If the event is not a mono-jet in the transverse plane, the p variable, calculated from
the lepton momenta as described in chapter 5, is required to be greater than 2 GeV/c.
The rejection power of this variable is shown in Figure 6.3.

It must be noted that while the selection criteria were chosen for a specific back-
ground, e.g., acoplanarity for the two-fermion process, they also reduce the other
backgrounds. Additionally not all cuts are independent of each other, e.g., if p is
non-vanishing, the event automatically is acoplanar.

In this analysis, an efficiency of 62.7% and a background of 0.038 pb are achieved.
The background consists of electron pair events (14 fb), of four-fermion events ZZ* and
Zee (13 fb), excluding final state flavours compatible with W* boson pair production,
and two-photon events (12 fb).
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Figure 6.2: Top: Acoplanarity for (Left) W* pair events and (Right) two-fermion
background. Bottom: Visible mass for (Left) W* pair events and (Right) ZZ* events.
The histogram entries are normalised to the luminosity recorded at 161 GeV. The
arrows denote the location of the cut.
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Figure 6.4: A fully leptonic W* pair event selected at 161 GeV

In the data, six events pass the selection. One of these events is shown in Figure 6.4.
Interpreted as a W* pair event, one of the W± bosons decays to a muon and its neutrino
and the other one to an electron and neutrino. Additionally a photon with an energy
of 14 GeV is observed close to the electron track, validating the strategy of the photon
veto. The track momenta of the electron and muon are 36 GeV/c and 47 GeV/c2

respectively, compatible with the expectation of \/s/4 smeared by the boost of the W*
bosons.

The largest detector related systematic effects are due to the neutral energy vetoes,
which can cause inefficiencies due to non-simulated detector or beam related noise.
The two potential sources of inefficiency are the photon veto and the veto on energy
at small polar angles (E12). Events triggered at random beam crossings were used
to estimate the inefficiencies. In 4% of the random events, an energy deposition was
reconstructed below 12°. The signal efficiency and the background expectation were
reduced accordingly. The large angle photon veto is defined as a function of the angular
distance to the tracks and with a threshold. Therefore an energy deposition does not
necessarily lead to the rejection of an event. A systematic uncertainty of ±2% is
assigned to account for this effect.

For the determination of the leptonic cross section, the analysis described above
was combined with an analysis for the fully leptonic final state requiring at least one
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electron of muon [74]. The use of the inclusive combination of the two analyses reduces
the expected error on the cross section measurement by 5%.

In total at 161 GeV the efficiency for the inclusive combination is 74% and the
combined background 53 fb. The six events mentioned above were selected by both
analyses. The four-fermion to CC03 correction amounts to —0.014 pb, so that a cross
section of

7f6f(WW -+ tutu) = 0.68+{|3S(stat) ± 0.03(syst) pb (6.7)

is measured.

The overall systematic error is 0.029 pb. It comprises the statistical error of the
background estimation (18 fb), the difference of the estimation of the four-fermion
background between different four-fermion generators (13 fb). For the signal efficiency
a statistical error of 12 fb and an error of 11 fb for the large angle photon veto are
assigned. The efficiency is corrected for the inefficiency due to the requirement on E12.

The measurement can be compared to the expectation for the fully leptonic cross
section at 161.3 GeV for a W± boson mass of 80.25 GeV/c2 calculated with GEN-
TLE [82]:

^ -»• tutu) = 0.42 pb (6.8)

The fully leptonic cross section is higher than the prediction. The central value of
this cross section measurement prefers a lighter W* boson mass, but due to the large
statistical error the deviation is insignificant.

172 GeV

For the selection of the fully leptonic final state of W* boson pairs at 172 GeV, the
basic structure of the selection is unchanged. While the background cross sections do
not change substantially, the signal cross section is expected to increase by a factor
three. Only three minor changes are introduced.

The threshold of the photon veto is raised from 1 GeV to 4 GeV. This reduces
the susceptibility of the selection to detector and beam related noise and increases the
sensitivity to signal events with final state radiation at large angles, i.e, with an angle
greater than 10° with respect to the track.

The increase of the photon veto threshold also increases the background from neu-
trino pair production with two photons due to initial state radiation. In these events
one of the photons converts, leading to two reconstructed tracks. The mass of the
system is small, i.e., of the order of 2me, far less than the 12 GeV/c2 required in the
selection. If the second photon is reconstructed at large angle to the leptons, the mass
can be increased to several GeV/c2. To guard against this type of background, it is
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Figure 6.5: Top: Acoplanarity. Bottom: p (the last bin contains overflow) for the data
(points) at 161 GeV and 172 GeV and the Monte Carlo expectation (histogram). The
entries for the Monte Carlo are normalised to the recorded luminosities. Several cuts
were loosened to ensure adequate statistics.

required that the acollinearity of the tracks is greater than 2°, rejecting the background
events without loss of efficiency.

The last change is directed at the remaining electron pair events. The energy of
the leading lepton, defined as the track energy with all neutral objects in a cone of 10°
added to it, is required to be less than 80 GeV.

Due to the increase of the W* bosons' velocity at 172 GeV, their decay products'
momentum direction is closer aligned to the W ± bosons' momentum direction. As
the W ± bosons are produced back-to-back, the acoplanarity angle of the leptons is
increased. If the analysis had remained unchanged, the efficiency would have dropped.
With the changes described above, the efficiency actually is increased to 65% and about
the same level of background as before (35 fb) is maintained.
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In the data, 10 events pass the selection. Evaluating again the inefficiency due to the
requirement on E12 with events triggered at random beam crossings, the efficiency and
the background expectation are reduced by 2%. For the photon-veto an uncertainty of
±2% is assigned.

To obtain the final result, the analysis is combined with an update of the analysis
described in [74]. For the inclusive combination an efficiency of 74% with a background
of 65 fb is obtained. In the data nine events were selected by both analyses, one event
was selected only by the analysis described in this section. The four-fermion to CC03
correction at 172 GeV is -0.018 ± 0.053 pb. This leads to a fully leptonic W* boson
pair cross section of:

<rï£03(WW -+ lulu) = 1.22jft£(stat) ± 0.07(syst) pb (6.9)

The systematic error comprises the main contributions: statistical error on the signal
efficiency 0.05 pb, statistical error on the background estimation 0.02 pb and the four-
fermion to CC03 correction 0.05 pb.

The result is consistent with the prediction of the cross section at a centre-of-mass
energy of 172.09 GeV of:

C ( W W -> tvlv) = 1.31 pb (6.10)

In Figure 6.5 the acoplanarity and the p variable are shown for the data at 161 GeV and
172 GeV. Several cuts were loosened to ensure sufficient statistics for the comparison.
The data are well reproduced by the Monte Carlo.

183 GeV

Since the two-fermion background decreases with the increase of the centre-of-mass
energy and the efficiency decreases due to the increasing boost of the W* bosons, the
requirement on the acoplanarity is softened from 170° to 175°. The cut on the leading
lepton's energy is raised to 86 GeV.

At 183 GeV the Z boson pair production threshold is passed. The total cross section
for the ZZ* process however does not increase substantially, as shown in chapter 5. If
one Z boson decays to neutrinos and the other one leptonically, the process constitutes a
background for the fully leptonic selection. However this configuration is suppressed by
the low branching ratio of the Z boson to leptons (~ 9%). Additionally, at production
threshold the velocity of the Z bosons is small. These events exhibit only a small
acollinearity and a small acoplanarity. They are rejected by the cut on the acoplanarity,
originally introduced against the two-fermion background.

While W* bosons are produced isotropically at threshold, the production is stronger
in the forward direction with increasing centre-of-mass energy. Therefore the track
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Figure 6.6: The event's transverse momentum for the data (points) and Monte Carlo
(full histogram). Also shown is the prediction of the W* boson pair production Monte
Carlo (dashed histogram).

reconstruction efficiency and as a consequence the selection efficiency decrease. This
results in an efficiency of 63% and a background of 66 fb. The inefficiency due to the
requirement of E12 is measured to be 4.6%. The effect of the photon veto is determined
to be ±1.6%. In the data 46 events were selected.

In combination with the other analysis, an efficiency of 71.4% and a background of
143 fb are achieved. In the data 60 events were selected. The fully leptonic cross section
is calculated to be, with the four-fermion to CC03 correction of —0.009 ± 0.027 pb:

.CC03 Ivlv) = 1.33 ± 0.21(stat) ± 0.05(syst) pb

The result compares well to the standard model prediction of:

îC83°3(WW -> Ivlv) = 1.66 pb

(6.11)

(6.12)

In Figure 6.6 the data recorded at 183 GeV are compared to the Monte Carlo for the
event's missing transverse momentum. The signal contribution is clearly dominant for
the high P T range.

6.1.2 ri/qq' Selection

The final state for semileptonic WW events consists of a lepton of energy about
y/s/4, large missing momentum due to the neutrino from the W± boson decay, and two
hadronic jets with an energy of the order of y/s/4. In one of three leptonic decays, the
lepton is a tau. In these cases the neutrino(s) from the tau's decay are an additional
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Figure 6.7: Schematic view of a W+W —> ri/qq' event at production threshold.

source of missing energy. In all semileptonic channels, the lepton, i.e., the electron,
muon or the thin jet from the tau decay, momentum direction is approximately opposite
the missing momentum. The lepton is generally well separated from the two hadronic
jets, which are back-to-back. The topology of a semileptonic decay of of a W* boson
pair at production threshold is schematically shown in Figure 6.7.

161 GeV

The analysis optimised for the selection of the ri^qq' final state of pair produced
boson events is based on two complementary approaches. In the global selection global
event quantities such as acollinearity and acoplanarity are used. In the topological
selection it is attempted to identify the tau jet. The two strategies allow to recuperate
via the global analysis the events where the tau is invisible, e.g., if the tau decayed
within or close to the hadronic jets.

For both analyses a preselection is applied. A high multiplicity hadronic environ-
ment is expected, therefore a minimum of seven good tracks is required. The energy
detected in a cone of 12° (E12) around the beam axis must be less than 2.5%y/s. The
missing momentum direction in the signal is expected to point well into the detector. It
is therefore required that the polar angle of the missing momentum direction is greater
than 25.8°. The rejection power of this variable is shown in Figure 6.8. To reject qq
events with initial state radiation detected in the apparatus, events are vetoed if an
isolated photon with an energy of more than 10 GeV is reconstructed. The isolation
critérium in this case is denned as: no other particles are detected in a cone of 30°
around the object's momentum direction.

In the global selection the event mass should lie in the range between 70 GeV/c2, to
reject the low mass two-photon events, and 125 GeV/c2 to reject the qq events as shown
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Figure 6.8: The polar angle of the missing momentum direction for (Left) ri/qq' signal
events and (Right) the qq background. The number of entries is normalised to the
data recorded at 161 GeV. The location of the cut is denoted by the arrow.

in Figure 6.9. The hemisphere acollinearity and hemisphere acoplanarity, defined in
chapter 5, are required to be less than 165° and 170° respectively. The transverse
missing momentum direction should be isolated: The isolation energy contained in the
azimuthal wedge of 30°, which will be referred to as wedge energy hereafter, is required
to be less than 10%^, as shown in Figure 6.9. In the signal the isolation energy can
be large when the tau decays "behind" a quark jet, i.e., the tau jet is isolated in space,
but projecting the particles in the transverse plane, the tau is in or close to a quark
jet.

In ZZ* events, where the Z boson decays hadronically and the virtual Z boson
decays to taus, the tau neutrinos as source of missing energy will be closely collimated
with the visible tau decay products due to the Z* boson's large boost. These events are
effectively removed by requiring that the energy in a cone of 20° around the direction
of the missing momentum is required to be less than

At this stage of the selection only the background from single W events must be
dealt with. The energy of the primary vr can be estimated as EVT = §(/+ $) The
energy is required to be less than 50 GeV, as shown in Figure 6.9. The event's missing
mass is required to be less than 70 GeV/c2.

In the topological selection, jets are reconstructed with the JADE algorithm, using
a low ycut of 0.001. This y cut corresponds to a jet mass of about 5 GeV/c2 and is
thus of the same order as the tau mass. At least three jets must be reconstructed. To
identify the tau jet, the following criteria are used: Jets with only one good track and
with a charged momentum greater than 2 . 5 % ^ are accepted as tau jet candidates. If
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there is more than one tau jet candidate, the ambiguity is resolved by choosing the jet
closest to being opposite to the missing momentum. All other jets are merged into two
jets, which will be referred to as quark-jets in the following. In the qq(7) background,
if a tau jet is reconstructed, it is typically close to the quark jets. Therefore the tau
jet must be separated by more than 25° from all other jets.

The energy of the quark jets in the signal is expected to be about \J~sjA modulo
the jet energy resolution. Consequently events are rejected if the energy of the most
energetic quark jet exceeds 50 GeV as shown in Figure 6.10. The invariant mass of
the hadronic system, i.e., the two quark jets, must be greater than 60 GeV/c2. In
single W* production the W* boson generally is strongly boosted. This background
is removed by requiring that the acollinearity of the quark jets is greater than 130° as
shown in Figure 6.10.

In the inclusive combination of the two selections an efficiency of 49.9% in the ri/qq'
channel with a background of 0.053 pb is achieved. The background consists mainly
of qq (27 fb), four-fermion processes (18 fb) and single W* production (8 fb). The
latter background in principle is considered to be part of the four-fermion to CC03
correction, but the 8 fb above are due to the untagged process, technically referred to
as electron at zero degrees, which is not contained in the four-fermion W* pair Monte
Carlo and must therefore be taken into account separately.

