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Zusammenfassung

Im Standardmodell der Elementarteilchen erhalten die W und Z Eichbosonen ihre
Masse durch die spontane Brechung der Symmetrie durch ein komplexes skalares Feld.
Die anderen Teilchen wechselwirken ebenfalls mit diesem Feld und erhalten Masse
proportional zur Starke der Wechselwirkung. Dieses Modell erfordert die Existenz eines
skalaren Teilchens, genannt Higgs Boson, dessen Masse nicht vorhergesagt wird.

Die Higgs Kopplungen an die Eichbosonen und die Quarks und Leptonen werden
jedoch im Standard Modell vorhergesagt und wir erwarten, daf das Higgs Teilchen mit
kleiner Masse hauptséichlich in b-Quarks zerfallt. Da das Higgs Boson neutral ist und in
erster Naherung nicht an Photonen koppelt ist das vom Standard Modell vorhergesagte
Verzweigungsverhéltnis BR(h— ~7) klein.

In Erweiterungen zum Standard Modell wird ein sogenanntes fermiophobisches
Higgs Boson vorhergesagt, dessen Kopplungen zu allen Fermionen unterdriickt sind.
Solch ein Teilchen wird fiir Massen unter etwa 90 GeV hauptséchlich in ein Photonen-
paar zerfallen.

Diese Arbeit enthalt die Ergebnisse der Suche des Zerfalls eines Higgs Bosons im
Zerfallsmodus h— 7. Die analysierten Daten wurden in e*e~ Kollisionen mit der
Schwerpunktsenergie zwischen 189 GeV und 209 GeV am Large Electron Positron
Collider (LEP) aufgenommen. Die Grofie des Datensatzes entspricht einer Luminositat
von etwa 600 pb~!.

Der Hauptproduktionsmechanismus des Higgs Bosons ist bei diesen Energien die
assoziierte Produktion mit einem Z Boson, der ete~ — hZ Prozess. Alle moglichen
Zerfallsmoden des Z Bosons wurden untersucht. Dies fithrt zu den Endzusténden qgyyy,
viyy und £ yy, mit £ = e, p, 7.

Keine Evidenz fiir den Zerfall des Higgs in zwei Photonen wurde beobachtet. Das
negative Suchresultat wurde in obere Grenzen fiir das Verzweigungsverhiltnis des Higgs
Zerfalls in zwei Photonen iibersetzt. Die ausgeschlossenen Higgs Massenwerte werden
als Funktion des h— 77y Verzweigungsverhaltnisses fiir den Fall des fermiophobischen
Higgs prasentiert. Die erhaltene Grenze fiir die fermiophobische Higgs Masse ist 105.4
GeV mit 95 % Konfidenz, die Monte-Carlo Simulation ergab 105.3 GeV. Dieses Ergeb-

nis steht als die endgiiltige Massengrenze die bei LEP mit dem L3 Experiment erreich-
bar war.



Abstract

In the Standard Model of particle physics the mass generation of the W and Z gauge
bosons is achieved through the spontaneous symmetry breaking of the gauge symmetry
by a complex scalar field. The other particles also interact with this field and acquire
mass proportional to the strength of the interaction. This model requires the existence
of a scalar particle called the Higgs boson, whose mass is not predicted.

The Higgs couplings to the gauge bosons, quarks and leptons are predicted in the
Standard Model and we expect that the Higgs boson will decay mostly to b-quarks
for low masses. Since the Higgs boson is neutral and does not couple to photons at
tree level, the branching fraction BR(h— ) is predicted to be small in the Standard
Model.

Extensions of the Standard Model predict a so-called fermiophobic Higgs boson
whose couplings to all fermions are suppressed. Such a particle will decay predominantly
into a photon pair for masses below 90 GeV.

This thesis presents the results of the search for a Higgs boson in the two photon
decay mode. The data were obtained in e*e™ interactions at centre-of-mass energies
between 189 GeV to 209 GeV, at the Large Electron Positron (LEP) collider. A data
set corresponding to a total integrated luminosity of about 600 pb~! was analysed.

The main production mechanism of the Higgs boson at these energies is the asso-
ciated production with the Z boson, the efe~ —hZ process. All the possible Z decay
modes have been considered. This gives rise to q@yy, viyy and £+~ yy, with £ = e, p1, 7,
final states.

No evidence of the production of a Higgs particle decaying into two photons was
observed in the analysed sample. The negative search result is translated into upper
limits on the branching fraction for the Higgs boson decay to two photons. The excluded
Higgs mass values as a function of the h— ~+y branching fraction are presented for the
case of a fermiophobic Higgs boson. The reach in the fermiophobic Higgs mass is of
105.4 GeV at 95% confidence level, while a limit of 105.3 GeV was expected from Monte
Carlo simulations of the experiment performance. This result stands as the final mass
limit which could be obtained at the LEP collider with the L3 detector.
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Chapter 1
Introduction

The discovery of the electron by J. J. Thomson, in the year 1897, can be considered
as the beginning of particle physics. Many experimental and conceptual successes have
been achieved since then. Our current understanding of the subject is summarized in
the so-called Standard Model, which has been tested with high precision at particle
physics laboratories around the world. Up to now there is no confirmed result from any
experiment that contradicts the Standard Model.

The fundamental particle interactions described by the Standard Model are the
electromagnetic, weak and strong nuclear forces. The electromagnetic forces between
one charged particle and another are mediated by the exchange of massless photons.
Electromagnetic interactions are well described by the quantum theory of electrody-
namics, called QED. Meanwhile the strong nuclear interactions are described by Quan-
tum Chromo Dynamics (QCD), and are mediated by massless bosons, called gluons.
These were discovered at the DESY laboratory in Germany in 1979.

According to the unified theory of the weak and electromagnetic interactions -
developed by Glashow, Weinberg and Salam in the 1960s - weak nuclear interactions
such as beta decay should similarly be mediated by the exchange of charged (W* and
W~) and neutral (Z) massive intermediate bosons. These were discovered at CERN,
the European laboratory for particle physics near Geneva in Switzerland, in 1983. Their
mass is about 80 and 91 GeV, respectively. Thus all the fundamental interactions have
very similar structures, but the question why only the weak bosons are massive remains
open.

As already mentioned, the first elementary matter particle to be identified was the
electron, which weighs about 0.5 MeV and has an intrinsic spin of one half. This was
followed by the discoveries of other particles, called leptons, which do not feel the strong
nuclear interactions: the unstable muon in 1936 (weighing about 100 MeV) and the
tau lepton in 1975 (about 1.8 GeV). Each of these three charged leptons has its own
associated uncharged neutrino, and experiments at the Large Electron Positron (LEP)
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accelerator at CERN have shown that there are no more similar neutrinos. New data
have also established upper limits on the possible masses of the neutrinos, which are
much less than those of the corresponding charged leptons.

The strongly interacting particles, known as hadrons, that have been discovered
since the 1940s are known to be composite bound states of more elementary entities
called quarks. We now know that there are six different types of quarks, and that
their masses range from a few MeV, for the up and down quarks that make up the
conventional nuclear matter, to about 5 GeV for the bottom quark discovered in 1977.
The top quark, which was discovered in 1994 in proton-antiproton collisions at Fermilab
near Chicago, weighs around 174 GeV.

Although the strong nuclear forces are - as their name suggests - strong, it is known
that they get weaker at high energies, which corresponds to short distances. This prop-
erty of "asymptotic freedom” is a central prediction of QCD. Like the other elementary
particle interactions, QCD is what we call a ”gauge theory”. Most particle theories have
symmetries under which the properties of a particle, such as its charge and spatial co-
ordinates, can be changed without altering the predictions of the theory. The special
feature of a gauge theory is that these transformations can be made independently at
each point in space and time. This is possible if the exchange particles that mediate
the interactions have integer spin: in other words, if they are vector bosons. In QED,
the prototype gauge theory, the photon has a spin of 1. Gauge theories provide the
only consistent description of the interactions of such particles.

Particle physics has been dominated in recent years by a series of precision tests of
the Standard Model, including both its strong and electroweak sectors. The asymptotic
freedom of the strong interactions has been confirmed in a large number of experiments.
Tests of the electroweak sector have been dominated by high energy collisions between
electrons and positrons at LEP and at the Stanford Linear Collider (SLC) in California.

For the first few years of its operation, the beams at LEP were tuned such that
their energies corresponded to the mass of the Z particle. At these specific energies, the
rate at which the electron-positron interactions occur is enhanced, and a graph of the
interaction rate versus energy shows a "resonance peak”. The height and the width of
the peak depend on the number of modes in which the short-lived Z particles decay. It
also includes decay modes that cannot be detected directly, such as those into a pair
of neutrinos. The LEP measurements tell us that there are precisely three neutrino
species.

In addition to measuring the total interaction rates, LEP and the SLC have pro-
vided many other precision measurements, including the relative probabilities for the
Z particle to decay into different heavy quarks, the angular distributions for particle
production, and their dependencies on the particle spins.



Many of these measurements are accurate to the permille level, and none differs sig-
nificantly from the Standard Model predictions. These predictions require calculations
of the small quantum corrections due to virtual particles that are emitted by a particle
and exist briefly before being re-absorbed. These corrections can be calculated reliably
within the electroweak theory. In many quantum theories, these corrections are infinite,
and it is not possible to make reliable predictions. It is one of the successes of gauge
theories that these infinities can be removed, allowing finite predictions for physical
quantities to be made. This was first done for QED in the 1940s. In the early 1970s
't Hooft and Veltman proved that it could also be done for the electroweak theory - an
achievement for which the 1999 Nobel Prize for Physics has been awarded.

These so-called loop-calculations are sensitive to the masses of virtual particles,
including those which are too heavy to be produced directly at LEP or the SLC. In
particular, the various measurements from the Z decays are quite sensitive to the mass
of the top quark. Particle physicists were therefore able to successfully predict the mass
of the top quark before it was discovered, by confronting the Standard Model with all
the measurements and determining which mass fitted best.

In its last years of operation, LEP beam energies have been raised well above
the threshold for Z production such that pairs of W bosons could be created and
studied in detail. According to the Standard Model, the W pairs can be produced if
the electron and positron first create a photon or Z boson, or exchange a neutrino. All
three contributions are required to explain the LEP data, and the measurements are
in good agreement with the theoretical predictions.

There are still some key features of the theory that have not yet been tested. One
of these is the origin of the particle masses. According to the Standard Model, the
underlying field theory can be formulated in terms of massless particles, in a very sym-
metric way. However, the electroweak vacuum is believed to break this symmetry, and
give different masses to different particles. The reason for this spontaneous symmetry
breakdown is believed to be a scalar field, which has an associated particle called the
Higgs boson. The precision electroweak data described earlier are sensitive to the mass
of this particle, and currently indicate that it weighs between 115 GeV and 300 GeV.

The search for the Higgs boson has been one of the continuing objectives of the
LEP experimental programme. This thesis describes the search for the Higgs boson
through its decay into two photons. The structure of the work is as follows. In the
beginning a short overview of the Standard Model concepts is given, and the Higgs
mechanism by which the fundamental particles obtain their masses is introduced. The
experimental environment, the LEP collider and the L3 detector are then presented.
The following chapters describe the analysis procedure and the results obtained. More
technical information can be found in the Appendices.



Chapter 2

Theoretical overview

The Standard Model is our current theory for the quantitative description of all inter-
actions of fundamental particles except gravity. Up to now it is extremely successful:
all measurements are in agreement with the Standard Model predictions.

The Standard Model is a renormalizable relativistic quantum field theory based on
non-Abelian gauge symmetry [1] of the gauge group SU(3)¢c x SU(2), x U(1)y. It has
two sectors: Quantum Chromo Dynamics (QCD) and the Electroweak Theory. QCD
is a vector gauge theory which describes the SU(3)¢ color interactions of quarks and
gluons. The Electroweak Theory describes the electromagnetic and weak interactions
of the quarks and leptons as a chiral non-Abelian isospin and an Abelian hypercharge
gauge symmetry SU(2); x U(1)y. The gauge bosons W* and Z become massive as a
result of the Higgs mechanism, while the photon remains massless. The true dynamics
behind the Higgs mechanism is not yet known. The simple one doublet Higgs sector
predicts the existence of a single Higgs boson with well defined properties and its
experimental search has high priority.

2.1 Fermi theory

The theory of weak interactions began in 1933 with Fermi’s theory of the process
n — pe v, the B-decay of the neutron (he also suggested the name neutrino for
the hypothetical particle invented by Pauli in 1930 to explain the continuous energy
spectrum of the electrons in beta decay). Weak interactions were treated as pointlike
interactions between four fermions, as shown in Figure 2.1.

The Fermi theory of weak interactions describes processes when electrons, neutrinos
and atomic nuclei are created and annihilated. Fermi’s original interaction involves two
interacting vector currents in analogy with the electromagnetic interaction describing
electron-electron scattering. The discovery of parity violation in 1957 [2] lead to the

proposal that the Lagrangian of weak interactions, for §-decay, is given by the products
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=
<l

Figure 2.1: The four-fermion Fermi interaction.

of vector-axial vector (V-A) currents

Lp(z) = -G\/—;(I_’(I)’Ya(gv — 9475)(7)) (&(2)7Ya(1 — 5)v(z)). (2.1)

where the vector coupling, gy, of the nucleon is slightly smaller than one and is given
by the Cabbibo angle, gy = cosfc = 0.97. Here z is a space-time coordinate, v, are
the Dirac matrices and g4 is the axial-vector coupling.