The analysis is combined with a dedicated analysis for the electron or muon final
state [75]. The combination increases the efficiency as both analyses use different
strategies to select the signal. The tau analysis in particular allows to recover electronic
and muonic events, where the leptons fail the particle identification cuts required in
the dedicated analysis.

In total an efficiency of 87.1% is achieved in the electron channel, 90.1% in the muon
channel and the efficiency for the tau channel is increased to 51.4%. The background
of the inclusive combination is 84 fb, mainly due to the qq background.

In the data 16 events were selected, of which 4 do not contain an identified high
energy lepton. This translates, including the CC03 to four-fermion correction of
+0.051 pb, into a semileptonic cross section of:

* £i/qq') = 1.85Î°^(stat) ± 0.06(syst) pb (6.13)

The systematic errors are mainly due to the limited Monte Carlo statistics, 19 fb for
the signal efficiency and 9 fb for the background estimation. To check the modelling of
the background, the analyses were run on a large LEP1 data sample with appropriately
scaled cuts. An error of 17 fb was deduced from this comparison. As in the fully leptonic
channel the efficiency can be affected by the presence of non-simulated noise or beam
related background, for which a systematic error of 39 fb is assigned. For the lepton
identification used in the other analysis, a systematic error of 40 fb is assigned.
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The result compares well with the prediction of the cross section for a W* boson
mass of 80.25 GeV/c2 at a centre-of-mass energy of 161.3 GeV:

Ivqq') = 1.73 pb (6.14)

The cross section is insignificantly higher than the canonical value. Again a slightly
lower W* boson mass is preferred.

172GeV
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Figure 6.11: Top: hemisphere acollinearity and Bottom: quark jet acollinearity for the
data (points) at 161 GeV and 172 GeV, all Monte Carlo (solid histogram) and the
signal (dashed histogram).

For the centre-of-mass energy of 172 GeV only minor changes are necessary to adapt
the analysis, since several of the cuts are defined as a function of -v/s. However due to
the expected increase of the signal cross section by a factor three, a larger background
is now acceptable.

91



Channel

euqq
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58
2.

1
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3
0
9

Table 6.1:
172 GeV.

Exclusive and combined efficiencies for the semileptonic selections at

In the common preselection two changes are introduced. The requirement on the
polar angle of the missing momentum is loosened from 25.8° to 18.2°. At 172 GeV due
the W* boson's stronger boost, the acollinearity increases. The hemisphere acollinear-
ity is therefore moved from the global analysis to the preselection and required to be
less than 170°.

The increase of the centre-of-mass energy also leads to an increase of the visible
mass as the tau decay products can be more energetic. In the global analysis the
visible mass is required to be greater than 80 GeV/c2 and less than 130 GeV/c2. As
the centre-of-mass energy increases, so does the energy and the energy spread of the
primary lepton and neutrino. The neutrino energy, denned as in the previous section
is required to be less than 60 GeV. The missing mass must be less than 80 GeV/c2.

In the topological analysis, tau jet candidates are now accepted if they contain at
least one and at most three tracks, with a charged momentum of at least 2.5%^/s.
Ambiguities are resolved in the same way as at 161 GeV by choosing the tau jet closest
to being opposite the missing momentum. Due to the larger boost of the W* bosons,
the acollinearity of the quark jets is now required to be greater than 125° and the quark
jet energies must be less than 60 GeV. Since the loosening of the requirement on the
charged multiplicity of the tau jet introduces a larger qq background, additionally the
wedge energy is required to be less than

After these changes, in the inclusive combination of the global and topological
selections at 172 GeV an efficiency of 59% is achieved for the ri/qq' channel with a
background of 0.110 pb, dominated by the qq background.

As at 161 GeV, the analysis is combined with the dedicated electronic and muonic
semileptonic analyses [75]. The impact of the combination on the efficiencies is shown
in Table 6.1. Efficiencies are calculated for the events being exclusively selected by one
of the following analysis combinations: electron-only (e), muon-only (fi), tau-only (r),
electron and tau (er) and muon and tau

In the data 44 events were selected of which 10 do not contain an identified high
energy lepton. Including the CC03 to four-fermion correction of +0.042 ± 0.051, this
is translated into a cross section of:

CC03
172 (WW ') = 4.73 ± 0.76(stat) ± 0.16(syst) pb
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which agrees well within errors with the canonical value of:

> tuqq') = 5.43 pb (6.16)

In Figure 6.11 the hemisphere acollinearity and the acollinearity are shown for the data
recorded at 161 GeV and 172 GeV compared to the Monte Carlo expectation.

183 GeV
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Figure 6.12: Top: wedge energy, Bottom: mass of the hadronic system for data (points),
all Monte Carlo (full histogram) and the signal (dashed histogram) at 183 GeV. Not
all cuts were applied to obtain the distributions.

Only minor changes are necessary to adapt the analysis to the centre-of-mass energy
of 183 GeV. As the qq production cross section gradually decreases and again the
expected signal cross section increases (by about 25%), the cuts can be loosened again.
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In the global analysis, the visible mass should not exceed 140 GeV/c2. The cri-
térium on the wedge energy is loosened to 12.5%v^ and the acoplanarity requirement
is loosened to 175°. The energy of the primary neutrino must be less than 65 GeV.

In the topological analysis, due to the increased centre-of-mass energy and the
increased boost of the W* bosons, the energy of the leading quark jet must be less
than 65 GeV. Finally the acollinearity of the quark jets is required to be greater than
110°.

Two of the variables used in the selections are shown in Figure 6.12. The wedge
energy is shown for the global analysis. For the topological analysis the invariant mass
of the two quark jets is shown. Data and Monte Carlo agree well within the statistical
errors.

In total an efficiency of 58.3% with a background of 120 fb was achieved. In the
combination with the dedicated electron and muon analyses, the efficiency is increased
to 60.5%. The global efficiency, assuming lepton universality, is 80.2% with a back-
ground of 0.27 pb.

In the data, 322 events are selected, of which 79 do not contain an identified electron
or muon. This translates, with a four-fermion to CC03 correction of 0.035 ± 0.036 pb,
into a cross section of:

£uqq') = 6.79 ± 0.40 ± 0.14 pb (6.17)

in good agreement with the expectation of:

+ luqq1) = 6.87 pb (6.18)

In Figure 6.13 one of the selected tau events at 183 GeV is shown. The reconstructed
tau jet is clearly separated from the hadronic two jet system. The hadronic system's
invariant mass is 74 GeV/c2 and the acollinearity angle between the two jets is 119°.

6.1.3 Results

To complete the results for the W* pair production cross section, the fully leptonic,
the semileptonic and the fully hadronic cross section measurements are combined. The
measurement of the fully hadronic cross section is described in [76, 77]. The results of
the measurement of the W* pair production cross section at the three centre-of-mass
energies are [76, 77]:

= 4.23 ± 0.73(stat) ± 0.19(syst) pb

™03 = 11.71 ±1.23(stat)±0.28(syst)pb (6.19)

= 15.51 ± 0.61(stat) ± 0.32(syst) pb
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Figure 6.13: A ruqq' candidate event at 183 GeV.

The total cross sections as function of the centre-of-mass energy are shown in Fig-
ure 6.14. Included in the Figure are the curves for the standard model model predic-
tion, the curve if only the neutrino exchange diagram were present and the curve if
the ZWW vertex were absent. The measurements agree well with the prediction of the
standard model, which is clearly preferred by the data.

The measurement of the cross section at 161 GeV is sensitive to the mass of the
as shown in Figure 6.15. The W* boson's mass is determined to be:

mw = 80.14 ± 0.34 ± 0.09 ± 0.03 GeV/c2
(6.20)

The first error is the statistical error, the second error is the systematic error and the
third term is the error due to the uncertainty of the beam energy. As already stated in
the individual cross measurements, a lighter W* boson mass compared to the canonical
value of 80.25 GeV/c2 is preferred for the central value, however with very large errors.
The result from ALEPH agrees well with the measurements by the other three LEP
collaborations [78, 79, 80]:

mw = 80.40 ± 0.44 ± 0.09 GeV/c2 DELPHI

mw = 80.80^2 GeV/c2 L3 (6.21)
mw = 80.40 j ££ ±g;°g GeV/c2 OPAL
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Figure 6.14: W* pair production cross section measurements from 161 GeV to 183 GeV.

The error due to the uncertainty on the LEP energy is identical for all four experi-
ments and therefore is omitted above. The error by L3 is the combined statistical and
systematic error.

The optimal point for the W* boson mass measurement via the cross section deter-
mination is 161 GeV. At 172 GeV, a small dependence on the W* boson's mass is still
present. The cross section at 183 GeV is essentially independent of the W* boson's
mass. The determination of the W± boson's mass with the cross section method using
the data accumulated by ALEPH at centre-of-mass energies up to 184 GeV yields:

mw = 80.20 ± 0.33 ± 0.09 ± 0.03 GeV/c2 (6.22)

where the first error is the statistical error, the second one the systematic error and
the last one is the error due to the uncertainty of the LEP beam energy.

The central value of the W^ boson's mass determined at hadron colliders before the
advent of LEP, as mentioned in the introduction of this chapter, was 80.25 GeV/c2. In
the meantime DO and CDF have analysed more data. The errors are smaller and the
central value has shifted slightly upwards. The current result using the results from all
hadron collider data is [11]:

m^d = 80.41 ± 0.09 GeV/c2

This result is in good agreement with the measurements at LEP.

(6.23)

In the LEP program no return to the W* boson pair production threshold is forseen
in the future, therefore no significant improvement via this type of measurement using
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Figure 6.15: Determination of the W± boson's mass at production threshold.

only ALEPH data is likely. The measurement does provide an independent check of
the determination of the W* boson's mass via the reconstruction method, the method
to be used in the future.

While the main emphasis of the measurement of the cross section is the determina-
tion of the W* boson's mass, it is also possible to determine the W* boson's branching
ratio to hadrons (B), which cannot be measured at hadron colliders. Assuming lepton
universality, the individual cross sections are written in the following way:

= <7ww(l — B)2

= crww2(l - B)B (6.24)

<7qq'qq' =

Using the measurement of the individual cross sections at all three centre-of-mass
energies, the branching ratio to hadrons is measured to be:

B(W -> hadrons) = 69.0 ± 1.2 (stat) ±0.6 (syst) % (6.25)

The measurement is in very good agreement with the standard model prediction of
67.5%.

In principle the measurement of the individual leptonic branching ratios not as-
suming lepton universality is also feasible. However the results are not competitive
with the universality tests in the tau sector and at the moment less precise than the
measurements at the Tevatron mentioned in the introduction. The results are more
precise by one order of magnitude than can be achieved with the current data set [81].
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6.2 Single W± Boson Cross Section

The standard model cross section for the single W* boson production at LEP,
as shown in Figure 2.5, is only of the order of several hundred femtobarn, i.e., small
compared to the cross section for W* boson pair production, which is, above production
threshold, always several picobarn.

As already mentioned in chapter 2, to enhance the signal contribution to the four-
fermion cross section, only untagged events are considered as signal (t?e < 34 mrad).
The final state topologies are logically separated into two cases. The first case is a single
lepton from the W^ boson decay, the Monte Carlo signal definition being Ee > 20 GeV
and | c o s ^ | < 0.95. The second one a two jet system with a large hadronic mass, the
signal definition for this case being Mqg/ > 60 GeV/c2.

6.2.1 Leptonic Selection

For the leptonic decays of the W* boson, a single track is expected for the electron,
muon or single prong tau decay. A higher multiplicity is expected for other tau decays.
Therefore events with one or three good tracks are accepted and the visible mass
must be less than 5 GeV/c2. At least one good track must have a minimum of four
ITC coordinates. The critérium rejects events from neutrino pair production, where a
photon converted asymmetrically in the ITC/TPC wall.

Events are rejected if additional tracks with a higher DO or ZO than the standard
requirement are present within a wedge of 10° around the transverse charged momen-
tum direction or opposite to it. If tracks are reconstructed in the ITC only, the events
are vetoed if these tracks are within wedge of 30° centred on the transverse charged
momentum direction or opposite to it. This cleaning stage is effective against ZZ*
events, where the on-shell Z boson decays to neutrinos and the virtual low mass Z
boson decays to a low multiplicity jet. Cosmic events are also rejected in this stage: A
cosmic event, i.e., a single muon in this case, can be reconstructed as two tracks, which
are slightly displaced in Z0. If one of the "half" tracks has a good Z0 and the other
one a Z0 greater than the standard requirement, the events can become a background
to the single track topology. However, in acoplanarity the second ("bad" track) is
opposite the good track, so that these events are efficiently rejected by this cleaning
stage.

The missing momentum direction is to point well into the detector. Therefore the
polar angle of the missing momentum direction is to be greater than 25.8°. To reject
tagged two-photon events, no energy is to be measured within a cone of 12° (Ei2 = 0)
around the beam pipe.