The ratio of the axial to vector couplings of the nucleon is known from the study
of beta-decay with total angular momentum transitions of AJ=0 and 1 resulting in
94/gv=-1.257340.0028 [3]. This Lagrangian can be used to calculate the neutron life-
time in leading order of perturbation theory in terms of the Fermi coupling constant
Gp. From the experimental value of the neutron lifetime 7=887.0+2.0 s one obtains a
first estimate of the value of the Fermi constant G ~ (250 GeV)™2 = 1.6 x107% GeV 2.

With the discoveries of the pion 7, the muon p and the strange hadrons the V-
A structure of weak interactions has been established in a variety of experiments.
Further progress has been made with the discovery that the electron and muon numbers
are separately conserved and that the neutrinos associated with the muons are new
particles. The data have indicated that the strength and form of the four fermion
interactions between fermionic doublets (p,n), (e,ve), (1,7,) is universal. In particular
the muon decay can be described by a Lagrangian written as

Gr

Ly(z) = \/5‘7#(1')70(1 = ¥5) (z)&(z)Va(l — ¥5)ve(z).

The photonic corrections to this transition are finite in all orders of perturbation theory
[4]. The leading corrections have been calculated 20 years ago [5] whereas the O(2)?
term has been obtained by van Ritbergen and Stuart only very recently [6]. The muon
lifetime is thus given by the theoretical expression

7, 19273

b Gzpmi 8m3 o a\ 2
( y —) [1+1.810 (;) + (6.701 + 0.002) (;) i)

2
ml‘



2.2. WEAK ISOSPIN AND HYPERCHARGE 9

This equation offers a convenient definition of the Fermi-coupling G by assuming that
the non-photonic corrections are all lumped into G in a way that it can be considered

a physical quantity. Using the measured value of 7, (3] we obtain:
Gr = (1.16637 £ 0.00001) x 10™° GeV 2.

The old Fermi theory for the weak interaction is not a renormalizable theory; its
validity was limited to tree level calculations at /s << M. For a renormalizable
theory, a finite number of measurements will fix the finite number of parameters, leaving
us with a theory capable of predicting all further measurements. A nonrenormalizable
theory has an infinite number of parameters appearing in the full quantum theory, and
therefore has no predictive power beyond tree graphs.

2.2 Weak isospin and hypercharge

We know today that the interaction in Eq. (2.1) is mediated by the exchange of a W
boson. The exchange of a W boson, at negligible momenta with respect to its mass,
My, gives rise to a four-fermion interaction of the form of Eq. (2.1):
g is
Ly =——=W;J™ + h.c. 22
1 2\/5 a ( )

Iy = [Pe(z)7a(1 = ¥5)e(x) + P(2)Ya(l = 75)n(2)]
where W* = W £ iW2. We identify Gp with 555, and by requiring that the dimen-
sionless coupling g does not exceed 1, we have an upper bound on the W mass of about
110 GeV, My < 110 GeV.

The charged current can be considered as the charged component of the weak
isospin. We can rewrite the charged current in Eq. (2.2) in the form

Tt petp i i i t
37a = Ni(2)7aT"Ni(2) + Li(z)1aT"Li(z)

where 7™ are the SU(2) generators, related with the Pauli spin matrices by T = ¢%/2,
and we organized the left handed fermion fields in doublets (the charged current in Eq.
(2.2) does not involve the right handed fermions):

NL(z)zp(p(x)), LL(I):P(V(I)>, P=%(1—75).

n(z) e(z)
The operators 7= = T' + iT? obey the commutation relation
7,17 =21 £ Q.

This defines the SU(2),, algebra, which includes apart from the charged generators T+
also a diagonal generator which is neutral. We know another diagonal generator, the
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electrical charge Q. @ does not commute with T#, but it can be written as a linear

combination of T and another neutral generator, the so-called hypercharge, Y
Q=T*+Y

which commutes with all the T*.

Since hadrons are made out of quarks, we have to replace the nucleons with the
quarks. The SU(2);, x U(1)y quantum numbers of left and right handed quarks and
leptons are listed in Table (2.1). The spin one half matter fields form three quark-lepton
families. Matter fields can be classified in terms of left handed Weyl-spinors.

Name/Symbol T3 Y= T3 Yp=__ Q. . Mas(GeV) Year of
Q-T3 Q-Tp Discovery
First family of fermions
Electron Neutrino v, % -% 00 .20 0, 228208 1956
Electron e -1 -1 0 -1 -1 0.511-1073 1897
Up quark U S 0o 2 2 1-5-107% 1968
Down quark d -% % 0 -% -% 3-9.1073 1968
Second family of fermions
Muon Neutrino vy, 1 -1 0 0 0 <019-107% 1962
Muon TR A 0 -1 -1 0.106 1937
Charm quark c 1 1 0 2 2 115-135 1974
Strange quark s -1 & 0 -1 -+ 75-170-107% 1968
Third family of fermions
Tau Neutrino Ve s -3 e 0" < 181078 2000
Tau T -3 3 0 -1 S W 1975
Top quark t 11 Bl 2 1743+5.1 1994
Bottom quark b -1 1 0 -3 -5 40402 1977

Table 2.1: The fundamental fermions of the Standard Model. Most of the
quark masses are from Ref. (7], where the determination of the
masses for u,d,s,c,b quarks is discussed. For u,d,s the so-called
current- or bare-quark masses are quoted.

The fundamental spin half particles can be grouped into a reducible multiplet of
doublet fermions and singlet antifermions. One quark-lepton family is composed of

¥ = (U5, DL, LL.BL),  £=1,23
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with f being the family label. The corresponding Dirac spinors will be labeled as ¥y
where x runs over the values x = U, D, E, N and

fU=ulC’t1 fl)zdysvbv fE:evuvTv and szVmV/.nV‘r (25)

where f, is the family label for a given component of the families.

2.3 Yang-Mills theories

The universality of the interactions, the weak isospin structure and the analogy with
QED pointed to the Yang-Mills theory with a gauge group of SU(2), x U(1)y (8], [9].
The SU(2), part is generated by the three components of the weak isospin, 7%, and
the U(1)y by the weak hypercharge Y. We call W** and B* the corresponding gauge
bosons. In the case of the abelian gauge field B* associated with U(1)y, we define the
field strength tensor B* by

B¥ = g"B" —g!B".
The field strength tensors for the three non-abelian gauge fields W* associated to
SU(2),, are:
W = QW — FW 4+ gep WHW*,
where €5 is the Levi-Civita tensor.

The Lagrangian is given in terms of the two gauge coupling constants g and g

3
Lo _}lwf'wwlju - %B“"B,.., +2) ¥y Du,
=1

where D* is the covariant derivative
D* = 3% +igtiWhH 4+ ig Y B*,

with # being the matrices representing the SU(2), generators T" on the fermion matter
multiplets ¥4 .

The neutral component of the W* fields, W*, mixes with the abelian field B, to
form the physical states

A, = —sinfw W] + cos O By,
Z, = cosOwW,. +sin 6y By,
with

’

tan B'W = % e = gsinfw.
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The interaction terms of the fermions are

= — L b et _-2__, -/ +Hb ‘ 9 NCZ JelmAu
£ (QﬁJFW bl hime el

with currents defined in terms of Dirac spinors

Tr= S U — VY + 3 Tl = 75) Uy,

fu.fp fe
J‘I‘VC = Z ‘i’!x'yu(“x = a,78) ¥,

Ix
J:]m == Z li’fx’YMQX‘Ilfx’

Ix

where the f, are the labels defined in Eq. (2.3), the color and spinor labels are
suppressed and VL, is the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The re-
quirement of non-Abelian gauge symmetry leads to the universality of the gauge boson
interactions and predicts the neutral current couplings

vX=T;,L—2stin29w, ax=T3,L x =U, D, B, N.

The SU(2) and gauge invariance of the Lagrangian (2.6) forbids mass terms both for
the gauge bosons and the fermions. For fermions, the mass term would be m¥¥ =
m(V Vg +Ue¥,) which doesn’t give an SU(2) invariant Lagrangian. The mass terms
for the gauge bosons of the form %mzAA“A,‘ are not invariant under the gauge transfor-
mation A — A — 9*x. Thus, adding mass terms by hand destroys gauge invariance and
ruins renormalizability. Because of this in the early 1960s these theories have not been
taken seriously and the successful predictions for the neutral currents were considered
to be accidental. The breakthrough came with the theoretical understanding of the
renormalizability of the Yang-Mills theories described in Refs. [10], [11] and the Higgs
mechanism. The Higgs mechanism will be the solution that restores gauge invariance to
the Lagrangian, and allows for a renormalizable model with massive W and Z bosons.

2.4 Higgs mechanism

The difficulty with the mass terms can be understood in the case of abelian theories.
Massless spin one particles have only two spin degrees of freedom, the longitudinal com-
ponent does not contribute to the kinetic energy and the free theory is gauge invariant.
Adding a mass term, the longitudinal component of the gauge bosons becomes physi-
cal and destroys unitarity. The massive gauge bosons have three spin states. At high
energies, however, the longitudinal component behaves like a scalar particle suggesting
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that the gauge symmetry might be maintained if we add scalar particles to the theory.
This was the crucial observation of Higgs [12], Brout and Englert [13] leading to the
discovery of the Higgs mechanism. If the ground state < ® > of the scalar field is not
equal to zero, without the requirement of local symmetry, we get spontaneous symme-
try breaking with massless Goldstone bosons associated with each broken generator. In
gauge theory at high energies when masses are negligible we have massless Goldstone
bosons and massless gauge bosons. At low energies, however, the Goldstone bosons
disappear from the theory: they provide the longitudinal component of the massive
gauge bosons. This feature of gauge theories coupled to Goldstone bosons is called the
Higgs mechanism.

The Standard Model is defined with the simplest realization of the Higgs mechanism
[9): one adds to the massless SU/(2) x U(1) invariant Lagrangian one scalar doublet

with appropriate hypercharge, Y (®)=1/2,

°= (%)
with gauge kinetic energy terms and self-interactions
L= (D,3)!D*® — V(®),
and with Yukawa couplings

Lyukaws = Z )\lf/,' (QLf‘i’)Unf' e /\}Jf' (Q_LI(D)de'

o

+ /\jEJ,. (Lpy®)egy + h.c.
Qs and Ly; denote the quark and lepton doublet Weyl spinors for family f and /\?f,,
/\?f, ,/\ff. denote complex coupling matrices in the family space. There is no Yukawa
coupling for neutrinos, since it is assumed that in nature only left-handed neutrinos
exist!.

The idea is to set the bare mass squared parameter u, of the scalar field, to a

negative value, and see what happens. A convenient parameterization of the scalar
potential is

V(@) = M\(9% - v?)?,

1The existence only of left-handed neutrinos (and right-handed antineutrinos) together with the
law of lepton number conservation imply that the neutrino is massless. A massive particle can be
"overtaken”, namely it moves in the opposite direction. It means that its momentum, but not its
spin would change sign and so it would change from a left-handed particle to a right-handed one. In
the case of neutrino, this means that by overtaking a neutrino we would see it as an antineutrino,
which violates the law of lepton conservation. It therefore must be impossible to overtake a neutrino,
meaning that it travels with the speed of light, and therefore it is massless.
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A V(D)

Figure 2.2: Scalar potential as a function of ® for negative values of the mass
squared parameter, p? > 0.

from which the mass squared parameter is given by

, A2V

- o 2
u= Wlw:o = —4) ",

The "mass” itself is purely imaginary. What happens is that the scalar potential in the
Lagrangian is not minimized by an absence of the scalar field, but rather by its presence.
The lowest energy state of the system is filled with virtual scalar particles. In Figure 2.2
the potential of a scalar field with negative mass squared is shown as a function of the
scalar field value. For small values of this field, the negative quadratic term dominates
the potential; at large field values, the positive quartic term dominates, ensuring a
bound potential at infinite field value. The result is a global minimum at nonzero field
value. The scalar field has acquired a vacuum expectation value v =< 0|®|0 ># 0.
Since the scalar field is coupled to the W and Z bosons, the virtual scalars in this
nontrivial vacuum will alter the inertia of a propagating W or Z; this inertia manifests
itself as W and Z masses.

In quantum field theory, a set of particle states is constructed by acting on the
vacuum with creation and annihilation field operators. These field operators represent
physical particles and will vanish when averaged between vacuum states, because the
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true vacuum contains no physical particles. Consequently, the useful field is not ¢ but
h=®-v (2.10)

which has a vanishing vacuum expectation value.
When @ is replaced with h + v everywhere in the Lagrangian, the introduction of
the parameter v, which has mass dimension, leads to the following:

e the W and Z particles acquire mass terms;
e the Goldstone bosons disappear;
e a massive scalar, called Higgs particle, appears.

Because the number of degrees of freedom are unaltered, the three Goldstone
bosons, two charged and one neutral, which have disappeared have in fact emerged
as the physical, longitudinal components of the W and Z.

Since at least three scalar field degrees of freedom are required to provide the
longitudinal W* and Z modes, and the scalar field must enter the Lagrangian in a
gauge invariant manner, the minimal SU(2) representation for the scalars is a complex
doublet. For this reason, the Standard Model with a single Higgs doublet is called the
"minimal model”.