The remaining backgrounds, mainly untagged two-photon events and two-fermion
events, are eliminated with the requirement that the transverse missing momentum be
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Figure 6.16: The event missing transverse momentum versus the azimuthal angle of
the transverse momentum direction for the two-fermion muon events and the signal.
The azimuthal angle is folded into the range 0° - 90°. The TPC cracks are visible at
30° and 90°.

greater than 6%y/s. This threshold is increased to 10%v^ if the missing momentum
direction points to within 10° in azimuth of the LCAL crack or the inner TPC sector
cracks, which are present every 60°. The last requirement rejects muon pair events, as
shown in Figure 6.16, where one track is detected and the second track is at low polar
angles, aligned with a TPC crack. In these cases the track coordinates of the second
track are lost. The second indication of a second unreconstructed track is an energy
deposition opposite in azimuth to the charged momentum direction. Therefore it is
required that no energy be found within a wedge of 10° opposite the charged transverse
momentum direction.

The selection criteria described up to this point constitute the leptonic kernel. This
kernel will be used also in chapter 8 in a search for supersymmetry.

The dominant irreducible background is the four-fermion process Zee, where the Z
boson decays to neutrinos. If the neutrinos are of electron type the process leads to a
single W* like final state. This component is part of the signal. If the neutrinos are of
muon or tau type, it is considered to be part of the general non-interfering background,
even though experimentally the two components are indistinguishable.

At this point the analysis is separated in three channels: electron, muon and tau.

In the electron selection, only the one-track case is kept. The track must be identi-
fied as an electron with the critérium described in chapter 4. The energy of the lepton,
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defined as the track energy with the neutral objects in a cone of 10° added to it, must
be greater than 20 GeV. The muon selection is identical to the electron selection, with
only the electron identification replaced by the tight muon identification requirements.

y/s

(GeV)
161
172
183

e
(fb)
25
25
34

r
(fb)
12
14
18

Tfi

(fb)
2
2
3

combined
(fb)
38
41
55

selected

3
7

Table 6.2: Expected background and number of candidate events at the three centre-
of-mass energies.

In the tau selection, no direct identification is possible, however a veto is added to
the kernel: If an electron is identified in the event, the event is rejected, eliminating
most of the Zee background. The sum of the three selections comprises effectively all
events selected by the leptonic kernel but those with an identified electron of less than
20 GeV.

The inclusive efficiencies for the three channels are essentially independent of the
centre-of-mass energy. For the electron as for the muon events the efficiency is typically
85%. An efficiency of 49% is obtained for tau events. The tau channel efficiency is
significantly lower than the others because of the generally lower visible energy due to
the additional neutrinos from the tau decay.

In order to take into account the double counting in the overlap of the analyses,
especially between the muon and tau analyses, three exclusive selections are defined
as: Events selected only by the electron analysis, selected only by the tail analysis and
events selected by the tau and the muon analysis simultaneously.

The expected background is shown in Table 6.2 for the three centre-of-mass ener-
gies. At 183 GeV, 34 fb background are expected in the electron-only selection, 18 fb
in the tau-only selection and 3 fb in the tau-and-muon selection. The background
increase with the centre-of-mass energy is due to the increase of the Zee cross section.
The background estimation from PYTHIA used here was compared to the GRC4F
estimation and was found to agree well. Additionally the background is increased, as
the W* bosons' pair production becomes stronger in the forward region, increasing the
probability to produce a lepton too close to the beam axis to be reconstructed. Events
which are single W* boson like, but fail the signal definition cuts, are included in the
background estimation.

The two-photon processes are generated, as mentioned in chapter 5, with a cut on
the invariant mass of the ff system. As this cut cannot be applied in the analysis, the
single track events have as visible mass the pion mass as default, the estimation of the
background must therefore be verified with data.
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Figure 6.17: Polar angle of the missing momentum direction for the data (points) 1994
and the tau pair Monte Carlo.

The analysis was applied to the data recorded at the Z boson peak and at 133 GeV,
where no signal is expected or the signal is negligible respectively. No events were
selected at 133 GeV. At LEP1 the background, due to the strongly enhanced cross
section on the resonance peak, is tau pair production, when the neutrinos carry away
most of the energy in one tau decay, effectively rendering it invisible. The agreement
of data and Monte Carlo for the polar angle of the missing momentum direction, after
applying the complete set of analysis cuts described above, is shown in Figure 6.17.
Due to the large irreducible tau pair background, a quantification of the non-simulated
background with the required accuracy of the order of femtobarn is not possible. How-
ever, the data and the tau pair Monte Carlo agree well in shape and flavour content
(electrons, muons and un-identified tracks).
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Figure 6.18: The event transverse missing momentum for data (points) and Monte
Carlo at 183 GeV. Several cuts were loosened to ensure sufficient statistics.

In the data at LEP2, four events were observed in the electron-only analysis, one
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at 172 GeV and three at 183 GeV, slightly less than the standard model prediction of
5.7 events. In the tau-only selection a total of six events were selected, one each at
161 GeV and 172 GeV and the remaining four events at 183 GeV, an excess compared
to the expectation of 2.8 events. Finally in the muon and tau selection one event is
selected (at 172 GeV), which is less than the expectation of 2.8 events.

As in the W ± pair analyses, the efficiencies are reduced by the inefficiency due to
the requirement on the Ei2 energy. The inefficiencies, measured with events recorded
at random beam crossings, are 4% at 161 GeV, 2% at 172 GeV and 4.6% at 183 GeV.
A systematic error of 2%, identical for all three centre-of-mass energies, is assigned for
the large angle neutral energy veto.

ÉÇMil7a.î::pçh»<8ïl>E£l*51.2 Ewx?>6«5SEl»*Sï22 as0075_l
.ooï

* P dp phi thêta DO ZO chiq
1 *51.2 1.8 77 116 .069 .3850 28

Figure 6.19: A leptonic single W ± event selected at 172 GeV.

In Figure 6.18 the transverse momentum is shown for the data at 183 GeV. Data
and Monte Carlo agree reasonably well. The event shown in Figure 6.19 was observed
at a centre-of-mass energy of 172 GeV. The track is clearly identified as a muon, with
an energy of 51 GeV.

6.2.2 Hadronic Selection

When the single W* boson decays hadronically, a high-multiplicity, high-mass hadronic
environment recoiling against the system consisting of the electron and the neutrino is
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Figure 6.20: Schematic view of a single W* event decaying hadronically in the plane
transverse to the beam axis.

expected. With the signal definition chosen in chapter 2, the electron is untagged and
therefore must have a low transverse momentum. In the plane perpendicular to the
beam axis as shown in Figure 6.20, the hadronic system recoils against the neutrino.
The final state configuration is similar to the W* pair boson final state ruqq', when
the tau decays essentially invisible, e.g., to a soft track within or close to a hadronic
jet etc. The analysis for the single W± boson's hadronic final state therefore follows
closely the selection described at the beginning of this chapter.

At least seven good tracks are required. To reject the background from qq produc-
tion, the polar angle of the missing momentum must be greater than 25.8°. Tagged
two-photon events and two-fermion events with initial state radiation with transverse
momentum are rejected by demanding that the energy in a cone of 12° around the
beam axis be less than 2.5%\/s. Untagged two-photon events are rejected by requiring
that the visible mass exceeds 60 GeV/c2.

Events for which the wedge energy is greater than 10%\/s are rejected. The hemi-
sphere acollinearity is required to be less than 165°.

The background from W* boson pair production must also be dealt with. The
semileptonic final state is efficiently rejected by requiring that no identified lepton,
where lepton in this case denotes an electron or a muon, with an energy of more than
5%-y/s be reconstructed.

The selection criteria described up to this point constitute the hadronic kernel. As
for the leptonic kernel, the hadronic kernel will be reused later in search of supersym-
metry.
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Figure 6.21: The visible mass, the hemisphere acollinearity and the quark jet acollinear-
ity versus the hadronic mass for signal and background at 183 GeV. The number of
entries is normalised to the recorded data.
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The visible mass of the signal is expected to be centred around the W* boson's mass.
Higher visible masses are found in qq events and Z boson pair production events and to
some extent in W* boson pair production. Therefore the visible mass is required to be
less than 90 GeV/c2. The rejection power of this cut and the acollinearity requirement
at this stage of the analysis is shown in Figure 6.21.
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Figure 6.22: Hemisphere acollinearity for the data (points) and the Monte Carlo (full
histogram) at 183 GeV. The dashed histogram shows the signal.

The background is reduced further by inverting the strategy used to select the tau jet
in the topological analysis of the rwqq'. If a tau jet of good quality is reconstructed, the
event is rejected. In particular, the following procedure is used: The event is rejected, if
a tau jet is reconstructed with a charged energy of more than 2.5%-\/s and the invariant
mass of the hadronic system excluding the tau jet is greater than 60 GeV/c2 or the
angle between the two quark jets is greater than 150° at 161 GeV, 130° at 172 GeV,
100° at 183 GeV. The variables are shown in Figure 6.21 for signal and background.
The acollinearity angle of the hadronic system must be adapted to account for the
changing velocity of the W* bosons. The hadronic mass and the acollinearity are
correlated. The strategy to cut on both is motivated by the idea that if the mass is
not well measured, the angles of the jets may be well measured or the inverse. As
a technical note: the N95 procedure favours the double cut over a simple cut on the
hadronic mass.

The efficiency for the hadronic selection is, independent of the centre-of-mass energy
and flavour content of the W* decay, typically 42%. The background amounts to 69 fb
at 161 GeV, 164 fb at 172 GeV and 188 fb. The increase of the background with the
centre-of-mass energy is due to the W* pair production background, as its cross section
increases strongly in this energy regime. The other main components are ZZ* (20 fb)
and qq, the latter decreasing with increasing centre-of-mass energy.

In the data, 21 events were selected. Two events were selected at 161 GeV, three
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events at 172 GeV and the remaining 16 events were selected at 183 GeV. In the
standard model 21.5 events are predicted for the signal and the background.

The hemisphere acollinearity, as shown in Figure 6.22, agrees well in the comparison
of data and Monte Carlo prediction. In Figure 6.23 a candidate event is shown for this
selection. Its event mass is 81 GeV and the missing mass is 91 GeV. Clearly seen are
large hemisphere acoplanarity (160°) and acollinearity (145°). The missing momentum
direction is isolated and no energy is found in E12. Additionally no track is identified
as an electron or muon and the tau jet reconstruction has failed, as expected in the
signal.

Figure 6.23: A hadronic single W* boson candidate selected at 183 GeV.

6.2.3 Results

The derivation of the results for the leptonic cross section in principle should be per-
formed for each centre-of-mass energy and each lepton flavour separately in order to
retain the maximum information. Due to the limited statistics accumulated so far,
this is not feasible. The results are therefore- calculated for the three flavours, fixing
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the centre-of-mass energy dependence to the standard model expectation, i.e., a scale
factor of 1.62 for 161 GeV and 1.22 for 172 GeV.

Taking into account correctly the cross talk and correlations between the different
channels, the following individual cross sections are measured at 183 GeV, using all
LEP2 data:

<r]f = 0.018 î g ^ p b

= 0.002 !8:S£ pb (6.26)

^ 1 8 3 _ n i o i +0.104 1aru — U.151 _o.O83 P b

The lack of statistics is clearly visible in the individual results. Too many events were
observed in the tau case, whereas too few events were observed in the muon channel.

Summing the cross section, taking the correlations into account in the error and
combining with the parabolic error leads to the following result for the leptonic single
W^ cross section:

a}*3 = 0.20 ± 0.094(stat) pb (6.27)

The above determination is given for completeness sake only. As the three centre-of-
mass energies are combined, the scaling factors fix indirectly the flavour content to the
standard model expectation, which is not consistent with the intention of measuring the
three channels separately. The above result should therefore be treated as indicative
of the individual cross sections.

In the following a consistent treatment is applied: The flavour composition of the
standard model is assumed in the leptonic channel, i.e., equal tau and muon content
and a higher electron share due to the additional neutral current contribution. Under
these assumptions, the leptonic cross section is determined to be:

< 8 3 = 0.14 j£{£(stat) ± O.Ol(syst) pb (6.28)

The systematic error comprises the error due to inefficiency caused by the large angle
photon vetoes, the statistical error on efficiency and the expected background, and
the variation of the efficiency for values of the anomalous couplings different from the
standard model values.

This result differs from the sum of the individual cross sections, but is consistent
with it. The opposite fluctuations of the muon and tau channel are effectively averaged
out. As a reminder, a total of 11.1 events, including signal and background, is expected
in the leptonic channels and 11 events are observed.

The above results are to be compared with the standard model expectation, deter-
mined with GRC4F:

a\™ = 0.138 pb (6.29)

Th results are in good agreement with the standard model expectation.
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In the hadronic channel, an inclusive measurement is performed, as the flavour
separation is difficult and additionally not warranted as there is no difference in the
diagrams contributing to the ud and cs final states. The hadronic cross section is
measured to be, again using the scaling with the scale factors 1.66 for 161 GeV and
1.25 for 172 GeV, at 183 GeV (the scaling factors are different for the leptonic channel
due to the neutral current contribution in the electron channel):

??? = 0.26 ±2:}S(stat) ± 0.04(syst) pb (6.30)

The systematic error is dominated by the error due to the variation of the efficiency
as a function of the anomalous couplings and the statistical error on the estimation of
the background cross section.

This result is to be compared with the prediction by GRC4F:

(TJ?? = 0.276 pb (6.31)

Thus again, no significant deviation of the measurement from the standard model
expectation is observed.

Summing the leptonic and the hadronic cross section, adding all errors in quadrature
yields the final measurement of the cross section

ay/ = 0.40 ± 0.17 ± 0.04 pb (6.32)

In total the existence of the Wev process is established as a 2.4 sigma effect. Inter-
esting results can now be deduced on the anomalous contributions to the W* boson's
couplings A7 and «7.

One word of caution is necessary. While the signal is sensitive to the 7W+W~
coupling, the background in the hadronic channel is mainly W* pair produced events,
where also the ZW+W~ coupling contributes. The conservative approach in setting
limits is therefore to fix the background expectation, to its standard model expectation
and thereby attribute any variation entirely to the -yW+W~ vertex in the single W*
process.

In Figure 6.24 the parabolic dependence of the cross section on A7 and «7 is shown.
The solid line denotes the result of the measurement and the dashed line is the limit
on the cross section at 95% C.L.. The box marks the standard model prediction. The
excluded cross section is different for the two scenarios since in the calculation of the
limit the Bayesian approach is used: Only the physically allowed cross section region is
used to calculate the limit. Effectively the allowed region in the A7 scenario is bounded
from below by 413 fb, but in the «7 scenario the cross section can be become as low as
157 fb.
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Figure 6.24: The cross section by GRC4F as a function of the couplings A7 and K7.
The solid line denotes the measured value, the dashed line denotes the excluded cross
section at 95% C.L. and the squares are the predictions of the standard model.

The following allowed regions are inferred from the procedure described above,
varying only one coupling at a time:

-1.6 < < 1.5

- 1 . 6 < A-v < 1.6
(6.33)

The limits are worse by about 0.2 if the flavour content of the standard model is not
assumed. The first measurement of the A7 and K7 couplings via the single W* boson
production process was performed by L3 [83] and OPAL [84], with the data recorded
at centre-of-mass energies up to 172 GeV. Since less data was analysed than in this
analysis, the excluded region is smaller:

-3.6 < A«7 < 1.5 L3

-3.6 < A7 < 3.6 L3
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DELPHI analysed the single W± boson channel combined with the W ± pair production
analysis, therefore the results cannot be compared at this stage [85].

The results are similar in precision to the results given at the beginning of the
chapter from DO and CDF. However, the experiments have updated their results last
year [11]:

A7 = 0 A K 7 = 0

DO -0.93 < A K 7 < 0.94 -0.31 < A7 < 0.29 (6.35)

CDF -1.8 < AK 7 < 2.0 -0.7 < A7 < 0.6
These limits compare directly as the same coupling is probed in the single W* boson
process. Comparing the numbers directly with the results from this analysis, the limit
on A7 is not yet competitive, but the result on «7 improves for positive values of K7 .
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Chapter 7

The Charged Higgs Bosons

"After the charged Higgs we will continue with the serious work."

overheard in ALEPH in 1997.

The search for the charged Higgs boson, predicted in extensions of the standard model,
is performed in two different ways. Indirect limits are obtained via the measurement
of branching ratios of heavy quarks. Direct searches lead to sometimes less model
dependent limits. The mass of the charged Higgs boson is not predicted, but in the
supersymmetric extension of the standard model, at tree level, the charged Higgs boson
must be heavier than the W* boson.

As the charged Higgs boson couples to mass, the strongest virtual effect is predicted
for the decays of the third family. CLEO measured the decay b —I 37, which proceeds
in the standard model via a loop diagram involving the W* boson. Diagrams involving
H.^ bosons are obtained by replacing the W^ bosons by the H^ bosons. CLEO is able
to set a limit of [86]:

mH± > 244 + 63/(tan 0)1-3 GeV/c2 (7.1)

for the Model II charged Higgs boson. At LEP measurements of the branching ratio
b —> rvX and B1*1 —> TU are performed [87], leading to a limit of

mH± > tan/9/0.52 GeV/c2 (7.2)

for the Model II charged Higgs boson.

All of the limits above are strongly model dependent. The Model II Higgs structure
is used in the supersymmetric extension of the standard model. There, in addition to
the graphs with the charged Higgs bosons, also graphs with charginos, neutralinos and
squarks have to be included in the calculation of the predicted branching ratio. The
indirect limit for the process b —» S7, for example, therefore depends on the supersym-
metric parameters. In [88] it is argued that only if all squark masses are degenerate,
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additional contributions to the branching ratio due to the purely supersymmetric loops
are negligible. This particular scenario is not theoretically favoured as the top squark
could be lighter than the other squarks due to the heavy top quark mass in the off-
diagonal elements of the top squark mass matrix.

A direct search for the charged Higgs boson is performed at the Tevatron in pp col-
lisions at a centre-of-mass energy of 1.8 TeV by CDF [89]. The charged Higgs boson
is searched for in the decay of the top quark and its subsequent decay to tau and its
neutrino. The charged Higgs boson has a large branching ratio to the tau for most
values of tan (3 greater than unity. The limiting factor of this analysis is the branch-
ing ratio of the top quark to a charged Higgs boson, which is very small for tan (3 of
the order of 10. A lower mass limit of 160 GeV/c2 is obtained for very large tan/3
(about 100). For small tan/3, i.e., less than unity, the branching ratio t —ï H±b is large
and the charged Higgs boson decays dominantly to hadrons. The measurement of the
leptonic branching ratio of the top quark therefore yields a lower mass limit of about
160 GeV/c2 in this region.

At LEP charged Higgs bosons are produced in pairs as already shown in Figure 3.1.
Three distinct final states are expected: the fully leptonic final state TVTV, the semilep-
tonic final state ruqq', and the fully hadronic final state qq'qq', where qq' is essentially
cs and cs as the decay to the quarks of the third family is forbidden due to the heaviness
of the top quark.

At LEP1 the limits, independent of the branching ratio, were close to the kinematic
limit due to the large production cross section at the Z boson resonance peak. Mass
lower limits of 41.7 GeV/c2, 43.5 GeV/c2, 41 GeV/c2 and 44.1 GeV/c2 were achieved
by ALEPH [3], DELPHI [90], L3 [91] and OPAL [92] respectively.

At LEP2, as shown in chapter 3, the cross section typically is only several hundred
femtobarn. In the following analysis only the data recorded until the end of 1996 are
used. This data set corresponds to an integrated luminosity of 27 pb"1 and the centre-
of-mass energies up to 172 GeV. With the limited statistics, the sensitivity is limited
to mH± up to 50-60 GeV/c2.

In the following section the analysis of the semileptonic final state is presented.
The other two channels are described in detail elsewhere [93]. Afterwards the results
including the other two channels are presented.

7.1 The Tvqq' Channel

The semileptonic final state (rz/qq') is characterised by two jets originating from
the hadronic decay of one of the charged Higgs and a thin r jet plus missing energy due
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Figure 7.1: Schematic view of the semileptonic decay of pair produced charged Higgs
bosons.

to the neutrinos from the decay of the other Higgs boson. The typical configuration of
such an event is schematically shown in Figure 7.1.

As this final state resembles the semileptonic final state of W* boson pair produc-
tion, the analysis is structured similarly. Again two complementary approaches are
used: a global and a topological selection are used, where in the topological selection
the emphasis is on the reconstruction of the tau jet of the Higgs boson decay. The anal-
yses are designed for a centre-of-mass energy of 161 GeV. As the signal and background
characteristics change only in a minor way at 172 GeV and at 133 GeV, only a few
cuts need to be adapted. Events are accepted if they pass the inclusive combination of
the two analyses.

For the data recorded at 130 GeV and 136 GeV in 1995, the global analysis described
below is replaced by the inclusive combination of two analyses published in [94]: the
chargino analyses for large mass differences, raising the lower cut on the visible mass
to 40 GeV/c2 and excluding the analyses with purely leptonic final states. As these
analyses were designed for the lower centre-of-mass energy without having to take into
account the W* pair background, the sensitivity is higher, i.e., a lower Ng5 value is
obtained, than with a scaled global analysis optimised above the W^ pair production
threshold.

Common to both analyses is a preselection: at least seven good tracks are required.
The E12 energy must be less than 2.5%\/s- The visible mass of the event must be
greater than 40 GeV/c2 and less than 140 GeV/c2. At 172 GeV the upper cut is
increased to 150 GeV/c2 and at 133 GeV reduced to 120 GeV/c2, as the increased
(decreased) momentum of the tau decay products increases (decreases) the spread of
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Figure 7.2: Quadratic mean of the inverse of the hemisphere boosts for a charged Higgs
boson mass of 60 GeV/c2 and the single W* background. Arrows denote the location
of the cut.

the visible mass, similar to the case of W* pair production, where the visible mass cut
is also adapted at each centre-of-mass energy.

The quadratic mean of the inverse of the hemisphere boosts is required to be greater
than 0.3 (/? = [((mi/Ei)2 + (m2/E2)

2)/2}1/2). The rejection power of this variable is
shown in Figure 7.2. As the Higgs boson is light, the hadronic decay is more likely to
be contained in one hemisphere than the single W^ background. This translates into
a Gaussian-like distribution for (3 in the signal, which is shown for a Higgs boson mass
of 60 GeV/c2, i.e., at the high end of the region of interest.

In the global analysis, to reject qq events where initial state radiation escapes
undetected in the beam pipe, the hemisphere acoplanarity is required to be less than
175°. The event must be spherical, therefore the event thrust should be less than 0.9,
and the ratio of the missing transverse momentum to the visible energy must be at
least 20%. To ensure that the missing momentum is isolated as expected in the signal,
but not in the qq background, the wedge energy must be less than 7.5%y/s.

The W* pair production events are dealt with in two stages. First the semileptonic
decays involving electrons and muons in the final state are rejected: For the direct
decays to electrons and muons, the momentum of the leading identified lepton is re-
quired to be less than 15%>/s, as the energy of electrons and muons in the signal, only
present via a cascade decay, is substantially less than in the background. If in a
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pair event, the lepton originates from a tau decay, it will not be rejected by this cut,
but the hadronic system, i.e., the visible mass excluding the leading identified lepton,
will be of the order of the W* mass, while in the signal it will be significantly lower.
The hadronic system must therefore be less than 80 GeV/c2.
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Figure 7.3: Acollinearity of the quark jets in the signal and in the W± pair background
at 172 GeV. Arrows denote the location of the cut.

To reduce the background from the semileptonic final state where the lepton is a
tau decaying hadronically, the tau jet is reconstructed in the W* boson configuration
as described in the previous chapter. Jets with at least one and at most three tracks
are considered as tau jet candidates. Ambiguities are resolved in the standard way by
the requirement on the charged momentum of the tau jet (> 2.5%-^) and, if necessary,
choosing the jet closest to being anti-parallel to the missing momentum. The other
jets are merged to form the two quark jets.

Since the sensitivity of this analysis is limited to mH± well below the W± boson's
mass, the invariant mass of the quark jets is required to be less than 70 GeV/c2.
Consequently the acollinearity angle of the quark jets is expected to be smaller than
that for W± bosons. The angle is therefore required to be less than 130° at 161 GeV,
as shown in Figure 7.3, and less than 100° at 172 GeV.

In the topological analysis global quantities are used also, but the cuts are loosened
with respect to the global analysis. The wedge energy is required to be less than
20%</s, the momentum of the leading lepton must be less than 20%>/s, the hadronic
mass is required to be less than 80 GeV/c2 (the last cut is not applied at 133 GeV),
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and the missing momentum direction must point more than 25.8° away from the beam

axis.

To reject the hadronic decays of the tau in W* boson pair events, the tau jet
is reconstructed in the Higgs boson configuration: Starting, as before, from the jets
reconstructed by JADE, only jets containing one and only one track are kept as tau
candidates. Their momentum must be greater than 2.5%A/S- In the Higgs configuration
ambiguities are resolved by choosing the jet whose angle with the missing momentum
is closest to 80° as the tau jet. This is motivated by the fact that the Higgs bosons
searched for in this analysis are of the order of 50 GeV/c2. The tau jet in the signal,
due to the Higgs boson's boost, is therefore not expected to be back-to-back with the
missing momentum in contrast to the W^ configuration.

Events are rejected if the angle between the tau jet and any other jet direction
is less than 25°. The invariant mass of the quark jets in the Higgs configuration is
required to be less than 60 GeV/c2. Finally, the acollinearity angle between the two
quark jets is required to be less than 140°, less than 120° at 172 GeV and less than
150° at 133 GeV.

£(45 GeV/c2)
e(50 GeV/c2)
£(55 GeV/c2)
£(60 GeV/c2)

exp. background

133 GeV 161 GeV 172 GeV
72 54 51
71 54 50
64 51 47
44 42 35
0.3 0.8 1.0

Table 7.1: Efficiencies (in %) for four values of mn± and expected number of background
events for the semileptonic final state of the charged Higgs boson.

The ratio of transverse momentum to visible energy and the hadronic mass in the
Higgs configuration are shown in Figure 7.4. The variables are adequately described by
the Monte Carlo simulations. The signal (dashed histogram) is also shown, in arbitrary
normalisation, underlining the separation power of the two variables.

No events are selected in the data while in total 2.1 events are expected from the
standard model background. Efficiencies and the background for this analysis are given
in Table 7.1. W± boson pair production is responsible for the increase of background
from 161 GeV to 172 GeV. Additionally, due to the harder cuts necessary at 172 GeV,
the efficiency decreases.