The complex doublet contains four degrees of freedom, and therefore one real scalar
field is left over as a particle appearing in the physical spectrum: the scalar sector has
left behind an experimental signature.

Rewriting the Lagrangian in terms of h and v we obtain mass terms for the gauge
bosons

2

2 i 3p
B, 2 _ Y| apprrpy-n . Lys 9" 99\ (W
En4iD, < 8% 4[gw“w +2(Wu,B#)(gg, g'2)(3n :

In terms of the A, and Z, fields the mass matrix of the neutral gauge bosons becomes
diagonal and one gets

1 v
My = -gv, Mz = 5\/92 +92%=

2 cos Oy’

M, =0,

where g is the SU(2) gauge coupling and cos fy is the weak mixing angle. The three
parameters v, g and cos fy are constrained by the data, for example by the fine struc-
ture constant @, the Fermi constant Gg, the W and Z masses, charged and neutral
current neutrino cross sections, etc.

For the mass of the Higgs boson we obtain

mi = 2X0. (2.13)
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Therefore the strength of the self-interaction of the Higgs boson can be expressed in

terms of the Higgs and gauge boson masses and the gauge coupling:

.
8ME 7’
The gauge symmetry uniquely defines the coupling of the gauge bosons to the Higgs

boson allowing to predict for example the value of the partial-width of the Higgs boson

A

+W— gzrng 2 MV%
I'(h—» W'W™) = Yy V1 —dxy(1 - 4xp +12%5), xp = —5.
w

With increasing my, the coupling grows as m3. In particular for my ~ 1 TeV we obtain
I'(h) &~ my. This indicates the difficulty with the validity of perturbative unitarity in
case of a heavy Higgs boson.

Something else "happens”: fermions, whose masses are forbidden by the gauge sym-
metry, also acquire a mass: substituting the shifted field (2.4) in the Yukawa coupling
of ® to fermions we get the mass matrices of the fermions and their couplings to
the Higgs boson. The physical fermion states are obtained by diagonalizing the mass
matrices with the help of two unitary matrices,

v
V2
where ) is the fermion mass matrix, Uy, Ug are unitary matrices and Mdiag is diagonal
with real diagonal elements. x = N does not occur since it is assumed that right handed
neutrinos do not exist. The diagonal element of Méiag,ff’ gives the mass values and
f runs over the three families. This diagonalization produces three important physical
results.

U(X)LAXU(X)R = M’élag' = U1 D1 Ey

1. The couplings of the Higgs boson to fermions are flavor diagonal and proportional
to the fermion mass

LY (W) = = 3 S0, (=) ¥ (2)h(z). (217)
xf

Therefore, the coupling of the Higgs bosons to light fermions is very weak. The
Yukawa couplings span the range from as little as 10~° for the electron, to 102
for the b quark, to about 0.3 for the top quark.

2. The charged current of quarks is not flavor diagonal
I (@)=Y Ufy@VEE( -6, (), fu=uct, fo=dsb
fu.fp
where Vo denotes the CKM matrix. In the charged current of quarks, six fields
with five physically irrelevant independent phases are involved (with one relevant

phase for U(1)y), therefore four phases of unitary CKM matrix can be rotated
away and 3? - 5 = 4 physically relevant parameters result.
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3. After the Higgs mechanism the neutral current remains flavor diagonal (GIM
mechanism [14]), therefore in leading order there are no flavor changing neutral
current transitions. In higher order, as a result of virtual flavor changing charged
current exchanges, flavor changing neutral current transitions are allowed but
suppressed strongly because of the smallness of the Fermi coupling.

2.5 Boundaries on the Higgs mass

The Standard Model does not give a precise prediction for the mass of the Higgs boson.
We can, however, use arguments of self-consistency to place lower and upper bounds
on the mass of the Higgs particle in the Standard Model.

2.5.1 Theoretical bounds

We have obtained the Higgs boson mass my, = V2 v (Eq. 2.5) as a function of the
vacuum expectation value of the Higgs field and the quartic coupling A. The quartic
coupling is a free parameter, and therefore is the Higgs mass. The bounds on the Higgs
mass follow from the behavior of the quartic coupling which satisfies the following
renormalization group equation describing its change as a function of the scale [15]:

ddgime 1
dt ~ 16m2
where t=In(Q?/u?). Here h, is the top-quark Yukawa coupling. The quartic coupling

6% + 6Ah? — 6h? + gauge terms), 2.19
t t

grows with rising energy indefinitely, thus an upper bound on my, follows from the
requirement that the theory is valid up to the Planck scale Mpjan or up to a given
cut-off scale A below Mpjancx [15). The upper bound on my depends mildly on the
top-quark mass through the impact of the top-quark Yukawa coupling on the running
of the quartic coupling .

On the other hand, the requirement of vacuum stability in the Standard Model
(positivity of A) imposes a lower bound on the Higgs boson mass, which crucially
depends on the top-quark mass as well as on the cut-off parameter A [15], [16]. The
dependence of this lower bound on m; is due to the effect of the top-quark Yukawa
coupling on the quartic coupling in Eq. (2.7), which drives A to negative values at large
scales, thus destabilizing the standard electroweak vacuum.

Figure 2.3 from Ref. [17] shows the perturbativity and stability bounds on the Higgs
boson mass of the Standard Model for different values of the cut-off parameter A at
which new physics is expected and for m; &~ 174 GeV . We see that the discovery of a
Higgs particle at LEP2 would imply that the Standard Model breaks down at a scale
A well below the scale for Grand Unified Theories, Mgyr, or the Planck scale Mpjanck.
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Figure 2.3: Bounds on the Standard Model Higgs boson mass. A denotes the
energy scale up to which the Standard Model is valid. (From Ref.
[17)

Actually, if the Standard Model is valid up to A = Mgy or Mpjank, for my &~ 174
GeV only a small range of values is allowed: 134 GeV < my, < =~ 200 GeV. For my =
174 GeV and my, = 115 GeV new physics should appear below the scale A = 10° GeV
[18].

The relation between my, and the Higgs quartic coupling allows us to say the fol-
lowing:

o the Higgs particle has a mass below a TeV, or some new physics must occur below
a scale of a few TeV,

or,

o there is no Higgs below a few TeV and the theory is nonperturbative at high
energy; the Higgs coupling A is large and the longitudinal modes of the W and Z

become strongly interacting.
2.5.2 Unitarity constraints on the Higgs mass

The connection between unitarity and an upper limit on the Higgs mass was described
in Ref. [19].
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In a renormalizable theory amplitudes must not grow indefinitely as a function of
energy. The Standard Model including the Higgs boson is renormalizable, and am-
plitudes behave as they should. Suppose we compute the scattering amplitude for
WHW~= - W*HW~ but omitting all diagrams involving the Higgs boson. At the lead-
ing order level there are v and Z exchanges in the s and ¢ channels and a contact term,
see the diagrams of Figure 2.4.

w w'
w* w*
w w
Z“Y m
w” wWw wwW w
Figure 2.4: Leading order diagrams for the WW scattering.

The energy behavior of the amplitude for longitudinally polarized W bosons is
written as,

A7’Z(WLWL - WLWL) X %S(l + cos 0)

It grows indefinitly with s. The angle 8 is the scattering angle in the centre-of-mass
system. This linear divergence is canceled by the contributions of Higgs boson exchanges
in the s and ¢ channels, see Figure 2.5.

w* w*
w' w
AVAVAVAVAVAVAVAVAVAVAVAVAVAVAV
........... !
I ih
i
1
AVAVAVAVAVAVAVAVAVAVAVAVAVAVAV]
8 W W W

Figure 2.5: Higgs boson contributions to the WW scattering.

The resulting amplitude is

at high energies s— oo.
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Partial wave unitarity requires that
la’| < 1,
for the Jth partial wave amplitude. Applying this condition to the J=0 amplitude
defined through
A = 871Z2,(2J + 1)a’Py(cosd),
yields
m? < 21v/2/Gp x (850 GeV)2.

For my > (21v/2/Gg)"/? the partial wave unitarity bound |a’=| < 1 is violated for
energy /s greater than my,.

2.5.3 Limits from indirect searches

The Higgs boson influences the observed electroweak reactions through higher order
processes beyond the tree level. Hence, if an electroweak observable is precisely mea-
sured, it is possible to determine the Higgs boson mass via radiative corrections. The
measured electroweak observables are in agreement with the predictions of the Stan-
dard Model at the level of 0.1% [20], [21]. The degree of agreement can be seen in
Figure 2.6.

The Z-pole data from the LEP experiments and SLD data taken together yield a
weak mixing parameter [21]

sin 63 = 0.23136 + 0.00014.
Direct measurements at LEP2 and the Tevatron give the W boson mass [21]
My = (80.451 = 0.033)GeV,
while the world average top-quark mass from CDF and DO is [22]
my = (174.3 £ 5.1)GeV.
The NuTeV experiment at Fermilab has reported a competitive indirect determination

of the W mass, inferred from measurements of the v,N and #,N cross sections.
They find [23]

My = (80.26 + 0.11)GeV.
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Summer 2001

Measurement Pul  (D™P_Q"g™e

B2 edi 0] 2 3

0.02761 £ 0.00036 -.35
91.1875 + 0.0021 .03
2.4952 + 0.0023 -.48
41.540 £ 0.037 1.60
20.767 £ 0.025 1.
0.01714 + 0.00095 .69
0.1465 £ 0.0033 -.54
0.21646 + 0.00065 1.12

R, 0.1719+0.0031  -.12
A 0.0990 +0.0017 ~ -2.90
aee 0.0685 + 0.0034  -1.71
A, 0922+0.020  -.64
A 0.670 + 0.026 .06

c

A(SLD) 0.1513+0.0021  1.47
sin%6(Q,) 0.2324+0.0012 .86

mlE”) (Gev] 80.450+0.039  1.32

m, [GeV] 1743 +5.1 -.30
mi™) [GeV] 80.454 + 0.060 93
sin’d,(VN)  0.2255+0.0021  1.22
Q,(Cs) -72.50 £ 0.70 56

32-10123

Figure 2.6: Compilation of the world’s electroweak data as of summer 2001,
and the deviation (in number of standard deviations) of each
measurement from the Standard Model fit (from Ref. [21]). The
values of the input parameters (including my,) are allowed to vary
and the overall x* is minimized.

Note the high level of precision of the measurements of the various
observables, many being at the 0.1% level.
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A new evaluation of the finite part of the O(a?) corrections to the muon lifetime
[24], leads to a value for the Fermi constant measured in muon decay,

Gr = (1.16637 & 0.00001) x 1075GeV 2.

From the wealth of particle searches and cross section measurements at LEP2, no
anomalies have been observed in the reactions ete™ — WtW~, ZZ and ff.

Similarly, the overall conclusion from HERA is that the neutral-current and charged-
current cross sections measured in e* p collisions have the expected shape and reproduce
the known values of W and Z boson masses.

The success of the electroweak theory allows us to use standard model fits to the
electroweak observables to determine best values for the parameters that are not yet
directly constrained by experiment. Over the past ten years, the greatest sensitivity has
been to the value of the top quark mass, and fits to the electroweak observables gave
early indications for the large mass of the top quark [25]. Now when the top quark
mass is known rather well from the Tevatron experiments we can use the Standard
Model fits to estimate the mass of the Higgs boson. To do this a series of fits with fixed
my, values is performed. The difference in the x? values is shown in Figure 2.7. The
consensus of the fit is that, within the standard electroweak theory, the Higgs boson
should be light.

In the global fit of Ref. [21] the best fit value for the mass of the Standard Model
Higgs boson, using (Aa)%, = 0.02761 + 0.00036 [26], is

my, = 88733GeV; log(my/GeV) = 1.94152

which at the 95% confidence level leads to the upper bound of 196 GeV. The radiative
correction terms depend on log(my,), therefore the constraints on the Higgs mass are
not very strong.

As mentioned already, the QED running coupling constant evaluated at the Z pole,
a(M3), plays an important role in the prediction of the mass of the Higgs particle, my,.
Among the input parameters generally used in global fits to electroweak data, a(M2),
has the largest experimental uncertainty and is the limiting quantity on the precision
of the Standard Model calculations of the Higgs mass. The dominant uncertainties
on a(M3) are due to the effects of hadronic vacuum polarization, which cannot yet
be reliably calculated. In order to determine the vacuum polarization, measured (or
calculated in perturbative QCD) R values are used, where R is the cross section for
ete”™ — 7" — hadrons, in units of the QED cross section for ete™ — ptpu~ process,
namely

_ e*e” — hadrons
ete = ptp~ -
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where ete™ — ptp~ =0l = %ﬂ. The uncertainties in «(M3) are dominated by

the errors in the values of R in the centre-of-mass energy range below 5 GeV.

6 1% -

] ; Wltheory uncertainty 2

41 Aoy = :
i —0.027610.00036 )
'-_ ----- 0.02738+0.00020 ]
4 - } =]
r -
= i

<

2 - =
0 Excluded Preliminary |

102
m,, [GeV]

Figure 2.7: The quantity Ax? = x* — x2;, shown as a function of my. The
lines are the results of the fit using all data and the two different
values of (Aa)y; the band represents an estimate of the theoretical
error due to missing higher order corrections. The shaded band
shows the 95% C.L. exclusion limit on my, from direct searches.