The main contributions to the systematic error (3%) are the limited Monte Carlo
statistics, the luminosity measurement (<1%) and the requirement of the maximum
energy observed within 12° of the beam pipe (<2%).
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Figure 7.4: For the data (points) and Monte Carlo (solid histogram) at 161 GeV
and 172 GeV, top: Ratio of the transverse momentum to the visible energy, Bottom:
Hadronic mass in the Higgs configuration. Several cuts were loosened to ensure suf-
ficient statistics. The signal, for a Higgs boson mass of 55 GeV/c2, is also shown in
arbitrary normalisation (dashed histogram).

7.2 Results

As no events were selected, all signals where three events would have been observed from
the signal alone are excluded. The efficiency is conservatively reduced by the systematic
error. The production cross section of the mixed channel with B = B{B.^ —ï TU) can
be written as:

- 2B(1~B) (7.3)

The cross section for this channel cannot exceed 50% of the total cross section. In
Figure 7.5 the limit deduced from this channel alone is the parabolic curve, symmetric
with respect to 50% leptonic branching ratio. For the most favourable branching ratio,
a charged Higgs boson mass up to 56 GeV/c2 is excluded by this analysis. If two events
had been observed, the limit would not have been improved beyond the result from
LEP1.
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Figure 7.5: Limit on the charged Higgs boson mass as a function of B(E.± —> TU). The
hatched area shows the region excluded at 95% C.L. by the combination of the three
channels. Also shown are the curves for the individual channels and for lower and
higher confidence levels.

To summarise the results briefly from the other two channels [95]: One event is
retained in the TUTU channel, fourteen events are observed in the analysis of the
fully hadronic final state, where 2.5 and 18.7 events are expected respectively. In
the hadronic channel no significant accumulation is observed in the mass distributions.
The four-jet excess observed by ALEPH [51] was consistent with pair produced objects
of unequal mass, while the search in this context is for equal masses. Therefore the
excess is not visible here. The efficiency in the fully leptonic and hadronic channels are
typically (at 172 GeV) 40% and 38% respectively.

The analyses for the different final states were combined via the prescription ad-
vocated in [96]. The results of all three channels were combined via the democratic
prescription. The confidence levels of the three channels (CL = exp(-e£<7rvqq') for
the semileptonic channel) were multiplied and the fraction of all possible experiment
outcomes leading to a product smaller than the observed one was determined.

The result is shown as a function of the branching ratio ^(H* -> ru) in Fig-
ure 7.5. In the semileptonic channel less events were observed than expected from the
background estimation alone. The combined limit including all channels degrades the
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limit. The individual results from the three channels are shown also. Additionally,
the confidence levels for 0.1%, 1%, 5% (95% C.L. exclusion), 10% and 30% are drawn.
Independent of the branching ratio, a lower mass limit of 52 GeV/c2 at 95% C.L. is
obtained.

With a similar data set, DELPHI [97] and OPAL [98] obtained the following lower
mass limits independent of the branching ratio at 95% C.L.:

mH± > 54.5 GeV/c2 DELPHI
(7.4)

mH± > 52 GeV/c2 OPAL

A lower mass limit of 52 GeV/c2 was obtained by OPAL in the n/qq' analysis for
a leptonic branching ratio of 50%. No events were observed in the analysis with a
background expectation of 2.7 events.

The limit obtained by ALEPH with the inclusion of the ri/qq' analysis presented
here compares well with the limits obtained by the other experiments.

I loft BLANK
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Chapter 8

Search for Supersymmetry

Currently the best limits on the masses of squarks and gluinos are obtained at the
Tevatron. There the experimental signature are multi-jets with missing energy. For
degenerate squark and gluino masses, a mass lower limit of 215 GeV/c2 is reported
by CDF [99]. This puts the coloured objects, with the exception of the top squark,
essentially out of the kinematic reach of LEP2 in this scenario.

The search for the associated production of chargino and neutralino is performed
via their leptonic decays to electrons and muons. The search for the tri-lepton signal in
the most favourable scenario, i.e., assuming 100% leptonic branching ratios, including
taus, for chargino and neutralino, leads to a limit of 104 GeV/c2 for chargino masses
by DO [100].

Due to the large cross sections at the Z boson resonance, the pair production of
sleptons was excluded for masses close to the beam energy in the direct search at
LEP1 [3, 101, 102, 103]. These limits are valid if the slepton and neutralino masses are
non-degenerate. In particular, selectrons and smuons of 45 GeV/c2 were excluded at
95% C.L. for a neutralino mass less than 41 GeV/c2. For staus the limit is valid for a
neutralino mass up to 38 GeV/c2.

The precise measurement of the Z boson properties permits to supplement the direct
searches. The Z boson's partial width for decays to sleptons is [104]:

T(Z -» £RtR) = 2 sin4 t?w(l - 4mfR/5)f T(Z -> vv)

r(Z -» 4 4 ) = 2(sin2t9w - \?{l - 4m|L/s)l T(Z -> vv) (8.1)

r(z -+ vj^) = | ( i - Ax*ys)\ r (z ->• vv)

The partial width of the decay of the Z boson to a pair of neutrinos is, with
1 = 128, sin2t?w = 0.232 and m z = 91.182 GeV/c2:

r ( Z ~+ "*) = TA 2
aqm Z 2 , = 166-6 MeV/c2 (8.2)

24 cos2 t?w sin2 tfw
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As sleptons decay to their standard model partner and the lightest neutralino, they
are acollinear and therefore fail the selection cuts of the standard lepton pair analyses.
If sleptons were produced at LEPl, they would then contribute to the invisible width
of the Z boson. The limit on the invisible width is [1]:

r(Z -> inv) < 2.9 MeV/c2 (8.3)

This limit translates via the formulae given above into the following mass lower limits:

m^ > 38.2GeV/c2

m 4 > 39.6 GeV/c2 (8.4)

m^ > 43.1 GeV/c2

These are absolute limits, valid for sleptons decaying with a lifetime too short to be
detected.

It is interesting to note that the best limit on the mass of the selectron was ob-
tained by a combination of the single photon counting measurements from TRIS-
TAN+PEP+PETRA. The experiments search for the pair production of the lightest
neutralino, produced in the t channel selectron exchange. The "invisible" final state
is tagged via initial state radiation. Under the assumption of equal right-handed and
left-handed selectron masses and a nearly massless photino, i.e., a neutralino in the
gaugino region, a lower mass limit of 79.3 GeV/c2 at 90% C.L. is obtained [108].

At LEPl a search for the top squark was performed [105, 106]. For a mixing angle
of 0.98 rad the top squark decouples from the Z boson and is therefore only produced
via the s channel photon exchange, the mass region between 8 GeV/c2 and 41 GeV/c2

is excluded for a mass difference with the lightest neutralino of more than 5 GeV/c2.

The searches for the chargino and neutralino at LEPl [3, 101, 102, 107, 103], lead
to a limit of 45 GeV/c2 on the mass of the lightest chargino, including the indirect
determination. As only the higgsino component of the neutralino field composition
couples to the Z boson, indirect limits do not lead to a general limit. From the direct
searches excluded regions in the (fi, M2, tan/3) hyper-plane are obtained. A massless
neutralino is not excluded.

In this chapter the analyses performed in the context of the minimal supersym-
metric extension of the standard model are presented. First the classical search for
supersymmetry in pair production as acoplanar lepton pairs is discussed, mainly in
connection with limits on the production of the selectrons and smuons. Afterwards the
search for practically invisible W* boson decays is presented, linking the searches for
supersymmetry to the measurement of the properties of the W* boson.
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8.1 Acoplanar Lepton Pairs

Acoplanar lepton pairs arise in several supersymmetric signals, e.g., in pair produced
sleptons and the fully leptonic decay of charginos and neutralinos. In this section
the main emphasis will be on the search for selectrons and smuons. Sleptons are
produced at LEP via s channel (7,Z) exchange. The production diagrams were shown
in Figure 3.7. For the following it is assumed that the sleptons decay in two-body decays
to their standard model partner and the lightest neutralino, unless stated otherwise.

8.1.1 Event Selection

r

Figure 8.1: Acoplanar lepton pair far from production threshold. The acoplanarity
angle is larger, i.e., the leptons are more back-to-back than close to threshold.

The event selection of acoplanar lepton pairs follows closely the analysis of the fully
leptonic final state of W* pair production described in chapter 6. The description of
the selection is therefore restricted to the differences with respect to the analysis of
chapter 6 at 161 GeV and describing the rejection of the W* bosons above production
threshold.

The typical configuration for the search of acoplanar lepton pairs is shown in Fig-
ure 8.1 for a slepton far from the production threshold. Compared to the W* boson
case, the acoplanarity angle of the leptons is increased, i.e., the leptons are more back-
to-back due to the larger boost.
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133 GeV

At a centre-of-mass energy of 133 GeV, the W* boson pair production cross section is
negligible, therefore no additional cuts are applied. However two cuts are loosened.

The requirement on the minimal transverse momentum is lowered to 2.5%y/s (from
3%v^)- This is due to the larger acceptance of ALEPH for this period, as the mask
and shielding were introduced after recording the data from LEP1.5.

The mass difference between the slepton and the neutralino can be small. In fact, no
theoretical argument excludes their degeneracy. In order to increase the sensitivity for
small mass differences, the requirement on the visible mass is lowered from 12 GeV/c2

to 4 GeV/c2. This cut is in accordance with the minimal ff mass required in the
generation of the two-photon processes.

m x

(GeV/c2)

0
30
55

ê
(%)

72
71
40

(%)

74
75
45

f
(%)

59
54
7

m x

(GeV/c2)

0
30
60

a
(%)
75
71
53

IT

(%)

61
52
40

TT

(%)

53
40
1

Table 8.1: Efficiency of the selection of sleptons of 60 GeV/c2 and charginos
(65 GeV/c2) for different neutralino masses at a centre-of-mass energy of 133 GeV.
For the chargino decays I denotes a decay to an electron or a muon.

The analysis is well adapted for the search for all pair produced sleptons and lep-
tonically decaying charginos as no lepton identification is required. The efficiency for
the various processes is shown in Table 8.1. The efficiency is fairly constant over a wide
range of mass differences. The analysis was used also for the search for the rvrv final
state of the charged Higgs boson at 133 GeV.

For staus the efficiency includes also a contribution from the low multiplicity hadronic
analyses designed for charginos and neutralinos [94]. The pure acoplanar lepton analy-
sis efficiency is 50% for a massless neutralino. Typically the efficiencies are better than
60% for large mass differences if at least one of the leptons is an electron or muon.

The total background, dominated by the ZZ* and two-photon background, is 101 fb
for selectrons and smuons and 172 fb for the stau analyses. Thus less than one event
is expected in the 5.8 pb"1 recorded at 130 GeV and 136 GeV.

No events were selected in the data. The requirement that no energy be found in a
cone of 12 degrees around the beam axis causes an inefficiency of about 0.5%.
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161 GeV

At the centre-of-mass energy of 161 GeV the threshold of W* boson pair production is
passed resulting in a strong increase of the irreducible background of genuine acoplanar
leptons. Several minor modifications are introduced in the analysis. The analysis of the
tau slepton is now separate analysis, which is described in detail in [93]. Additionally
an analysis dedicated to very small mass differences was designed, described in detail
in [109]. This analysis is applied for mass differences less than 6 GeV/c2, as determined
by the N95 procedure.

The definition of a good track is tightened. A good track must originate from a
cylinder of radius 1 cm (DO) and length 10 cm (Z0). This change is made to unify
the definition in all acoplanar lepton searches. The threshold in the neutral veto is
raised from 1 GeV to 4 GeV, reducing the sensitivity to final state radiation in the
signal. The acollinearity angle of the two leptons is required to be greater than 2° to
reject neutrino pair events with initial state radiation and a photon conversion in the
detector. The requirement on the missing transverse momentum is raised to 3%>/i, as
in the search for acoplanar leptons originating from W± pair production, to account
for the reduced acceptance of ALEPH at LEP2.

The limit on the slepton mass for mass differences greater than 4 GeV/c2. from
LEP1 was 45 GeV/c2. Therefore there is no reason to maintain sensitivity to lower
slepton masses. As sleptons decay in a two-body decay, the maximal energy of the
leading lepton can be calculated to be about 75 GeV. Events are rejected if the neutral
objects in a cone of 10° added to the track momentum of one of the leptons exceeds
75 GeV.

At this point of the analysis, only the background from W*' pair production, where
both W* bosons decay leptonically, has to be dealt with. In only one out of nine
cases the W's are expected to decay to two electrons (muons). Therefore two identified
electrons (muons) are required for the selectron (smuon) search. It is required that at
least one lepton is identified according to the tight identification criteria. The loose and
tight identification criteria for muons and the tight identification critérium for electrons
were described in chapter 4. The loose identification critérium for electrons accepts
tracks pointing to a crack in the electromagnetic calorimeter, where the estimators of
the shower profile may fail.

At production threshold the spread of the distribution of the lepton energies from
the W± boson decay around the central value of roughly y/s/4 is dominated by the
effect of the W* boson width. The variable

Xww = g

measures the deviation from the hypothesis that the two identified leptons originate
from the direct decay of W* bosons [110]. E, are the lepton energies and 6 GeV is the
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Xww Xww

Figure 8.2: Separation power of the xww variable at 161 GeV for the W* pair back-
ground and a smuon signal of 50 GeV/c2 and a massless neutralino.

expected energy spread. For the W* background the variable peaks near zero while
for a signal not too similar to a W* boson, it is expected to be flatter as shown in
Figure 8.2.

It is required that xww be greater than 0.5. The measurement of xww is spoiled
when one of the leptons radiates a photon. Therefore the variable is calculated also
adding the neutral objects in a cone of 10° around the track's momentum direction.
The recalculated xww must also exceed 0.5. From here on, Xww denotes the smaller
value of the two possibilities.

Slepton

ë

a

m̂  m^
(GeV/c2) (GeV/c2)

75
75
55
55

0
30
0
30

e

58
58
66
61

(fb)

60

43

Table 8.2: Efficiencies and background for the smuon and selectron analyses at
161 GeV. For the selectrons the point tan /? = 2, fi = —200 GeV/c2 was used.

The efficiency and the background obtained by the selectron and smuon analysis
is shown in Table 8.2. The efficiency is decreased with respect to 133 GeV due to
the additional cuts of lepton identification and the xww variable. The background is
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dominated by W± pair production. In total 1.1 events are expected in the selectron
and smuon analysis.

In the data, one candidate was selected in the selectron analysis. The lepton mo-
menta are 44.1 GeV/c and 12.0 GeV/c. The event is compatible with a W± pair, where
one W* decays directly to electron and neutrino, and the second one decays via a tau.
The event can also be interpreted as a ZZ* process, as the recoil mass of the electron
pair is 90 GeV/c2. The candidate event is taken into account for the slepton/neutralino
mass combinations where it is kinematically allowed.

172 GeV

# P dp phi cheta DO ZO chiq
1 -17.4 .13 139 139 .089 -.810 44
2 *19.4 .15 177 38 .068 -.750 75

Figure 8.3: A smuon candidate at 172 GeV. The large acoplanarity is clearly visible.

To adapt the analysis to a centre-of-mass energy of 172 GeV, only minor changes are
needed. In particular, the energy of the leading lepton is now required to be less than
80 GeV.

The cross section for W* pair production increases by about a factor three compared
to the cross section at 161 GeV. Therefore more stringent cuts are applied to deal with
this increased background. The cut on xww is tightened from 0.5 to 2 to cope not only
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30
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67
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60
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(fb)
117
91
93
54

Table 8.3: Efficiencies and background for the smuon and selectron analyses at
172 GeV. For the selectrons the point tan/? = 2, \i — —200 GeV/c2 was used.

with the increased cross section but also with the broader distribution of the lepton
momenta from W^ boson decays.

For the data recorded at 161 GeV, the efficiency for slepton masses close to the
W± boson mass is irrelevant as the production cross section for sleptons of 80 GeV/c2

is negligible. At 172 GeV, this is no longer the case. Therefore the cut on xww is
not applied for slepton masses greater than 70 GeV/c2, where the sleptons become
indistinguishable from W* bosons. The point of the transition was determined with
the N95 procedure.

It is explicitly demanded that the lepton energies, i.e., the track energies with the
neutral objects in a cone of 10° added to it, falls in the range calculated for two-body
decays. The lepton energy for a slepton of mass m^ and a neutralino of mass mx must
be in the range:

En

mj ~
2(^/2 + js/A - mf )

m l ~ (8.5)

This is equivalent to the requirement that candidates contribute only where kinemati-
cally accessible.

The efficiency for the selectron and smuon analysis and the background is shown in
Table 8.3. The background increases substantially with respect to 161 GeV. Note that
for the selectron points no cut on xww is applied. The decrease of the background for
heavier neutralinos is due to the requirement on the lepton energies.

In detail, the efficiency for a smuon with a mass of 55 GeV/c2 is shown in Figure 8.4
as a function of the neutralino mass. The efficiency is rather flat over a wide range
of neutralino masses, increases, starting at about 30 GeV/c2, and then decreases at
about 40 GeV/c2. The slight increase seen at the end is due to the change of selection
to the dedicated small mass difference analysis [111]. The increase of efficiency from
30 GeV/c2 to 40 GeV/c2 is due to the cut on xww: The maximal lepton energy
decreases from 53 GeV to 38 GeV, i.e., less than the expected energy of about y/s/4.
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Figure 8.4: Efficiency of the smuon analysis for a smuon mass of 55 GeV/c2 as function
of the neutralino mass.

This induces a minimal xww, reducing the probability to obtain a small xww in the
signal.

The efficiency for selectrons is determined in the gaugino region. Due to the presence
of the t channel, which increases the production in the forward region, the efficiency is
reduced with respect to the pure s channel production for light (< 60 GeV/c2) selectron
masses due to their boost. This decrease can be be as large as 10%.

In the data one event was selected in the smuon analysis, in agreement with the ex-
pectation of 2.1 events from the background estimation. The background was obtained
by summing the the background for all slepton masses greater than 45 GeV/c2.

The lepton momenta of the candidate are 17.4 GeV/c and 19.4 GeV/c, making
the interpretation of direct decays of a W* pair unlikely. Cascade decays of W* pairs
via taus remain a possible interpretation. The event can also be interpreted as a
ZZ* candidate, but the recoil mass of 130 GeV/c2 is untypical for this process. The
agreement of data and background expectation for Xww is shown in Figure 8.5.

183 GeV

The analysis was adapted to 183 GeV. The neutral veto threshold is increased to 5 GeV
and photon conversions are identified before performing the calculations of acoplanarity
and p.

The increase in the centre-of-mass energy broadens the distribution of the lepton
momenta so much that the xww variable is no longer effective. It is therefore no longer
used in the analysis. The only cuts against the W± pair production background are,
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Figure 8.5: Data (points) at 161 GeV, 172 GeV and background expectation (solid
histogram) for Xww- The signal (dashed histogram), for a smuon of 50 GeV/c2 and a
massless neutralino, is arbitrarily normalised. In order to preserve sufficient statistics,
cuts were loosened for the plot.

as before, the requirement that the two leptons be of the same flavour and the lepton
energies must be in the range kinematically allowed by the slepton and neutralino mass
combination.

Slepton

ë
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m x
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Table 8.4: Efficiencies and background for the smuon and selectron analyses at
183 GeV. For the selectrons the point tan/? = 2, fi = —200 GeV/c2 was used.

In Table 8.4 the efficiency for the selectron and smuon searches and the background
are listed. The background increases with respect to 172 GeV due to the 25% increase
of the W ± pair production cross section. In the smuon analysis the efficiency increases
due to the abandoning of the cut on \ww •

In the data six selectron candidates are selected, where 10.2 are expected from
the background. In the smuon analysis seven candidates are selected where 9.2 are
estimated from the background expectation. In Figure 8.6 the distribution of the
energy of the leading lepton is shown. The data is adequately described by the Monte
Carlo.

130



S 14
S2
2 12

| 10
w
* 8

6

4

2

0
(

T

.i.,. i,.,i.

-

.i.

>

—(•—

1 1 •

10

)

l—

—i

• 1 i

20
1 i •

30

â

i 1 i

40 50

—i i—

| 1

60 70

E,

80

[GeV]

Figure 8.6: Energy of the leading lepton for the data (points) at 183 GeV and Monte
Carlo (solid histogram). Cuts were loosened in order to preserve adequate statistics.

8.1.2 Results

No excess of events is observed in the selections at the four centre-of-mass energies.
The shape of the variables is also consistent with the expectation from the standard
model alone. Therefore limits are set on the masses of the supersymmetric particles.
As right-handed sleptons are expected to be lighter than left-handed particles in many
models and, for pure s channel production, the production cross section is smaller, the
limits are, unless stated otherwise, calculated for right-handed particles.

The W* pair production background is an irreducible background to the selection of
acoplanar lepton pairs. While the estimation of the two-photon background is difficult,
a large reduction factor was already obtained and the source of missing energy lies in
the details of the detector simulation and is, after the experimental cuts, not due to
first order physics effects, the W* pair background is well under control. Therefore
background subtraction of this background is performed in the following according to
the PDG-formula [60, 61].

The most model independent of the model dependent limits is calculated for smuon
pair production. The cross section for this process depends only on the smuon mass
as supersymmetric parameter, as observed in chapter 3. In Figure 8.7 (Left) the limit
is shown in the plane (m^, mx) as the solid curve. At 95% C.L. smuon masses up
75 GeV/c2 are excluded. Most of the region is covered, but the small mass difference
(degenerate case) remains unexcluded.

The hidden assumption of this limit is that the branching ratio of the smuons to the
lightest neutralino is 100%. The impact of the reduction of the branching ratio due to
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Figure 8.7: Left: Limit on the right-handed smuon mass (solid line) for B(jj, —>•
100% and for tan/? = 2 and fj, = -200 GeV/c2 (dashed line). Right: Mass lower limit
for the right-handed selectron at tan/3 = 2 and \i = —200 GeV/c2.

the additional decay channel jj. —v pix' is shown for tan/? = 2 and \i — —200 GeV/c2 as
dashed line. The branching ratio is reduced sizably only for small neutralino masses,
therefore the limit is reduced only in this region by about 7 GeV/c2.

The selectron production cross section depends not only the selectron mass, but
also on the supersymmetric parameters of the neutralino sector due to the t channel
neutralino exchange. In the gaugino region the cross section for this process is en-
hanced. In Figure 8.7 (Right) the limit on the selectron mass is shown for tan/? = 2
and \i = —200 GeV/c2. Even though the efficiencies and the background are similar for
selectrons and smuons, the higher production cross section leads to stronger limit than
for the smuons. For massless neutralinos, selectrons are excluded above the W* boson
mass up to 85 GeV/c2, finally surpassing the limit from single photon counting exper-
iments. As the supersymmetry parameters are specified for this limit, the reduction of
the branching ratio is included automatically in the calculation of the limit.

Comparing the form of the excluded region to the smuon limit including the branch-
ing ratio, the limit is not reduced as strongly for small neutralino masses. In the se-
lectron case two competing components play a role: The branching ratio reduces the
cross section by a factor B2(ë —> ex), but the cross section itself increases for decreasing
neutralino masses, partially compensating the branching ratio effect.

Motivated by supergravity the additional assumption that supersymmetry is broken
at the GUT scale with a universal supersymmetry breaking parameter for the sleptons
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Figure 8.8: In the plane (mo, M2), solid curve: Exclusion by the smuon and selectron
searches (up to 172 GeV), dotted curve: sneutrino limit from LEP1, dashed-dotted
curve: exclusion sleptons at LEP1.5, dashed curve: chargino limit LEP1.5

can be made. The slepton masses are then calculated by the RGE, leading to the
formulas given in chapter 3. Sleptons of a given handedness are then essentially degen-
erate. Experimentally the highest sensitivity is reached, according to N95, when only
the smuon and selectron analyses are used. The tau analysis, which is not discussed
here, does not add sufficient efficiency to compensate the higher background.

For the canonical point of tan/? = 2 and pi = —200 GeV/c2, the limit in the
plane (mo,M2) is shown in Figure 8.8 [111]. The full line shows the slepton limit
(up to 172 GeV), which includes the components of right-handed pair production, left-
handed pair production and associated production of a left-handed with a right-handed
selectron, where kinematically accessible. The dotted line is the limit on the sneutrino
mass of 43 GeV/c2 mentioned in the introduction of the chapter. Also shown as dashed-
dotted line is the slepton limit if only the data recorded at LEP1.5 are used. Thus at
LEP1.5 it was possible to improve the limit from the sleptons with the sneutrino limit
from LEP1.

For small neutralino masses, corresponding to small M2, left-handed and right-
handed sleptons become almost degenerate. Thus the total production cross section
increases substantially. However, the branching ratio of the left-handed slepton to
charginos and the next-to-lightest neutralino is large, as shown in chapter 3. Effectively,
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the mass lower limit on the right-handed slepton is increased by 1 GeV/c2 in this
scenario.

In the (mo,M2) plane a limit on the mass of the lightest chargino is a limit on M2.
For charginos the kinematic limit is reached easily for most scenarios. However, the
limit is degraded down to 45 GeV/c2, the indirect limit from LEP1 corresponding to
M2 of about 25 GeV/c2, for certain regions. These correspond to the case where the
chargino and the sneutrino are nearly mass degenerate, i.e., the chargino being about
3 GeV/c2 (or less) heavier than the sneutrino.

In this region, the pair production of the charginos is practically invisible. The
sneutrino is lighter than the chargino, so the chargino two-body decay to a lepton and a
sneutrino is dominant. The final state of two soft acoplanar leptons is difficult to detect
due to the large background from two-photon processes for small mass differences.
In the extreme case of degeneracy, no particles are detected at all. In the example
shown, this hole is covered by the search for sleptons in the GUT scenario. Thus
slepton searches are an essential ingredient to complement the blind spot in the chargino
searches in supergravity motivated models.

The other LEP collaborations have also performed searches for the pair production
of sleptons [112, 113]. The published results at the time of writing cover only the
results obtained up to a centre-of-mass energy of 172 GeV. Comparing the results for
the reduced data sets, similar results were obtained by all collaborations.

8.2 Single Visible W± Bosons

"Well, o.k., but is anyone really interested?"

overheard in an ALEPH meeting in 1998.

Searching for pair produced charginos when the sneutrino is only slightly lighter, is
difficult to impossible for the standard searches. This scenario is frequently called
the "blind spot" [114]. In the previous section, it was shown that this scenario can
be covered by invoking scalar mass unification at the GUT scale using the slepton
exclusion regions.