The electromagnetic coupling constant can be expressed as

a(0)
ofs) = (5) top ( .\’
1= Auep(8) = Apaa(s) — Apg ()
where all terms are known with high accuracy, apart of the contribution from the five
light quark flavours, Af‘?d(s). The value of A;‘Z’d(s) is obtained by integrating the R

distribution,
00 R / d !
Ay o [ FIE
4mz S'(s' = s)
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The error on Aﬁ)d(s) is further reduced when relying on perturbative QCD. Using
the value Af&(s) = 0.02738 4 0.00020 [28] which includes the recent results obtained
at the BES experiment [27] we obtain:

my = 106751GeV;  log(my/GeV) = 2.03 + 0.19,

corresponding to un upper limit on the Higgs mass of 222 GeV at 95% confidence level.

In conclusion, the central value depends strongly on the top quark mass and the
value of Afa)d(s) used. Depending on the value of Af,‘:)d(s), upper limits on the Higgs
boson mass of 196 - 222 GeV are obtained at 95% confidence level. These results are
compatible with the results from direct searches for the Higgs boson, which exclude
Higgs masses up to my = 114.1 GeV at 95% confidence level.

2.5.4 Limits from direct searches

Direct searches for the Standard Model Higgs boson (other extensions of the Standard
Model are discussed later) have been performed at LEP2 [29].

In e*e™ collisions the Standard Model Higgs boson is expected to be produced
mainly by the Higgs-Strahlung mechanism and to a lesser extent by the WW fusion
process. Its dominant decay mode is into bb pair in the mass range accessible at LEP
with a branching fraction of 74% at m,=115 GeV. The second most important decay
mode is to tau pairs, with a branching fraction of about 7%, and the WW decays take
8%. Efficient and pure b-tagging is therefore important to search for the Higgs boson
at LEP. Four search topologies arise from the decays of the accompanying Z boson:
4-jet final state (h — bb, Z— qq), the missing energy channel (h— bb, Z — v7), the
tau final states (h— bb, Z— 7t7~ and h— 777~, Z— qg) and the lepton final states
(h— bb, Z— ete™ or ptu7).

The distribution of the reconstructed mass of the Higgs boson for all experiments
together is shown in Figure 2.8 (left). This distribution is summed over different search
channels, at different centre-of-mass energies. Therefore candidates in clean channels
are included in the same bins as signal and background from other channels with less
performance. Also, the reconstructed mass resolutions can differ, and depend on how
close my, is to the kinematic limit, which changes with /s. The information contained
in this distribution can therefore be misleading.

However, there is no loss of sensitivity in the confidence level calculations when
combining all bins, of all histograms in all variables (as reconstructed mass, b-tag, or
combinations of these, etc.) with the method described in section 6.1.

The experimental data for the Standard Model Higgs search show an excess of
2.1 o (see section 6.1) significance, or (1-CLy)=0.034 at my, ~115 GeV. The maximum
likelihood occurs at my=115.6 GeV. The distribution of the log-likelihood ratio (see
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Figure 2.8: (Left) Reconstructed Higgs mass;
(Right) Negative log-likelihood ratio as a function of Higgs mass
for the combined LEP data and energies up to 209 GeV (from
Ref. [29]).

section 6.1), -2InQ, is shown in Figure 2.8 (right) as a function of my, for the combined
LEP data and energies up to 209 GeV. The value of m,=115.6 GeV corresponds to the
position where -2InQ has its minimum value.

The lower limit on the Higgs mass is my, > 114.1 GeV at 95% confidence level, with
a median expected limit of 115.4 GeV.

2.6 Extended Higgs models

We recall that in the minimal (one Higgs doublet) Standard Model there is a single
parameter in the Higgs sector: )\, or equivalently my = v/2\v. However, this minimal
choice is arbitrary and one should investigate the implications of more complicated
Higgs models.

A model having as base a different or extended Higgs sector can not be considered
to be an alternative to the Standard Model if its predictions are contradicted by exper-

imental results. The two most important experimental results that impose constraints
on the structure of the Higgs sector are:
1. the p parameter, defined as

M2,

P= MZeos? by’

with a value very close to one.
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9. the observation that the existence of flavor changing neutral currents, i.e. cou-
plings between a neutral boson field and two fermion fields with different flavors,
are very small.

In the Standard Model p equals one, and there are no flavor changing neutral currents.
In extended models this is not necessarily the case.

2.6.1 Two Higgs Doublet Model (2HDM)

In the two Higgs doublet model (2HDM) the Higgs sector consists of two complex Higgs
doublet fields with hypercharge ¥j = 3,

d)T(z)) (dﬁ(r))

dy(z) = 311 1@elz)i= :

@=(Gm) 0= (G

The most general re-normalizable and gauge invariant Higgs potential has fourteen
independent real parameters and is given in Refs. [30], [31] as:

V(@1,8,) = w0}, + p30}d, + (44010, + hic.)
2 2
e e (@{qul) 5 Mg (d>;<1>2>

+3 (@{fbl) (<1>;<I>2) B (cp}cpz) (@5@1)
4 -;- ((@{cbz) (,\E<1>{¢2+

>\F¢1®1 + )\C;@;q)g) s hC) q

where 42, p2, A4, Ap, Ac and \p are real parameters while p%, Ag, Ar and g may
be complex. If one requires the potential to be invariant under the CP symmetry, all
parameters must be real and there are two different possibilities to restrict the potential
[32] %,

One possible way to satisfy the experimental limits on flavor changing neutral cur-
rents is to allow all fermion fields of the same type to couple to only one of the Higgs
doublet fields in the model [33]. This condition can be enforced by requiring invariance
of the Lagrangian density under the discrete symmetry

@) (z) — @41(x), Pao(z) — —Pa(2),
Ui (z) — ¥f (z), Th(z) — £V F(2),

2The major difference of the potentials is in the Higgs self-couplings. This leads to a different
phenomenology in the cases where the Higgs particles interact among themselves, or when loop effects

play an important role. However, the potentials are equivalent in what concerns the Higgs couplings
to gauge bosons and fermions.
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where the plus sign applies to fermion fields that couple to ®;(x) and the minus sign
to fermion fields that couple to ®,(x). If the Higgs potential is allowed to break this
symmetry only softly, i.e. in the lowest order terms, Ar and Ag must be zero.

The resulting potential, which is known as 'Potential A’, can then be parameterised
as [34]:

)’ AN
V(®,,®,) = A (@{@1 = 7‘) + A2 («pg% 5 3)

2 2 2
+ Xy <(<I>{<I>1 £ %1) ¥ <<1>;<I>2 w %))

+ i (@] 2,010, - 0}0,0(0, )
A (Re (2le;) - —'92“—2)2
i (Im (cb{q»_,))z,

where the A's are real parameters. If all the A’s are non-negative the minimum of the
potential is given for the vacuum expectation values

ke g KOS A

Since the sum of the squares of the two vacuum expectation values are related to the
mass of the W boson,

2 'S 2
My = Z(vf + v3),

only the ratio between them is important for the predictions of the model. This ratio
is usually referred to as tan j3:
U1
tanf = —.
V2
Due to the Higgs mechanism three of the eight degrees of freedom of the Higgs fields are
transformed into the longitudinal polarization degrees of freedom of the gauge boson
fields of the weak interaction. The remaining degrees of freedom correspond to the
physical Higgs bosons.
The Goldstone bosons, in other words the degrees of freedom removed by the Higgs
mechanism, are given by

G*(z) = ®F(z) cos B + ®F(z)sin B
G°(z) = V2 (Im®}(z) cos # + Im®3(z) sin 3) .
The states orthogonal to these, i.e.

H*(z) = —®F(z) sin § + &5 () cos §
A’(z) = V2 (< 1m®)(z) sin § + Im®3(z)) cos ) ,
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correspond to a pair of charged Higgs bosons H* and a CP-odd neutral Higgs boson
A® with masses

A
s = 2 +03)

A
mho = T (v} +v3).

The remaining degrees of freedom correspond to two C P-even neutral Higgs bosons:

H'(z) = V2 ((Re®(z) — v1) cosax

+ (Re®)(z) — va) sin )
K(z) = V2 (- (Re®(z) — v) sina

+ (Re®)(z) — v2) cosa)

where the Higgs mixing angle o and the masses can be derived by diagonalizing the
mass squared matrix

22
= [2On+ 2ot + 2 2+ X)) v, ’
(2/\3 + %‘i) V102 2(/\2 + /\3)1}% T ’\L;L

This results in
tan fi= M,
My, — My,

and

o
Mo yo = 3 (Mu + Mz £ \/(Mu - Mp)? + 4M122) :

To summarize, this model possesses five physical Higgs bosons: two neutral CP-even
scalars (h® and H°, where, by convention, myo > myo), a neutral C P-odd scalar (A?)
and a charged pair (H*). Instead of the one free parameter as in the Standard Model,
this model has six free parameters: four Higgs masses, the ratio of vacuum expectation
values, tan 3, and a Higgs mixing angle, a. The value v + v2 is fixed by the W mass
M = g*(v] + v3)/2.

A general two doublet model has less predictive power. Only a few general state-
ments can be made [35]: there are no tree level HX*W*¥Z, H¥WF+, A°ZZ or AW+ W~
vertices; in a CP-conserving theory, there are no hhZ, HHZ, AAZ or hHZ couplings.

2.6.2 Bounds in Two-Doublet Models

In 2HDMs there are many more parameters, and thus a simple Figure as 2.3 cannot
be drawn. The presence of extra field directions causes many more ways in which the
vacuum can become unstable. The allowed parameter space is severely restricted. If
the light neutral Higgs scalar is over about 140 GeV in mass, then the allowed range of
the charged Higgs mass is below about 95 GeV. Even if the light neutral scalar is very
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light, neither the charged scalars nor the pseudoscalar can be much heavier than about
150 GeV. However, these constraints are relaxed significantly if one assumes that the
model breaks down before the unification scale (36].

Direct limits on the Higgs masses predicted by the general 2HDM, have been ob-
tained at LEP2 [37]. Values of 1 GeV< my, < 58 GeV and 10 GeV < my < 65 GeV
are excluded at 95% confidence level for —m/2 < a < 7/2 and 0.4 < tan 8 < 58.0.

2.7 Higgs boson decay

2.7.1 Decays of the Standard Model Higgs boson

According to Eq. (2.6), the preferred decay mode of a standard Higgs is to the heavi-
est fermion or gauge boson pair kinematically allowed. Graphically this is denoted in
Figure 2.9.

be

Figure 2.9: The dominant Higgs decay mode at LEP2.

The partial width of the Higgs decay into a fermion pair is described as [38], [39]:

NcGr
Cho = 4\/5”

where m;(m2) is the running quark mass. The QCD radiative corrections are absorbed
into the scale dependence of the quark mass, evaluated at the Higgs boson mass.
Near threshold the partial width is suppressed by an additional factor 3}, where f; =
(1 - 4m2/m?)""?
If the mass of the standard Higgs increases towards the two vector boson threshold,
the Higgs will decay dominantly to WW* pairs, as shown in Figure 2.10,
and ZZ* pairs, one of the two gauge bosons being virtual below the threshold [40]. The
partial width is denoted by:

m?(m?x)mhr

is the fermion velocity.

3GLM,
1673

where Ry is a function which depends on the ratio M3 /m2.

Chovye = myRy (M3 /m}), (V=W,Z),
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Figure 2.10: Feyman diagram for the Higgs decay into a WW pair.

The decay into ZZ* is suppressed by an additional factor due to the mass of the Z
boson and the reduced neutral current couplings with respect to the charged couplings.

Above the WW and ZZ decay thresholds, the partial width for these channels are
written as:

2 4
Thovv = 6V%m’2 (1 = 4%% o+ 121‘:};‘;) “Bv,
with dy=2 and 1 for V=W and Z, respectively.
Decays into massless gluons or photons are not possible at tree level. These decays
proceed at one loop level. We shall focus on the decay into two photons. The standard

Higgs will couple to a photon pair via loops, as shown in Figure 2.11.
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Figure 2.11: The two photon Higgs decay.

The vector boson loops dominate and contribute with opposite sign to the fermion
loops. One-loop corrections are small [41] and the tree level width can be written as [42]:

Gra*mj
128+/273

Thoosyy =

1> NQRAc(m) + Aw(rw) P,
f

where N is the color factor, Q is the electric charge of the fermion, and the 7 variables
are defined by

2 2
My My

t=—5 and Tw=-—%.
4m? AME,

The above equations imply that the dominant fermion loop is that of the top-quark
(i.e. f=t). The amplitudes A are real and vary from Aw = -7 (-12) for 7 = 0 (1), 4 =
4/3 (2) for 7 = 0 (1). Hence the W loops are dominant. For the Standard Model Higgs
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boson the branching fraction has values BR(h— vy) & 0.1% — 0.2% for values of my
between 80 and 130 GeV.

A graphical representation of the branching fractions for the Higgs boson as a
function of its mass is shown in Figure 2.12 (left).

10
oV T f ==
T
o 1
g 3. -
= 10
2 g -
'u -
% 10

5 -3
210
=
-4
10 .
-2 i x -5 i
10 ! - - ‘ - 10 ¢ T T T T
100 105 110 115 120 125 130 50 100 150 200 250 300
M, (GeV)

m, GeV

Figure 2.12: The dominant branching fractions of the Standard Model Higgs
boson with masses accessible at LEP calculated with the HDE-
CAY program [43] (left), and total decay width (right).

By adding up all possible decay channels, we obtain the total Higgs decay width
shown in Figure 2.12 (right) for a top quark mass of 175 GeV. Up to masses of 140 GeV,
the Higgs particle is very narrow, the width being predicted to be smaller than 10 MeV.
After the opening of the gauge boson channels, virtual or real, the state becomes wider,
reaching about 1 GeV at the ZZ threshold. Such a width cannot be measured directly

in this mass range. Only above my, > 200 GeV it becomes wide enough to be resolved
experimentally.

2.7.2 Decays of fermiophobic Higss bosons

Suppose the masses of the gauge bosons and fermions do not arise from the same Higgs
doublet, then there may be scalar doublets which have standard strength couplings to
the W and Z bosons, but suppressed couplings to fermions. Such scalars are called
fermiophobic Higgs particles and are denoted hy in the following.
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The implementation of the fermiophobic Higgs mechanism changes the signatures
expected for the Higgs bosons.

A fermiophobic Higgs model can be constructed requiring a ®p = —®p discrete
symmetry in order to remove the Yukawa terms ®rU ;U from the Lagrangian [44].
Other Higgs doublets can couple to the fermions and give rise to their masses.

A neutral fermiophobic Higgs will couple to a fermion pair through the processes
shown in Figure 2.13,

| S )

Figure 2.13: The fermiophobic Higgs decay into a fermion pair.

If the fermiophobic mass is above the W W~ threshold, the decay hp —W*+W~—
will dominate as it does in the case of the Standard Model. But if the mass is below
2My, the dominant decay modes are unusual. In addition to the loop induced ff mode

just pictured, there are the modes hg — v and 7Z, generated by the loop graphs
shown in Figure 2.14.
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Figure 2.14: Possibilities for a fermiophobic Higgs decay.

Several branching fractions of the Standard Model Higgs are shown in Figure 2.15.
From the figure one may infer the dominant decay modes of a neutral fermiophobic
Higgs boson by omitting the two fermion and two gluon modes. For the purpose of
comparison, the h— v rate is shown for a Standard Model Higgs (fermions and W
bosons in the loop) and for a fermiophobic Higgs (W loop only). Ignoring the loop
induced h— fFf rate, it can be seen that the dominant decay mode for a fermiophobic
Higgs is vy for my < 80 GeV and WW for m, > 2My. The induced h— ff rate

has been calculated in different models and the resulting branching fractions will be
presented later for the 2HDM of type 1.
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Figure 2.15: Branching fractions of the Standard Model Higgs boson calcu-
lated with the HDECAY program. For the purpose of compar-
ison, the h— <7 rate is shown for a Standard Model Higgs
(fermions and W bosons in the loop) and for a fermiophobic
Higgs (W loop only).

2.7.3 Higgs decaying into two photons

Since the Higgs boson is neutral and does not couple to photons at tree level the branch-
ing fraction is predicted to be small in the Standard Model. The single Higgs boson can
decay into two photons via a quark- or W-boson loop. Therefore the rate is too small
for observation at existing accelerators, even for a kinematically accessible Higgs boson.
However, other theoretical models can accommodate large h— v+ branching fractions.
The list of theories having enhanced di-photon rates includes the fermiophobic Higgs
models [44], [45], [46], Higgs triplet models [47], [48], top-quark condensate models [49],
models with extra-dimensions [50], models with anomalous couplings [51] and many
more. The most popular models will be briefly discussed in the following sections.
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Fermiophopbic Higgs bosons of the 2HDMs of type I

The extension of the Standard Model with two Higgs doublets has been discussed in
section (2.6.1). The Yukawa coupling of the Higgs particles with the fermions can be
chosen in two ways, usually denoted as models I and II. The most common choice
is the structure assumed in the Minimal SuperSymmetric Model (MSSM): one of the
Higgs doublets couples both to up type quarks and to leptons, and the other doublet
couples to down type quarks. In this section a model of the so called type I is explored,
namely only one of the Higgs doublets is allowed to couple to fermions. For this type
of model the couplings hZZ and hWW are proportional to sind where § = # — a. We
shall consider in the following only the high d region. Moreover, if the mixing angle
takes the value a = 7/2, then there is no mixing among H and h, and h interacts only
with the gauge bosons, with the coupling proportional to sin(8 — m/2) = — cos f.

The dominant decays of h in the mass range my, > 2Mjz are into WW- and ZZ
pairs; whereas for the intermediate mass range (80 GeV < my; < 2Mjz) the allowed
decays are into vy, Zy, WW*, ZZ*, which will compete with the decays into fermion
pairs generated at the 1-loop level.

The decay width into photon pairs can be written as:

['(h — vy) = cos’ B Tgys(h = ¥7),

where I'§}, denotes the W-loop contribution to the decay width of the Standard Model
Higgs boson; the decay width for h — Z + + has also the same form, and its value will
be lower than for h — ~+, as in the Standard Model case. Similarly, we find that the
decays into WW* and ZZ* can be written in the same form, namely [52]

I'(h = VV*) = cos® B T(¢3y — VV*).

Finally, the expression for the decay width into fermion pairs (h — ff), resulting from
the evaluation of the 1-loop amplitude is:
Gra’m
2\/5 Sil’l4 ew
where m; is the mass of the fermion that enters in the loop, and F(my, m;, M) is a
function that arises from the loop integration [53]. From this expression one notices

that the width is again proportional to m?, which will suppress the width. Thus only
the heaviest fermions will contribute significantly.

T(h— ff) = mym{® cos® F(my, mi, My),

Fermiophobic Higgs bosons of the Higgs triplet models

It is possible that a non-minimal Higgs sector incorporates triplet fields. Particles
formed exclusively from such fields are fermiophobic. The minimal Higgs Triplet model
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[54] requires the inclusion of two triplet fields in order to have the p-parameter near
unity. The model has ten Higgs bosons in the form of a fiveplet (Hs), a triplet (Hj),
and two singlets (H,). The H? and one of the singlets, H} , are formed from the triplet
field, apart from possible mixing with the doublet components. Akeroyd [48] has shown
that measurements constrain the mixing parameters such that HY is almost entirely
fermiophobic, and therefore could be interpreted as the Higgs boson searched for in
this thesis. The process ete~ — HY'Z occurs at the Standard Model hZ rate modified
by the factor %sin 0y, where the angle fy is a parameter of the model describing the
mixing of the doublet and triplet fields.

Other Higgs Triplet Models [55] predicts that one of the neutral scalars could have
a large branching fraction BR(h— 7v) and could be produced at LEP with rates
comparable to the Standard Model ones through the e*e~ — Zh mechanism.

Anomalous Higgs couplings

The Standard Model can be extended by a linear representation of the SU(2); x U(1)y
symmetry breaking mechanism [56]. Although the specific theory which will supersede
the Standard Model is not known, its effects can be parameterized by the means of an
effective Lagrangian [57]. The effective Lagrangian contains operators with dimension
higher than four and involves the fields and symmetries of the low energy theory.
This approach is a model-independent way to describe new physics that is expected to
manifest itself directly at an energy scale A, larger than the scale where the current
experiments are performed.

A general set of dimension-6 operators that involve gauge bosons and the Higgs
scalar field, respecting local SU(2);, x U(1)y symmetry, and C and P conserving, con-
tains eleven operators. Some of these operators can be strongly constrained from low
energy physics below the present sensitivity of high energy experiments. The remaining
five operators can be written as [58]:

L =Y 5100 = & [faww oW b
— 72 A? = &
+ fw(D,®)'W(D,®) + fa(D,®)! B (D,9) e
+fww® W, W ® + fapd'B,, B |,

where @ is the Higgs field doublet, and

B;w =1i(g /2)B, W =i(g9/2)0*W;;

I

with By, and W}, being the field strength tensors of the U(1) and SU(2) gauge fields
respectively.
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Anomalous Hyy, HZ~, HZZ and HWW couplings are generated by (2.8), which,
in the unitarity gauge, are given by

L = g HALA™ + g5y, A, ZP0°H
2 1
+ O ey HAWZ™ + i35 2,, 20" H -
2) . (2) b 5
+98zzH2,,Z" + ggww HW,L, W

+ gnmw (WELW O H + h.c.),

where A(Z),, = 0,A(Z),—8,A(Z),. The effective couplings gp,, and g(;;?,, are related
to the coefficients of the operators appearing in (2.9) through

_ gMwsin®0yw (fww | fes
G St & oty
(1) 8 _qu Siﬂ2 ow I_“_/ H f_B
il 2 cos By A2 A?)°
@ _ gMwsin®Ow (., fsB 2, fww
= [ i o
9HZy ey sin” Oy A2 cos” Ow Az )

where g is the SU(2);, coupling constant and 6y is the Weinberg angle.

A typical anomalous signature would be the observation of large h— vy and h—
Z~ branching fractions which are zero in the Standard Model at the tree level. The
existence of the new interactions (2.8) can enhance these widths in a significant way.

Anomalous Higgs boson couplings have been studied in Higgs and Z boson decays
[59], and in e*e [60], pp [61] and y+y [62] colliders. Recent analyses from L3 presented
a good agreement with the expectations from the Standard Model [63]. These negative

experimental results can be used to constrain new anomalous couplings in the bosonic
sector of the Standard Model.

Other models

Another example having suppressed couplings to the fermions is an electroweak Higgs
boson hY, added to top-quark condensate models [64]. In this approach, the top and
bottom quarks are assumed to obtain their masses through a strongly coupled group
that condenses top quark pairs [65]. All the remaining fermions and vector bosons
obtain mass mainly through the vacuum expectation value of the h%,. A good approx-
imation in studying the phenomenology of a light hY, is to assume that it couples like
the Standard Model Higgs to all particles except the top quark and bottom quark, to
which it has zero couplings.
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The benchmark fermiophobic model

As mentioned above, the fermiophobic models are parameter dependent, but a large
class of the models has a near-Standard Model production strength and di-photon
branching fractions well approximated by the Standard Model ones with fermionic
couplings set to zero. This defines the so-called benchmark fermiophobic model.

All the LEP experiments are using the simulation program HZHA [66] to model
the Higgs boson production. The branching fractions for the Higgs decays into boson
pairs can also be calculated with the HDECAY program [43]. This program results
in slightly lower di-photon branching fractions than HZHA. To be conservative we
use the HDECAY branching fractions throughout this thesis. The branching fractions,
calculated in the benchmark model, are shown in Figure 2.16.

Branching Fraction

. SRR LB
0 20 40 60 80 100 120 140 160 180 200
m, (GeV) Fermiophobic

Figure 2.16: Branching fractions for the decay of the Higgs boson in the
benchmark fermiophobic model: h— ~y solid line, h— WW*
dashed line, h— ZZ* dotted line. Calculations are done using
the HDECAY program [43], with the fermionic couplings set to
Zer0.



Chapter 3

Physics at electron-positron

colliders

In an electron-positron collision process, the initial state before the interaction consists
of electrons and positrons. Being leptons, they are subject to the weak interaction;
being also charged, they interact electromagnetically, but they are not subject to the
strong interaction. All particles which interact electromagnetically and weakly can be

produced in the final state, as long as the energy of the beam particles which collide is
sufficiently high.

3.1 Standard Model processes

Quark and lepton pair production are among the dominant processes at LEP2, which
operated at centre-of-mass energies above 161 GeV. Fermion pairs can be produced
in s-channel y and Z exchanges. In an electron-positron electromagnetic annihilation,
a virtual photon is produced, which immediately decays into a fermion anti-fermion
pair. In the case of a weak interaction, the exchanged particle is the heavy vector boson
Z°. The leading-order Feynman diagrams for fermion-pair production are presented in
Section 3.1.1.

Pair production of charged bosons W* proceeds through both the charged-current
t-channel and the neutral-current s-channel. Pairs of the neutral bosons v and Z can
also be produced in e*e™ interactions, via neutral-current t- and u-channel interactions.
Each of the vector bosons can decay to a fermion anti-fermion pair, ff, thus leading to
a four-fermion final state.

The cross sections for some typical standard model processes as a function of the
centre-of-mass energy are presented in Figure 3.1. The Z boson resonance leads to a
sharp enhancement of the cross section, up to 30 nb at the pole /s = Mz.
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Figure 3.1: Cross sections for typical standard model processes as a function
of centre-of-mass energy.

The production of Z-pairs and W-pairs occurs with a much smaller cross section, of

the order of 1 pb and 20 pb, respectively. The energy dependence shows the expected
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threshold behavior at /s = 2Mw and /s = 2Mz. Some of these processes can be
considered as potential backgrounds for the Higgs boson search. Therefore it is very
important to know as precisely as possible the expected yield for these reactions. A
list of Monte Carlo event generators which are used in the simulation of the standard
model processes is given in Table 3.1.