However, GUT theories are based on theoretical prejudices, therefore it is always
preferable to use the least amount of assumptions possible. In [50] it is argued that
even without invoking GUT theories the blind spot can be covered, at least partially.

As W* bosons are produced in pairs at LEP, if one W* boson decays to chargino
and neutralino, and the chargino decaying to sneutrino (with a small mass difference)
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and lepton practically invisible, the event can still be tagged by the second W* decaying
to standard model particles.

The ansatz of the search for this mixed supersymmetric/standard model final state
of W* pair production is not necessarily restricted to the chargino/neutralino decay.
In principle a slepton/sneutrino decay is also possible, but there the limit on the sum of
the two masses is already greater than 80 GeV/c2, making this process uninteresting.

Two distinct topologies arise, characterised by the W^ boson standard model decay:
the W* boson decays leptonically or hadronically. The first scenario must be separated
further to the case of a single lepton, for real mass degeneracy, and a single lepton
with a barely visible, i.e., low energy, second lepton. For the hadronic decay a high
multiplicity environment is expected, a subdivision in this case is not warranted.

In the following section the analyses and the results of the search for single visible
bosons are described.

8.2.1 Event Selection

The event selections necessary to deal with the scenario described above are closely
related to the search for single W* bosons. The selection for the non-degenerate
leptonic case follows closely the selection of acoplanar lepton pairs. First the search
for the single lepton case is described, followed by the acoplanar lepton search. Finally
the hadronic selection is described.

Single Lepton Selection

If the chargino and the sneutrino are degenerate in mass, the standard model leptonic
decay of the other W± boson leads to a topology similar to the leptonic single
decay. The analysis starts therefore with the leptonic kernel.

Electrons, muons and taus are expected, due to lepton universality in the
decay, at equal rates. In this case, similar to the slepton GUT analysis in the previous
section, the tau final state is not used, as suggested by the N95 prescription. The track
is required to be identified as electron or muon.

To reject the background from single W* bosons, only the lepton energy, i.e., the
track energy with the neutral objects in a cone of 10° around the track added to it,
possesses a discriminating power, as shown in Figure 8.9. The difference arises as in the
signal, the lepton comes (calculable) from a two-body decay, while in the background
the W* boson recoils against the electron-neutrino system.
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Figure 8.9: Leading lepton energy for the signal and the single W± and Zee background
at 161 GeV (Top) and 183 GeV (Bottom). Arrows denote the location of the cut.

The energy of the leading lepton is required to be greater than 32 GeV and less
than 52 GeV at 161 GeV. The window is enlarged at 172 GeV from 26 GeV to 60 GeV.
Finally, at 183 GeV, thé energy must be greater than 24 GeV and less than 70 GeV.

The efficiency and the background are shown in Table 8.5. Typically an efficiency of
about 71% is obtained. The background is dominated by single W* and Zee processes.
The background is lowest at 161 GeV with 36 fb and increases to 96 fb at 183 GeV.
This increase is due on one hand to the increasing single W* cross section and on the
other hand the increasing boost of the pair produced W* bosons, which necessitates
the enlargement of the energy window.

In the data 2 events were selected, where 7.3 are expected from background pro-
cesses. The deficit reflects the deficit of electrons and muons in the single W* mea-
surement. There the overall number of selected events is agreement with the standard
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s (%)

aB (fb)

161 GeV 172 GeV 183 GeV
72 73 71

36 66 96

Table 8.5: Efficiency and background for the single lepton search in the mass degenerate
case.

model expectation, but the flavour composition shows a statistical fluctuation. One
event has an identified muon (172 GeV) already shown in chapter 6. A single electron
is selected at 183 GeV.

Acoplanar Lepton Selection

If the mass difference between the chargino and sneutrino is small but not vanishing,
the lepton of the chargino decay can be visible as a soft track. Due to the stringent
requirements on p and the visible mass in the standard analysis of the acoplanar lepton
pairs, the analysis must be adapted while retaining the high rejection power.

Two or four good tracks are required, the triplet mass, interpreted as a tau decay
must be less than 1.5 GeV/c2. The acoplanarity angle of the two leptons must be less
than 170°. The acollinearity angle of the two leptons is required to be greater than
10°. The standard acoplanar lepton photon veto is applied with a threshold of 4 GeV.

To reject the tagged two-photon background, the E i 2 energy is required to be zero.
Untagged two-photon events are rejected by requiring the transverse missing momen-
tum to be greater than 10%A/S-

As in the single lepton analysis, the leading lepton is required to be identified as
an electron or a muon. Its energy must fall in the ranges as for the single lepton case,
i.e., 32 GeV to 52 GeV at 161 GeV, 26 GeV to 60 GeV at 172 GeV and 24 GeV to
70 GeV at 183 GeV.

At this point of the analysis, the dominating background is W* pair production.
As the second lepton is expected to be soft, the energy of the lepton, i.e., the track
energy plus the neutral objects in a cone of 10° added to it, is required to be less than
5 GeV. The rejection power of this variable is shown in Figure 8.10.

The efficiency and the background estimation is shown in Table 8.6 for a mass
difference of 3 GeV/c2, when the chargino mass is 45 GeV/c2. The efficiency at the
lowest centre-of-mass energy is 65%, decreasing to 54% due to the increased boost of
the chargino. As the background is dominated by W* pair production, the background
increases from 161 GeV to 183 GeV as the W* pair cross section increases.

For the sum of the three centre-of-mass energies, a total background of 2.9 events
is expected. In the data no events were selected.
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Figure 8.10: Energy of the second lepton in the signal (mx± = 45 GeV/c2, mp =
42 GeV/c2) and the W* pair production background. The arrows denote the location
of the cut.

e (%)

<TB ( fb)

161 GeV 172 GeV 183 GeV
65 59 54

12 38 44

Table 8.6: Efficiency and background for the acoplanar lepton search in the mass non-
degenerate case with a mass difference of 3 GeV/c2.

Hadronic Selection

In a hadronic environment, the difference between a practically invisible W* boson
decay and a soft visible decay is not as pronounced as in the leptonic case. Therefore
the scenarios are treated jointly.

Starting from the hadronic kernel of the single W* analysis, the W* pair production
background must be attended to. As suggested by the N95 procedure, the visible mass
is required to be less than 90 GeV/c2, irrespective of the mass difference between the
chargino and the sneutrino.

The W ± pair production background is rejected further by inverting the strategy
to select the TUqq' final state: If a tau jet is reconstructed in the standard way and its
charged energy is greater than (2.5 -f- 0.2AM)%y/s, the event is rejected if either the
invariant mass of the hadronic system excluding the tau jet is greater than 60 GeV/c2 or
the angle between the two quark jets is greater than 150° at 161 GeV, 130° at 172 GeV
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£ (%)

(TB (fb)

£ (%)

aB (fb)

m* (GeV/c2)

45

45

42

42

161 GeV 172 GeV 183 GeV

30 39 41

70 188 209

24 37 33

73 206 235

Table 8.7: Efficiency and background expectation for the hadronic selections in the
single visible W* analyses for a chargino mass of 45 GeV/c2.

and 100° at 183 GeV. AM is defined as the mass difference between the chargino and
sneutrino. In the extreme case of 3 GeV/c2 difference in mass at 183 GeV, the energy
is close to the 5 GeV cut on the second lepton in the acoplanar lepton search.
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Figure 8.11: Missing mass for the signal (degenerate case) and the single W* back-
ground at 183 GeV.

In the single W* background, the visible hadronic system recoils against the electron
and neutrino system, whereas the recoil mass in the signal is expected to be about the
mass of the W* boson. As shown in Figure 8.11, the missing mass is required to be
greater than 70 GeV/c2 and less than 100 GeV/c2.

The efficiency and the background estimation of the selection for the two extreme
cases of mass degeneracy and a mass difference of 3 GeV/c2 are shown in Table 8.7. Far
above the W* pair production threshold the background increases substantially. The
lower efficiency at 161 GeV is due to the requirement on the hemisphere acollinearity
in the hadronic kernel as W ± bosons are produced with low velocity at threshold.
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In the data, one event was selected at 161 GeV, three events at 172 GeV and
ten events at 183 GeV, where 0.8, 2.2 and 13.4 events respectively were expected for
the loosest cuts, i.e., AM = 3 GeV/c2. For the tightest cuts, corresponding to the
mass degenerate case, no events of the sample were rejected, while the background
expectation is reduced to 0.8, 2.0 and 11.9.
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MmisJGeV/c2]
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Figure 8.12: For the data (points) recorded at 183 GeV, top: the missing mass and
bottom: charged momentum of the tau jet. Events without a tau jet are in the first
bin. Cuts were loosened to ensure sufficient statistics for the plots.

In Figure 8.12 the distributions for the data and Monte Carlo background expecta-
tion are shown for the event missing mass and the charged momentum of the tau jet,
where events with no reconstructed tau jet are placed in the first bin. The data are
adequately described by the Monte Carlo.

8.2.2 Results

The number of selected events agrees with the standard model background expectation.
Therefore limits are calculated.
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The main components of the background are single W* production in the leptonic
(single track case), single W ± production and W ± pair production in the hadronic case.
In both cases the backgrounds are not due to intricate detector effects, that are difficult
to simulate, but rather well known and calculable backgrounds. Therefore background
subtraction seems feasible.

The following background processes are considered to be subtractable for the lep-
tonic single lepton selection: single W ± background, when the W* decays directly
to electrons or muons. For the acoplanar lepton selection, no background is declared
subtractable. In the hadronic analyses, the W^ pair boson background is subtractable
if one of the W* bosons decays to a tau, thus avoiding problems due to the simulation
of the lepton identification close to a hadronic system. The single W ± boson events
decaying to hadrons are also subtractable. For the hadronic channel, for simplicity,
only the background for the degenerate case is used in the subtraction.

The background estimation is reduced by the statistical error of the Monte Carlo
sample. The signal efficiencies are reduced by 3% to take into account the systematic
error, which is dominated by the limited Monte Carlo statistics and lepton identification
efficiency. The procedure leads to a subtractable background of 14.3 events, where 16
events were selected in total in the data. The PDG formula is used to determine the
limit at 95% C.L. with background subtraction.

The limit on the branching ratio of the Y/^ boson to supersymmetric particles is
calculated in the following way (BSUsy + &SM — 1):

(l - Bsusy) < K(Nobs, Nsub) (8.6)
susy

where i denotes the three centre-of-mass energies and K(Nobs,Nsub) is the number of
events needed to be detected from the signal alone to exclude a process at 95% C.L. if
Nobs events are observed and Nsttb events are subtracted.

The efficiencies given in the previous sections are normalised relative to the respec-
tive signal channel. The total efficiency is then calculated as:

e = 0.325^£L + 0.675eQ (8.7)
o

where the factors 0.325 and 0.675 are the leptonic and hadronic branching ratio of
the standard model decay modes of the W* boson. SL and EQ are the efficiencies for
the leptonic and hadronic analyses. Using the factor 2/3 is the conservative approach
assuming that no efficiency in the signal is retained for cascade decays of taus to
electrons or muons.

The modification of the W* boson width leads to a change of the value of the
cross section. This is, however, a second order effect. Varying the W* boson width
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by 10% leads to a variation of the predicted cross section by about 1% for 172 GeV
and 183 GeV, as verified with the calculation of [82]. The cross sections used in the
calculation of the limit are reduced by 2% in order to take into account this effect and
the general theoretical uncertainty in the calculation of the cross section.

For a massless neutralino, the importance of this specification is explained later on,
the following two limits on the supersymmetric decays of the W ± boson are obtained:

(X± 45 v 45) < 1.3%

(X± 45 v 42) < 1.9%

The limit is slightly worse in the non-degenerate case due to the lower efficiency.

(8.8)

t
10

1

•

-

• • —

-

1 • • t 1

• • •

1 1 . 1 1 1 1

* *

I

*

, , 1 . . . . 1 i • . , 1

^ ^ .

1 I I . I 1 1 I | 1 I 1 1 I \

10 15 20 25 30 35 40

M, [GeV/c2]

Figure 8.13: For p = -200 GeV/c2, tan/? = 2 and mx± - mp < 3 GeV/c2 branching
ratio of W* boson to x±X (solid curve), branching ratio limit (dotted line). The
dashed line is the LEP1 chargino mass limit. The sum of the branching ratios 23(W —>•
X±x) + #(W -» X±X>) (dash-dotted curve) is shown also.

In Figure 8.13 the limit obtained for tan/? = 2 and \i — —200 GeV/c2 is shown, for
mx± — nip < 3 GeV/c2. For this point a mass lower limit of 51 GeV/c2 on the chargino
mass is obtained. Thus part of the region which needed to be covered by the slepton
searches in the GUT scenario is now covered without invoking GUT.

In the region M2 < 19 GeV/c2 the W ± boson decay to x±X> 1S kinematically allowed
also. As the sneutrino is lighter than the x\ the dominant decay mode of the x' is the
two-body decay to sneutrino and neutrino, thus also being invisible. The branching
ratio B(W -* X±x') is large since the wino (bino) component Z,-2 (Zn) of the x' 1S

larger (smaller) than that of the x- The W ± boson couples to the neutralino only via
its higgsino and wino components.
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A caveat must be voiced for the application of the limit. The branching ratio is
calculated for massive particles, however the cross sections used above are the CC03
cross sections. These are calculated in the limit of vanishing fermion masses, a well
justified approximation for the W± boson standard model decay modes. However
as neutralino and chargino are massive, the approximation is not valid in general.
Essentially in the integration of one of the Breit-Wigner functions the lower boundary
must be raised to (mx± + nax)

2. If the sum of the masses of the decay products were
80 GeV/c2, the cross section would be reduced by half for centre-of-mass energies far
above W* pair production threshold (172 GeV, 183 GeV). For the limit given above,
the sum of the chargino and neutralino mass is 68 GeV/c2, so that the cross sections
were reduced by 3% to account for the effect.