Simulated process MC-event generator Cross section
at 1/5=206.6 GeV

(pb)
efe™ —» WHW~ — fiff KORALW [67], YFSWW3 [69] 17.5
ete” — fiff EXCALIBUR [68] 0.3
ete™ = wwy(ny) NUNUGPYV, [70],[71] KORALZ (72 54.6
ete™ — qa(y) KK2F (73], PYTHIA [74] 81.0
ete” — Z°/yZ°/y — fiff PYTHIA [72] 1:83

ete™ = vy — eeqq PHOJET ([75] 16410.
ete™ = yy - eelt(” DIAG [76] 705.
ete™ = yy > eert7 LEP4F [77] 435.

ete” — efe (ny) BHWIDE (78] 1284.8
ete” — ete (ny) TEEGG [79] 31.9
ete” = ptp(ny), 777 (ny) KK2F (73], KORALZ [72] 6.3
ete” = (ny) GGG [80] 18.3

Table 3.1: Monte Carlo event generators for ete™ physics.

3.1.1 The two-fermion process

Two-fermion processes are the production of an electron-, muon-, tau- and a quark
anti-quark pair from a Z or virtual photon, for example: ete™ — Z*/9* — qq(v). The
7 denotes any initial-state-radiation (ISR) photons from the electron or positron. The
lowest order diagrams contributing to this process are shown in Figure 3.2. The addi-
tional Feynman diagrams for the case of t-channel v and Z exchanges or W exchange
are shown in Figure 3.3.

Two-fermion reactions were the dominant physics processes at LEP1 with a large
cross section (up to 30 nb for the hadronic final state) due to the centre-of-mass energies
being close to Mz. As the centre-of-mass energy increases towards the LEP2 region, this
cross section decreases rapidly. At a centre-of-mass energy of 206.6 GeV, the magnitude
of the cross sections, apart from the Bhabha process and the ete™ — ete ff, varies

£
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Figure 3.2: Diagrams contributing to the ete™ — Z*/y* — fT process.
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Figure 3.3: Diagrams contributing to the ete™ — e*e™ process.

between 10 and 100 pb. The e*e™ cross section is about 4 nb for the electron positron
scattering angle in the interval between 5° and 175°. Roughly 65% of the ete~ —
Z*[v* — qd(y) process consists of radiative returns to the Z. This refers to the case
when a hard ISR photon from the electron or positron boosts the effective centre-of-
mass energy of the colliding system back, close to Mz (denoted qgvy). The ISR photon
typically has low transverse momentum,; it can escape undetected along the beam pipe
traversing the experimental setup and the resulting event will have missing energy; or,
it could be detected as an isolated energy deposit in a detector and the resulting event
will have little missing energy. In the case no ISR photon is emitted the visible mass
of the event is near the centre-of-mass energy.

Radiative ete~(y), ptu~(y) and 7*7(y) events are backgrounds to the Higgs
boson search in the low multiplicity hZ— yy£*¢~ channel, with £ = e, 1, 7. The qq(y)
events contaminate the hadronic hZ— yqq event topology.

The radiative neutrino standard model process constitutes an irreducible back-
ground for the search in the hZ— ~yvi final state. A diagram contributing to the
neutrino pair production in association with a photon is shown in Figure 3.4.

The two-fermion process and the measurements based upon it are described in
detail elsewhere [81].
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Figure 3.4: Diagram contributing to the ete™ — wvi(7y) process.

3.1.2 The two-photon process

The process in which virtual photons from the incoming electron and positron form a
fermion anti-fermion pair is referred to as the two-photon or 7y process, although it is
actually a four-fermion process. A lowest-order diagram contributing to this process is
shown in Figure 3.5.
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Figure 3.5: Diagram contributing to the two-photon process.

We call a vy event un-tagged if both the electron and positron escape along the
beam pipe undetected. The majority of the vy events are un-tagged. The hadronic
cross section is highly dependent on the assumed kinematic features; it is about 10 nb
when the invariant mass of the hadronic system is greater than 2.5 GeV. Although the
cross section is large, these events are characterized by extremely low visible energy
and particle multiplicity. Hence they are easily eliminated at early stages of the event
selection procedure designed to search for the Higgs boson, and they do not constitute
a significant source of background events.

The two-photon processes and related measurements are described in Ref. [82] in
more detail.

3.1.3 The four-fermion processes

The pair production of W* bosons has a cross section of 17 pb at a centre-of-mass
energy of 206.6 GeV. This process has two s-channel (y and Z exchanges) and one -
channel (v, exchange) production mechanisms. Figure 3.6. shows diagrams contributing

44 CHAPTER 3. PHYSICS AT ELECTRON-POSITRON COLLIDERS

to these reactions. At energies near the 2Myy threshold, the t-channel diagram domi-
nates. This process and measurements associated with it are described in detail in Ref.

(83].
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Figure 3.6: Diagrams contributing to the W+W~ process.
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The four-fermion process involving the pair production of Z bosons includes the
processes ete™ — vy and ZZ (shown in Figure 3.7), and ete~ — Zy. Below 2M,,
this process results in only one on-shell Z; thus it can resemble the two-fermion qg(vy)
process. Details can be found in Ref. [84].
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Figure 3.7: Diagram contributing to the ZZ process.

The lowest order dominant ¢-channel diagrams contributing to the four-fermion
processes involving the production of single W* bosons (e*e~ — W*ew,, denoted as
Wev) and single Z bosons (ete~ — Zete™, denoted as Zee) are shown in Figure 3.8
and 3.9, respectively. The cross sections at 206.6 GeV are 3 and 3.6 pb for Werv and
Zee respectively. The Wev process is discussed in Ref. [85].
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Figure 3.8: Diagrams contributing to the Wev process.
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Figure 3.9: Diagram contributing to the Zee process.

Both of these last processes contain events which are characterized by a spectator
electron or positron escaping undetected along the beam pipe. Hence, these events will
have a large component of missing momentum in the z direction.

3.2 Higgs boson physics

3.2.1 Higgs boson production

The main production process of the Standard Model Higgs Boson at LEP energies is
the so called Higgs-Strahlung, Figure 3.10 [86], [87]. In this reaction the electron and
the positron annihilate into a virtual Z boson which then emits a Higgs boson. The
cross section of this process is given by:
GiM; 1 A+ 12M2/s
ta= —pighY = SHe B2 ZyaEs il
o(ete” — Zh) 06ms (v +a7) = M5
where /s is the centre-of-mass energy, v, = —1 +4sin% Ay and a. = —1 are the neutral
current. couplings of the electron and A = (1 — m2/s — M2 /s)? — 4m} M3 /s* is the two
particle phase space function.

Figure 3.10: Higgs-Strahlung: The Higgs Boson is produced together with a
Z Boson.
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Figure 3.11: WW and ZZ fusion diagrams. They are suppressed by an addi-
tional power of the electroweak coupling constant with respect
to the Higgs-Strahlung process.

Going to higher centre-of-mass energies, two more diagrams start to contribute: the
WW and the ZZ fusion diagrams, Figure 3.11 [88], [89], [90], [91]. The cross sections
for the Higgs-Strahlung and the fusion processes are shown as a function of the Higgs
mass at /s = 206.6 GeV in Figure 3.12.

c (pb)

‘\ \s = 206.6 GeV

-3 :
100 105 110 115 120 125 130

M,, (GeV)

10

Figure 3.12: Higgs production cross section at /s = 206.6 GeV. The main
production process is the Higgs-Strahlung eTe~ —Zh.

In Two Higgs Doublet Models, the Higgs-Strahlung process is complemented by
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the associated pair production efe™ — Z — hA, Figure 3.13. The CP-odd Higgs
boson A cannot be produced in Higgs-Strahlung at tree level because of C-invariance
which forbids the ZZA coupling (however, this coupling can be generated through
fermion loops) [42]. The production of identical bosons via the vertices hhZ and AAZ
is forbidden by Bose symmetry [35].

Figure 3.13: Associated pair production in the 2HDM. The CP-even Higgs
boson h is produced together with the CP-odd Higgs boson A.

The production cross sections for the Higgs-Strahlung and the associated pair pro-
duction can be parameterized in the following way [92]:
Onz = sinz(ﬁ —a) of,%’[,

ona = cos?(B — a) Aoy,

where o) is the cross section for the Higgs-Strahlung in the Standard Model. The
kinematic factor \ depends on my, ma and /5.

Associated HZ production can kinematically occur only in a tiny corner of the
parameter space for moderate to large tan  values and with a cross section which can
be parameterized as following:

ouz = cos’ (8 — a) opy.

The production of charged Higgs bosons at LEP is possible through s-channel Z
and v exchange, Figure 3.14. The production cross section at tree level is given by the
following Eq. [93]:

_ ma? 20, 0ys(s — M32) (a2 + 92)DEs?

tee s HH ) =— [1- P
olee W) =5 - Gagysaen oo s 0l P

with 8 = (1 - 4mY. /s)'/? being the velocity of the produced Higgs bosons, 7 = (1 —
4sin® Oy ) /4 sin By cos By is the vector coupling of the electron, d, = —1/4 sin fy cos fw
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Figure 3.14: Associated charged Higgs production in the 2HDM.The Feyn-
man diagrams describing the most important contributions to
charged Higgs production at electron positron colliders.

is the axial-vector coupling of the electron and Py = (—1+2sin? fy)/2 sin O cos by
is the coupling of the produced charged Higgs bosons. As all the parameters apart from
the mass of the Higgs boson are well known, the cross section depends only on myz.
Figure 3.15 shows the dependence of the cross section on the mass of the charged Higgs
calculated with the HZHA program [66] for several assumed centre-of-mass energies.
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Figure 3.15: Production cross section for charged Higgs bosons at various
centre-of-mass energies. For the calculation the program HZHA
[66] was used.



Chapter 4

The Experiment

The Large Electron Positron (LEP) collider [94], the largest synchrotron storage ring
with a circumference of 27 kilometers, is located at the CERN laboratory near Geneva,
Switzerland (see Figure 4.1 for an aerial view).

Figure 4.1: Aerial view of the foothills along the French Jura mountains, close
to Geneva. This is the site of the Large Electron Positron collider
(LEP).

Its main physics objective was the detailed study of the electroweak interaction, by
performing precision measurements of the relevant physical quantities and by searching
for unexpected features.

Free electrons and positrons can be produced rather easily. They can be accelerated,
stored and made to collide in circular accelerators. Groups of electron and positrons,

approximately 102 in number, called bunches, circulate with the same energy, but
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in opposite directions around the ring and are colliding head-on in the centre of four
detectors, ALEPH, DELPHI, L3 and OPAL. In this kind of collisions all the beam

energy is available in the centre-of-mass, \/s = 2Epeam. The particle bunches define a
luminous region called the beam spot.

The beam spot is squeezed in transverse plane by magnets near the detector to en-
hance the luminosity in the interaction region. It also provides a very precise transverse
reference point for the origin of the annihilation event in « and y directions. Usually it
has a Gaussian profile with the horizontal and vertical standard deviations o, = 200
pm and oy = 20 pm, and a bunch lengh o, = 1 cm.

The LEP research program started in August 1989 and continued until the year
2000. During its first phase, from 1989 to 1995, the machine operated at centre-of-mass
energies close to the Z mass, |v/Z — Mz| < 3 GeV, in order to scan the Z resonance.
During this phase each experiment collected about 160 pb~! of integrated luminosity
while peak luminosities.of 103! ecm~2s~! were reached. The second phase of the LEP
program began in 1995, when the centre-of-mass energy was increased above the Z
resonance to 130-140 GeV. Until the year 2000, the centre-of-mass energy increased
gradually from the threshold of W-pair production, 161 GeV, to the maximum of 209
GeV, beyond the machine design specifications. To boost the energy of LEP’s particles,
from 1996 on, the machine was equipped with 288 superconducting radio-frequency
cavities to accelerate the beams. At LEP2, peak luminosities of 1032 cm=2s~! were
reached and a total integrated luminosity of about 500 pb~! was collected at each of
the four experiments. The averaged integrated luminosity that LEP delivered to the
experiments in the year 2000, its final year of running, is shown in Figure 4.2, while
the integrated luminosities collected by the L3 experiment during the LEP2 phase are
summarized in Table 4.1.

LEP was scheduled to be closed in September 2000 and dismounted to obtain space
for the LHC proton collider to be built in the same tunnel. However, due to indications
of the Higgs particle appearing as data started to accumulate above 206 GeV, the
experimental program was extended by six weeks.. In the combined results of the four
LEP experiments the significance of the Higgs signal had reached 2.9 o, still below the
level needed to claim a physics discovery.
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to form a ring of 27 km circumference.

The energy lost by synchrotron radia-

tion in the curved sectors is proportional
to E*/R and, thus, determined by the

00 1% ‘ it energy and the curvature. The shape of
a0 3 the accelerator constitutes a balance be-
d bl i . : ) s tween the amount of energy radiated in
A A A A S A AR S A Figure 4.3: A superconducting RF cavity.

the curved sectors and its high construc-

tion cost.
Figure 4.2: Integrated luminosity per day achieved by the LEP machine in

The design energy of an accelerator is mainly determined by the physics goals. At
2000, as a function of time.

LEP these were:

e high production rate of the Z bosons in its phase [;

e the production of W pairs in a second phase;
Year || /s (GeV) l L1z (pb7')
1996 1| 161 - 172 21 e the exploration of the highest possible energy regions, in the search for new
1997 | 183 55 Physies.
1998 Iee 15 The acceleration of electrons and positrons to beam energies of about 100 GeV
1 aae o requires a complex chain that uses the other accelerators available at CERN. The LEP
s 5 accelerator chain is shown in Figure 4.4. The positrons are produced by the collision of
0 63 200 MeV electrons with a tungsten target. Electrons and positrons are then accelerated
i o to 600 MeV at the LIL (Linear Injector LEP) and accumulated in the storage ring EPA
s it & (Electron Positron Accumulator). When the currents reach a certain value the beams
o %6 are injected in the PS (Proton Synchrotron) where they are accelerated to a maximum
208 o energy of 3.5 GeV. Then they are transferred to the SPS (Super Proton Synchrotron)
201 64 where they reach an energy of about 20 GeV. They are finally injected in the LEP and
208 8 accelerated to the desired energy for the experimental program.
28 gl The acceleration is done in the straight sections of the tunnel using radio frequency
Table 4.1: The centre-of-mass energies and corresponding integrated lumi- cavities (see Figure 4.3 for a picture of a LEP superconducting radio-frequency cavity),
nosities collected by the L3 detector. while dipole magnets guide the beams through the curved sections. Once the final

energy is reached the beams are focused in order to decrease their transverse size in
the interaction regions. The focusing is performed by superconducting quadrupole and
sextupole magnets located a few meters away from the interaction points.
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Figure 4.4: The LEP injection and acceleration chain, using several CERN
accelerators.

4.1.1 Centre-of-mass energy measurement

The energy of the LEP beam is monitored and calibrated to very high accuracy [95].
Special calibration runs using a technique of resonant depolarization of a partially
polarized electron beam can determine its energy to +0.6 MeV. The energy of a cir-
culating particle is proportional to the precession frequency of its spin [96]. In the
magnetic field of a storage ring the electron and positron spins polarize spontaneously
due to synchrotron radiation in the transverse plane (Sokolov-Ternov effect [97]). The

number of spin precessions per revolution around the storage ring, the spin-tune v, is
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given by
e — 2
2me

E beam

where g. denotes the anomalous magnetic moment of the electron, m,. its mass and
Eyeam the beam energy, so it is directly proportional to the beam energy. The number
of spin precessions per turn, the spin tune, is obtained by dividing the spin precession
frequency by the revolution frequency. The spin tune is determined with the resonant
depolarization technique. A kicker magnet generates a periodic perturbation to the
beam and its spin, rotating the spin of the particles by a small amount of 140 prad
per revolution [98]. If the perturbation is in resonance with the spin precession a de-
polarization (sharp decrease or even reversal of the beam polarization) of the beam is
observed.

The energy may vary over time, as external effects can influence either the dipole
field or the beam position as it passes through the focusing quadrupoles. The dipole
field strength and the beam position in the quadrupoles are monitored by a nuclear
magnetic resonance (NMR) probe in a test dipole placed outside the tunnel but electri-
cally in series with the LEP magnets, and by a beam orbit monitoring system. These
systems have revealed beam energy fluctuations (at the 10 MeV level) due to both the
gravitational pull of the moon and the water level of lake Geneva.

4.1.2 Luminosity measurement

Another important parameter in a collider experiment is the luminosity. The luminosity

is defined as:
2

L=f:b £

" —)
4mog, 0y

where 7. is the number of particles per bunch in the beams, b is the number of bunches,
f is the revolution frequency and 0,0, is the beam size.

The total integrated luminosity can be computed according to the relation

L — N events

3
€q

where ¢ is the cross section of a specific luminosity reaction, Neyents is the measured
number of events and e is the selection efficiency. It is advantageous to use a well-
known interaction with a high cross section, to keep both the theoretical errors on the
calculation of o and the statistical error of the luminosity measurement as small as
possible. At ete™ colliders, the reaction typically used is Bhabha scattering, ete~ —
ete™(v) at small polar scattering angles 6. In this region of phase space the Bhabha
cross section is dominated by the t-channel exchange of a photon. The total cross
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section in the polar angular range 0 < Opin < 0 < Oa is:

16maZ., , 1 1
o0 €0°S 0on) = & L 7 =E ——egm) for" 0. << 1 'rad
M2 1 il
=0.125—2%(— — ——) nb.
$ (Br%-nin arzna.x) i

An error on the fiducial volume in polar angle translates into an error on the Bhabha
cross section and thus on luminosity.

The experiments are equipped with dedicated luminosity detectors located at low
polar angles, covering the angular range of 25 mrad < 6, 7—6 < 60 mrad. The accepted
cross section of small angle Bhabha scattering for the luminosity measurement is of the
order of 100 nb.

4.2 The L3 Detector

To detect particles produced in ete~ annihilations one requires a detector set up around
the collision point which covers as much as possible of the total 47 solid angle. The
detector should allow to trace the particle tracks back to the interaction point and to
identify the particles.

The L3 experiment [99], Figures 4.5 and 4.6, is one of the four detectors at the
LEP storage ring, located 50 m underground. It is designed to measure the reaction
products in high energy electron-positron collisions with centre-of-mass energies up to
about 200 GeV. All L3 sub-detectors are mounted inside a large 7800-ton magnet,
cylindrically around the beam pipe. They are closed in the forward and backward
directions by a set of end caps, such that the reaction zone is almost hermetically
(99%) covered. Several different detector types, chosen to optimize the measurement
of energy and momentum and the identification of the reaction products, make up
the whole experiment. From the interaction point outside, the following detectors are
installed: a silicon micro-vertex detector, a central track detector, an electromagnetic
calorimeter, a hadron calorimeter and a muon detector. Close to the beam pipe three
other sub-detectors are placed: active lead rings, the luminosity monitor and the VSAT
(Very Small Angle Tagger). The detectors are complemented by triggering and read-out
electronics.

The reference coordinate system of L3 is defined with the origin in the centre of the
detector, at the interaction point. The z axis is parallel to the beam in the direction
of the electron beam. The y axis is in the vertical direction and the z axis is in the
horizontal direction pointing toward the centre of LEP. The entire apparatus has a

cylindrical symmetry with respect to the beam axis.
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Figure 4.5: The L3 Detector. The detector is entirely inside the solenoidal
magnet which produces a magnetic field of 0.5 T along the beam
direction. Charged particles are detected in the vertex detector,
mostly composed of silicon micro-strip counters, and in the drift
chamber. The curvature of the tracks in the magnetic field al-
lows for a momentum measurement. Photons and electrons are
detected as shower formations in the electromagnetic calorime-
ter, while the hadrons are measured in the hadron calorimeter.
Muons are seen in the exterior muon chambers.

Figure 4.6: The L3 support tube, 32 m long and 4.45 m in diameter, contain-
ing the calorimeters and the inner tracking chamber.
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The cylindrical coordinates are defined by the angle 6, the polar angle with respect
to the z axis and the azimuthal angle ¢ in the z-y plane (also called r-¢ plane),

measured starting from the positive = axis.

4.2.1 The central tracking system

The central tracking system consists of a Silicon Microvertex Detector (SMD), a Time
Expansion Chamber (TEC) which provides tracking in the 7 — ¢ plane, a Z-chamber
which measures the track z coordinate and Forward Tracking Chambers (FTC) in the

endcap regions.

The Silicon Microvertex Detector (SMD)

The SMD [100] was installed in the L3 detector in the year 1993, to improve the track
reconstruction capability. It is made of two layers of double-sided silicon micro-strips
with a length of 35.5 cm. For a track produced by a charged particle, two points are
measured, each with a coordinate in the 7 — ¢ plane and in the r — z plane with
a resolution of 7 um and of 14 um, respectively. This improves by a factor of two
the momentum resolution of the inner tracking system, because of the longer lever
arm. The impact parameter can be improved by a factor of 5 if the alignment of the
SMD with respect to the TEC is controlled with a precision of 10 ym. A resolution
of o(1/p;) = 0.011 GeV~! is achieved on the transverse momentum and of 30 xm on
the impact parameter. This detector is hermetic in ¢ and covers the 6 angular region
between 22° and 158°.

p* n Diode (Boron)

n TYPE Si
p ~5kQcem s1012/cm3 Phosphorus
i

*Voae® A n* OHMIC contact
ionizing (Phosphorus)
particle

Figure 4.7: Schematic of an ionizing particle traversing an SMD wafer.
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The basic detector element is shaped like a ladder and consists of four wafers. Each
wafer is 70 mm long, 40 mm wide and made of 300 um thick n-type silicon. A schematic
cross section through one of the wafers is shown in Figure 4.7. On one side (the junction
side) are p-type (boron doped) implantation strips every 25 pm. The inner ladders have
these strips parallel to the z axis, while the strips on the outer ladders are set at a 2°
angle to the z axis to provide for the stereo reconstruction of the tracks. The p-type
strips are used to measure the hit position in the r — ¢ plane. On the other side (the
ohmic side) there are n* (phosphorus doped) implantation strips perpendicular to the
junction side strips. This side of the wafer measures the z coordinate.

A reverse bias voltage is applied to the wafer, with the n™ strips typically held at
+50 \" and the p strips at the ground potential, sufficiently for the n-type layer to be
completely depleted. The residual dark current in the depleted wafer is less than 1 pA.
If a charged particle passes through the silicon, it will interact and create electron/hole
pairs as shown in Figure 4.7. After their creation the electrons and holes will drift
under the applied electric field to the n* and p strips, respectively. The position of the
incident particle can then be determined by calculating a charge centre-of-gravity for
neighboring strips where a non-zero charge has been measured.

The Time Expansion Chamber (TEC)

The Time Expansion Chamber [101] has been constructed to detect the charged par-
ticles and to measure the spatial coordinates of their trajectory in the magnetic field.
It measures the transverse momentum and the sign of the charged particles with an
energy up to 50 GeV and it reconstructs the interaction vertex, as well as the impact
point and the direction of the charged particles at the beginning of the electromagnetic
calorimeter.

The TEC has a cylindrical symmetry with a radius of about 50 cm and a length
of 1 m. Due to size constraints imposed by the electromagnetic calorimeter, the TEC
has a lever arm of only 37 cm available for the transverse momentum measurement.
Since the L3 magnetic field is relatively low an excellent spatial resolution in order to
achieve the design goal of charge identification for 50 GeV particles at 95% confidence
level is necessary. A drift chamber design operating in the time expansion mode was
the solution chosen. In this design the drift space is divided into two regions: the drift
region with a low electric field and the amplification region with a high electric field, as
illustrated in Figure 4.8. The TEC works with a gas mixture of CO, (80%) and C4H;,
(20%) at a pressure of 1.2 bar, which guarantees a slow drift velocity of 6 pm/ns and
has a negligible Lorentz angle.

In Figure 4.9 the position of the wires in one TEC sector is shown. The inner
chamber is divided in 12 sectors each of them containing 8 anode wires parallel to
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Figure 4.8: Drawing of the wire positions in a TEC sector.

the beam axis, to measure the r — ¢ coordinate to a precision of about 60 pm. Two
of the anode wires have charge division readout to determine the z coordinate to a
precision of 2.5 cm. The outer chamber is divided in 24 sectors with 54 anode wires
which measure the track coordinate with a resolution per single track of 50 ym. The
two track separation power is 450 pm.

The TEC is completed by two cylindrical proportional chambers [102], with a cath-
ode strip readout to measure the z coordinate in the angular range of 42° < 6 < 138°.
The cathode strips are oriented at 90°, 70.1°, -70.1° and 0° with respect to the beam
direction. The resolution of the z measurement varies between 200 pm and 1 mm from
the centre to the edges of the chamber.
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Figure 4.9: Amplification and drift regions in the TEC.
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In front of the two endcaps are two tracking chambers (Forward Tracking Chambers)
[103] to measure the position and the direction of charged particles at low angle. They
have a spatial resolution smaller than 200 pm.

Since the TEC has been made longer with respect to the original design, the FTC
and the endcap BGO calorimeter are moved backwards, leaving an open region of about
5% between the barrel and the endcap calorimeters. This hole has been covered in 1995
with a new calorimeter called EGAP, which will be described later.

4.2.2 The electromagnetic calorimeter

The electromagnetic calorimeter (BGO) [104], shown in Figure 4.10, was designed
to achieve good energy and spatial resolution for photons and electrons with energy
between 100 MeV and 100 GeV. The calorimeter is made of bismuth germanate crystals
(BisGe30,5) which are intrinsic scintillators with a small radiation length of 1.12 cm.
Therefore an electromagnetic shower, even of 50 GeV of energy, is contained in a
compact detector. The small transverse development of electromagnetic showers implies
a high granularity for the detector, which is achieved with a small Moliére radius
material. The chosen geometry with 2 x 2 cm? crystal front faces, allows for a good
angular separation of nearby particles. The hadronic component of the event interacts
rarely in the electromagnetic calorimeter because the BGO has only one interaction
length. This allows a good 7 /e separation. The light yield of the crystals depends on
their temperature, which must be kept at 18° + 0.1° with the help of a special cooling
system. A map of the temperature is provided by sensors attached on the front and the
rear crystal surface. This allows for the registration of the temperature of one crystal
out of 12 and for a possible correction of the energy according to the observed variation.