In the direct reconstruction of the W* boson mass, OPAL and L3 measured its
width to be [11]:

T^ = 1.74 tori (stat) ± 0.25 (syst) L3
(8.9)

Tw = 1.30 toïl (stat) ±0.18 (syst) OPAL

Thus with the current statistics, the results are not competitive with the direct search.

The results derived in this chapter can also be compared with the determination of
the W* boson's width from the Tevatron. Via the measurement of the standard model
branching ratios, a limit of 7% on invisible W* boson decays was obtained. The limit
from the direct measurement via the tails of the W* is larger, but is in principle less
dependent on model assumptions as the effect is directly measured.

The search for the mixed supersymmetry/standard model final state of W* pair
production improves on the existing knowledge of practically invisible supersymmetric
decays of the W* boson. While the main emphasis of this chapter was the search
for these special supersymmetric decays, the limit on the branching ratio is generally
applicable with the caveats mentioned above. Therefore one can conclude that a limit
on the branching of a practically invisibly decaying W* boson is determined to be 1.3%.

NEXT
Belt F\
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Chapter 9

Conclusions

In this chapter the results obtained in this thesis on the study of W± boson pair
production, single W* boson production, the search for the charged Higgs boson and
the search for supersymmetry will be summarised. Some examples for the application
of the analyses beyond the topics described in this thesis will be given. A short outlook
on the future will be given also.

For the analysis of W± pair production, selections for the fully leptonic final state
and the semileptonic final state, where the lepton is a tau, were developed for the
three centre-of-mass energies of 161 GeV, 172 GeV and 183 GeV. In combination with
another fully leptonic selection, a dedicated semileptonic selection, where the lepton is
an electron or a muon, and the measurement of the hadronic cross section, the cross
sections of W* pair production were measured.

The measured cross sections are in good agreement with the standard model ex-
pectation. In particular the measurements confirm the necessity of including all three
(CC03) production diagrams, i.e., the s channel 7 and Z boson exchange and the t
channel neutrino exchange.

The measurement of the production cross sections of the individual final states
permits to measure the standard model branching ratios. In particular, the branching
ratio of the W* boson decay to hadrons was measured to be:

5(W -+ hadrons) = 69.0 ± 1.2 (stat) ± 0.6 (syst) % (9.1)

While the measurement of the leptonic branching ratio is performed at the Tevatron,
the hadronic branching ratio for on-shell W* bosons is only accessible at LEP.

The second result derived from the measurement of the cross sections is the mass
of the W* boson. The main sensitivity lies in the data recorded at 161 GeV, with a
small additional sensitivity at 172 GeV. The W* boson mass was determined to be:

mw = 80.20 ± 0.33 (stat) ± 0.09 (syst) ± 0.03 (LEP) GeV/c2 (9.2)
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This is final value of the mass via the threshold method from ALEPH.

The LEP electroweak working group combined the threshold measurements from
the four experiments giving [1]:

m w = 80.40 ± 0.22 (exp) ± 0.03 (LEP) GeV/c2 (9.3)

This result is still far from the goal of a measurement with a precision of ±40 MeV/c2,
but will contribute to the reduction of the error.

For the future of the analyses, it was already shown that the basic structure of
the analyses is robust. For the increases in the centre-of-mass energy only minor
modifications were necessary. The analyses form a strong base for the selection of the
rz/qq' and Ivlv final states for even higher centre-of-mass energies.

Even though the results were not mentioned in the thesis, from the selection of the
fully leptonic and semileptonic final states the individual branching ratios to electrons,
muons and taus are measured. Currently the branching ratios can be measured with
a (relative) precision of 10%. No large increase of the W ± boson pair production cross
section is expected. With an additional data set of 400 pb"1 , a relative precision of
4% can be achieved at best. Thus even at the end of LEP running the measurement
in the tau sector at LEP1 will remain the most precise test of lepton universality.

The measurement of the W* boson mass has now shifted from the determination
via the threshold method to the direct reconstruction. While the fully leptonic selection
cannot be used, the ri/qq' final state is useful. The analysis presented in this thesis is
used as the selection for the mass measurement [115].

Analyses were designed for the selection of single W* bosons decaying either hadron-
ically or leptonically. The single W* boson cross section, combining the three centre-
of-mass energies, was measured to be:

<rw = 0.40 ±0.17 (stat) ± 0.04 (syst) pb (9.4)

The cross section value is given for the centre-of-mass energy of 183 GeV. The mea-
surement is in good agreement with the standard model prediction.

The cross section is sensitive to the W* boson coupling 7WW. The limit on the
cross section translates into the following limits on the couplings A7 and K^\

-1.6 < K7 < 1.5
(9.5)

-1.6 < A7 < 1.6

Only one coupling is allowed to vary at a time and the other one is fixed to the standard
model value.
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As the production cross section for single W* bosons grows with increasing centre-
of-mass energy, one can conservatively estimate the impact of an additional data sample
of 400 pb"1 at higher energy by reducing the error on the cross section measurement
by a factor 2.4. Additionally it is assumed that the systematic error remains constant.
At the end of LEP running in this conservative approach one can hope that A7 will be
constrained at least to about unity from this measurement alone and KT to about 1.1.

The combination of the single W* analysis with the limit from the search for single
photons, an analysis which is also sensitive to A7 and «7, will improve the limit even
without a larger amount of data. Further down the road, the measurement can also
be combined with the results determined via the direct reconstruction of the W* pair
events. The latter demands a consistent treatment of the backgrounds in the respective
analyses, especially of the W* pair background in the single W* analysis and vice versa.
This was first exploited by DELPHI in [85] by treating the analyses of W* pairs and
single W± bosons jointly.

The determination of the limits on the anomalous couplings is an example of con-
straining physics beyond the standard model via the measurement of a standard model
process. This method is especially powerful in absence of a specific model to be tested
as it parametrises the ignorance of the underlying model in observable quantities. For
specific models the direct search for new particles is a complementary and often more
powerful approach.

The standard model can be extended in the Higgs sector by adding a second complex
scalar doublet. In particular, charged Higgs bosons are predicted. A search for these
particles in the final state ruqq' was performed with the data recorded up to a centre-
of-mass energy of 172 GeV. No signal was observed, leading for the most optimistic
branching ratio of 5(H± —> TU) = 50% to a mass lower limit of this analysis alone of:

^(H± -> TU) = 50% : mH± > 56 GeV/c2 (9.6)

The limit must be considered "lucky" as 2.3 events were expected from standard model
background processes alone, but no events were selected.

In combination with the analyses for the fully leptonic and fully hadronic final state,
a mass lower limit of:

. mH± > 52 GeV/c2 (9.7)

was achieved. This limit is independent of the branching ratio ^(H* -» TU) and is
essentially the limit in the qq'qq' channel.

The limit will be improved by including the data recorded at 183 GeV and the
future high energy runs. The search for a charged Higgs boson of W* boson mass is
equivalent to the search for an excess in the Tuqq' final state of W* pair production.
Due to the strongly suppressed production cross section for scalars close to threshold,
the W^ boson mass will most likely not be reached in the rvqq' channel.
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The minimal supersymmetric extension of the standard model introduces a sym-
metry between bosons and fermions. Each standard model particle receives a new
supersymmetric partner. The MSSM is constructed with a Higgs sector which has a
two-doublet structure. Charged Higgs bosons in most regions of parameter space are
expected to be heavier than the W* boson.

Analyses for the selection of pair produced selectrons and smuons were developed
on the basis of the selection of the fully leptonic decay of W± pair production. No
evidence for the production of these particles was observed. New regions in the plane
(m^ , mx) were excluded. In particular, for a massless neutralino, the following mass
lower limits were obtained:

mAR > 75 GeV/c2

(9.8)
mëR > 85 GeV/c2

The limit on the smuon mass assumes a branching ratio of B{jx —¥ fix) = 100%. For
the selectrons the mass lower limit was calculated for fi = —200 GeV/c2 and tan/? = 2,
i.e., typical of the gaugino region, where the production cross section of selectrons
is enhanced due to the contribution of the neutralino t channel exchange. Assuming
a universal soft supersymmetry breaking parameter at the GUT scale, for massless
neutralinos, the limit is improved by about 1 GeV/c2 with respect to the selectron
limit.

A LEP SUSY working group has been formed in order to combine the results of the
four experiments on searches for supersymmetry. The combined results for sleptons
are available only for the data recorded up to centre-of-mass energies of 172 GeV [116].
They are therefore less constraining than the limits given above. The combination for
the full data set will be significantly better than any of the individual results.

The analysis developed in this thesis was used also for other signals. The search for
acoplanar lepton pairs was used in the search for the TUTU final state of pair produced
charged Higgs bosons at 133 GeV, the search for staus at 133 GeV and the searches for
charginos decaying leptonically, for the three-body decays as well as for the two-body
decays. For the chargino analyses at 161 GeV and 172 GeV, the basic acoplanar lepton
selection was simply augmented by a cut on the energy of the leading lepton to reduce
the W* pair production background [117].

The analysis has been consistently adapted with ease to ever higher centre-of-mass
energies. It can therefore be considered as the basis also for the future energy increases.
The expected limit on the masses of supersymmetric particles depends strongly on the
final centre-of-mass energy and the integrated luminosity.

The W boson mass will probably be passed in the search for smuons in contrast to
the charged Higgs boson search. This prediction is based on three observations: The
magnitude of the production cross section of the two processes is similar. The efficiency
for the smuon search is higher and most importantly, the irreducible background for
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the charged Higgs boson is about 14% of all W* pair final states, but for the smuons
only about 1%. Thus for 400 pb"1 at 192 GeV, a background of about 63 events can
be expected, and 25 signal events are expected to be observed. Additionally the results
from the four LEP collaborations will be combined, which will improve the final limit.

Searches for sleptons are not only interesting per se, but also in combination with
the chargino analyses in GUT scenarios. In particular, they can serve to cover the
blind spot in the chargino analyses, when the sneutrino is less than about 3 GeV/c2

lighter than the chargino, leading to an essentially invisible final state.

If a W* boson decays to chargino and neutralino and the sneutrino is slightly lighter
than the chargino, the W* will be practically invisible. However, as W± bosons are
produced in pairs, the invisible decay of one W* boson can be tagged by the decay to
standard model particles of the other one. This process permits to cover the blind spot
of chargino analyses, at least in some regions of parameter space, without invoking
GUT theories.

Selections for the search for the mixed supersymmetric/standard model final state
were designed. The number of observed events was consistent with expectation from
the standard model alone. This observation was translated, as an example, into a limit
of

mx± > 51 GeV/c2 (9.9)

which is valid for tan/? = 2 and /i = -200 GeV/c2.

While the main motivation of the search was the supersymmetry scenario, the limit
can also be formulated as a limit on the invisible branching ratio of the W* boson.
This limit,

B(W± -> inv) < 1.3% (9.10)

is valid for any practically invisible decay of the W* boson, where the sum of the
masses of the decay products is significantly less than the W* boson mass.

To conclude the conclusions, the increase of the centre-of-mass energy of LEP be-
yond the Z boson resonance peak has opened a wide field for new physics analyses,
only some of which have been described in this thesis. The high energy period of LEP
will continue to provide the opportunity to measure parameters of the standard model
and search for physics beyond the standard model for several years to come.

NEXT PÂOE{S)
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Résumé

En 1995 LEP, le grand collisioneur e+e au CERN,,a augmenté l'énergie de collision
au delà de la résonance du boson Z jusqu'à 184 GeV en 1997, Les données enregistrées
par le détecteur ALEPH permettent d'étudier des paramètres du modèle standard et
de rechercher de nouvelles particules.

La masse du boson W peut être déterminée à LEP par la mesure de la section efficace
de production de paires de W au seuil. Deux sélections pour les états finals Ivlu et ruqq'
sont développées. En combinaison avec les autres canaux de désintégration, la masse
du boson W et ses rapports d'embranchement sont mesurés. La réaction e+e~ -> Wei/
donne accès au couplage 7WW. La section efficace de ce processus est mesurée et des
limites sur des couplages à trois bosons de jauge (A7, /c7) sont déterminées.

Le modèle standard non-minimal avec un doublet scalaire supplémentaire prédit
l'existence de bosons de Higgs chargés. Une sélection de l'état final ri/qq' est développée.
En absence d'un signal, des limites sur la masse des Higgs chargés sont déterminées.

Dans une théorie supersymétrique, à chaque boson est associé un fermion et vice
versa. Une recherche des sleptons, les partenaires supersymétriques des leptons, est
effectuée. Le résultat est interprété dans le cadre du modèle supersymétrique minimal
(MSSM). Par ailleurs, dans le MSSM, une désintégration pratiquement invisible d'un
W est possible. Cette désintégration peut être détectée si le deuxième W se désintégre
dans un mode standard. Une limite sur le rapport d'embranchement invisible du W
est déduite.

Mots clefs : ALEPH
LEP
boson W
Higgs chargé
supersymétrie