The detector surrounds the central tracking system and it is divided in two parts:
the barrel, which covers the angular region of 42.3° < § < 137.7° (corresponding to
74% of the total solid angle), and two endcaps, which the polar angle coverage of 10.6°
to 36.7° in the forward and 142° to 168.4° in the backward direction. The crystals in
the barrel point to the interaction region. They have the form of a truncated pyramid
with a front surface of 2x2 cm? and the back surface of 3x3 cm?. The crystals are 24
cm long corresponding to about 22 radiation lengths, and are fixed inside a support
structure which makes two symmetric half barrels, each containing 3840 crystals - 160
crystals in ¢ and 24 in 6. In the endcaps, a number of 3070 crystals are distributed in
17 rings in 6, with a variable number of crystals per ring. Each endcap is subdivided
in 16 sectors in ¢. All the crystals in the calorimeter are supported by a carbon fiber
structure which creates a very thin separation between the crystals (200-250 pm).
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Figure 4.10: Schematic drawing of the crystal layout of the BGO electromag-
netic calorimeter.

The scintillation light is collected by two photodiodes glued on the rear surface of
each crystal. These Hamamatsu photodiodes have a quantum efficiency of roughly 70%
around the emission peak (480 nm) of the BGO crystals. The photodiode produces a
signal of 0.2 fC (1200 electrons) per MeV of deposited energy. This light is only a
fraction of the total produced light, which is reflected many times on the sides of
the crystal before reaching the photodiodes. A uniform light collection is obtained
by modifying the reflecting properties of the crystal surface applying a layer of white
paint with high diffusion power. The signal coming from the photodiodes is amplified
by a preamplifier, glued on the rear crystal. The output signal has an amplitude of 50
uV /MeV, proportional to the collected charge (and therefore to the deposited energy),
with a rise time of 300 ns and a decaying time of 800 us. The first level of the electronics
consists of analog-to-digital converters, near the crystals. The analog signal of the
preamplifier passes through a shaping circuit which reduces the exponential tail from
800 ps to 1.2 ps. All information is here contained in the height of the signal.

The intrinsic resolution of the calorimeter is related to the poissonian fluctuations
of the number of the particles which compose the shower. Since the number of produced
particles is proportional to the energy of the incoming particle the intrinsic resolution
i8:

o(E)  1.57%
"E  JVE(GeV)

where @ signifies addition of the terms in quadrature.

@ 0.35%, (4.2)

Figure 4.11 shows the energy resolution of the BGO as a function of the energy.
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Figure 4.11: Energy resolution of the BGO barrel as a function of the energy,
as measured during the test beam and at LEP.

The asymptotic behavior at high energy is represented by the constant term in
Eq. 4.1, which also accounts for the calibration uncertainty [105]. The impact point
resolution of an electromagnetic shower can be obtained by comparing the impact point
measured in the BGO with the one measured with the TEC in the r — ¢ plane. At high
energy the ¢ resolution oy is 1.2 mrad (0.7 mm).

4.2.3 EGAP

The EGAP [106] detector is made of a lead structure filled with scintillating fibers
(Figure 4.12). There are two rings, one for each gap, of 24 modules of trapezoidal form.
The light is collected using two lucite light guides per module plus two photo-triodes.
Some space is left between modules due to the presence of cables routed through EGAP
from the TEC. To reduce the inefficiencies caused by this dead space the modules are
not pointing to the interaction point. The length of the calorimeter is 0.72 cm which
ensure a good shower containment (21 radiation lengths).
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Figure 4.12: Longitudinal view of the EGAP detector.

4.2.4 The Luminosity Monitor

The luminosity monitor [107] is designed to measure the small angle Bhabha scattering
events with an accuracy of the order of one permille. It consists of two BGO calorimeters
and a silicon strip tracker. The calorimeters are situated symmetrically on each side
of the interaction region at z = +2.7 m, around the beam pipe and cover a polar
angle region of 1.4° < 6 < 3.9° and 176.1° < # < 178.6°, and the full ¢ angle. During
unstable beam conditions, as during the LEP machine filling, the calorimeters are
removed horizontally from the beam pipe to avoid radiation damage.

In 1993 a silicon strip tracker was mounted in front of the calorimeters in order to
increase the precision of the luminosity measurement. There are two layers measuring
the polar angle, and one layer measuring the azimuthal angle. In the year 2000 the

experimental uncertainty on the luminosity measurement was 0.3 %.

4.2.5 The Hadron Calorimeter and the Muon Filter

The hadron calorimeter (HCAL) [108] measures the energy and the direction of the
hadron showers, and identifies the muons as minimum ionizing particles. It covers
99.6% of the solid angle. Like the electromagnetic calorimeter, the hadron calorimeter
(Figure 4.13) is divided into a barrel part, in the angular region 36° < § < 144°, and
two endcaps which cover the 5° < 8 < 36° and 144° < # < 175° polar angles.

The HCAL is a sampling calorimeter made of layers of depleted Uranium, as ab-

sorber, and proportional chambers (PC), operating with a mixture of Argon (80%) and
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Figure 4.13: Schematic drawing of the hadron calorimeter.

CO, (20%), as detectors. They are calibrated with cosmic rays and with -y rays emitted
by the uranium. The uranium was chosen because it has a small interaction length (=
10.5 cm), thus allowing for a very compact calorimeter. The signal of the chambers is
proportional to the number of the charged tracks of a hadronic shower, which is, in
turn, proportional to the energy of the incoming particle. The barrel is made of 9 rings
(along z) each of them having 16 modules in ¢. The external radius is 179.5 cm. The
internal radius is 88.5 cm for the long modules and 97.9 c¢m for the short modules. The
long modules are built of 60 layers of PC and the short ones of 53. Z chambers in which
the wires are perpendicular to the direction of the beam alternate with ¢ chambers in
which the wires are parallel to the beam direction.

For the read-out the wires of each module of the barrel are put together in towers
with a number of sensitive wires varying from 3 to 28. Each tower covers a solid angle
of about 2° x 2°. The resulting segmentation of a (short) module is of (8) 10 radial
layers, made each of 9 towers in 6 and 9 towers in ¢, for a total of (114) 180 towers per
module. The endcaps are realized as three cylindrical boxes. The wires of the chambers
are perpendicular to the beam direction, measuring directly the 8 coordinate. They are
also grouped in towers with a total segmentation of 1° in #, 22.5° in ¢ and 7 layers of
chambers along the z coordinate. The resolution of the hadronic calorimeter, studied
with a beam of pions of momentum between 1 and 50 GeV/c can be written as:

o 5%

E-m$5%.
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The energy resolution of a Z—hadrons event, using only the electromagnetic and
hadronic calorimeter information, is about 10%. The hadronic calorimeter is completed
by a muon filter, in the space between the barrel calorimeter and the support tube. It
is divided in octants. Each octant is made of 6 layers of brass absorber with a length of
1 cm, alternated with 5 proportional chambers of 1.5 cm. The filter adds one interac-
tion length to the 4 of the hadronic calorimeter and to the one of the electromagnetic
calorimeter making up a total of 6 interaction lengths. It is used to identify hadrons
which do not interact in the electromagnetic calorimeter and which can fake a muon

(the so-called punch-through).

4.2.6 The scintillator system

An array of 30 scintillators [109] is placed in the barrel between the electromagnetic
calorimeter and the hadronic calorimeter to measure the time of flight of the particles.
They cover the angular region of 25° < @ < 155°. The detectors are made of plastic
scintillator bars with a thickness of 1 cm and a length of 2.9 m. The read out is done
with phototubes. The time resolution is 1 ns, thus allowing to distinguish a cosmic
muon passing near the interaction point from a muon produced in the events, as for
efe” — ptp~. (A cosmic muon takes 5.8 ns to traverse the distance between two
opposite counters).

4.2.7 Muon spectrometer

An important feature of the L3 detector is its muon spectrometer [110]. The entire
central muon spectrometer is embedded in the solenoidal magnetic field.

The muon spectrometer has an octagonal shape and encloses the barrel hadron
calorimeter. Each octant (an r — ¢ section is shown in Figure 4.14) consists of five
drift chambers arranged in three layers: an inner layer (MI), an intermediate layer
(MM) and an outer layer (MO). All three layers contain precision chambers, so-called
”P-chambers”, to measure the track coordinates in the r — ¢ plane.

The intermediate layer is made of two chambers which sample the track of the muon
24 times in the r — ¢ plane, while the inner and outer layers sample the track only 16
times. The inner and outer layers are surrounded by additional ” Z-chambers”, with
the wires perpendicular to the beam direction to measure the z coordinate.

The spectrometer is built to measure the momentum of a 50 GeV muon with a
resolution o(p)/p of 2%, which corresponds to a resolution of 1.4% on the reconstruc-
tion of the invariant mass of muon pairs from Z decays. The chambers have a single
wire resolution of 200 ym. The alignment of the chambers is controlled with a precise
optomechanical system.
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Figure 4.14: Drawing of the muon spectrometer.

Since 1995, the L3 experiment is equipped with forward-backward muon chambers
in order to improve the momentum resolution in the angular region 36° < < 44°,
and to allow the muon momentum resolution measurement down to 24° in . They are
made of 96 drift chambers, divided into 16 sectors with three layers each on both sides
of the detector [111].

4.2.8 The magnet

All sub-detectors are installed inside a large solenoid magnet made from welded alu-
minum plates with an inner radius of 6 m and a total length of 14 m. A 0.5 T field
parallel with the z axis is provided by a 30 kA current carried by the coil.

The relatively low field compared to other experiments is balanced by a large field
volume available for the momentum measurement. This solution was chosen to optimize
the muon momentum resolution which improves linearly with the field and quadrati-
cally with the lever arm.
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4.3 The L3 data acquisition system

The entire L3 detector consists of about 150000 read out channels. For each event their
signals have to be digitized, the obtained data compressed and written to tape. The
whole procedure takes about 500 us [112]. During the event processing, the read out
channels are blocked and the detectors cannot record any new events. A trigger system
is necessary to separate the physics events from the background events, allowing the
acquisition of interesting data with a low dead time. The L3 trigger is divided in three
different levels:

4.3.1 Level-1 Trigger

The level-1 trigger has less than the time gap between two bunch crossings of LEP to
reject or accept an event. In case an event is rejected, the read out is stopped and all
counters are reset to be ready for the next event. There are four sub-triggers which use
special analog signals to reject an event:

e The energy trigger [113] combines signals from the electromagnetic and the
hadronic calorimeters. It has an output rate of about 1-2 Hz. The 7680 crystals
of the BGO barrel are put together in groups of 30 (5 in ¢ and 6 in ) to have
256 analog signals. The endcaps, divided into 4 polar and 32 azimuthal segments,
produce another 128 trigger signals each. To simplify the operations of the pro-
cessor, the azimuthal segmentation is almost constant, therefore the grouping in
# and ¢ of the crystals in the endcaps is not uniform. For the hadronic calorimeter
the trigger gets two signals per module, one corresponds to the chambers in the
first interaction length, and the other for the remaining chambers.

Good events have to fulfil at least one of the following conditions:

1. the cluster trigger searches for energy depositions which form clusters in
different detector layers. The threshold is 7 GeV if there is no TEC track
and 3 GeV in the presence of a TEC track.

2. the total energy trigger requires at least 10 GeV in the BGO barrel alone or
15 GeV in the BGO and HCAL barrels, or 20 GeV in all the calorimeters
including the endcaps;

3. the single photon trigger with a single isolated energy cluster in the BGO
barrel greater than 2 GeV;

4. the hit counting trigger requires a minimum number of hits in the calorime-
ters, two trigger cells with more than 5 GeV;
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5. the Bhabha trigger requires two back-to-back energy depositions larger than
15 GeV in two opposite luminosity detectors.

e The TEC trigger [114] reads 14 anode wires for each of the 24 sectors of the
outer TEC chamber. Each sector is divided in 4 intervals in ¢. The r — ¢ plane
is therefore divided in 96 intervals in ¢. An event is registered in a matrix of
96x 14 bits. Software programmable masks recognize the tracks and count them.
As the background rate peaks at low transverse momentum, p;, the minimum p,
threshold is about 150 MeV. This trigger has a rate of about 2-6 Hz.

The scintillator multiplicity trigger [109] requires that at least 5 pairs of
scintillators to have a hit within 15 ns of the bunch crossing.

e The muon trigger [115] accepts events with a transverse momentum seen in the
muon chambers larger than 1 GeV. It has a rate around 2-3 Hz, which does not
change with the luminosity because it is dominated by cosmic events. It consists
of three sub-triggers:

1. the single muon trigger, when two out of three P chambers and three out of
four Z chambers in the same octant in the angular region 44° < 6 < 136°
are hit;

2. the di-muon trigger, when two out of three P chambers are hit and one of the
Z chambers in the same octant, together with two out of three P chambers
hit in one of the five opposite chambers;

3. the small angle muon trigger, with one P chamber hit and one Z chamber
hit in the same octant, together with the same condition in one of the three
opposite octants.

In the forward region there are three di-muon and three single muon triggers
set-up using the following detectors: resistive plate counters, endcap scintillators
and forward-backward muon chambers [116].

If the decision of the trigger is positive the information of each sub-detector is
converted into digital signals and stored. This operation requires about 500 us and
introduces a dead time of about 1%. The total rates of the different sub-triggers which

compose the level-1 trigger, have to be lower than 20 Hz, otherwise too much dead
time is generated.

4.3.2 Level-2 Trigger

The level-2 trigger [117] has two functions: combine all the level-1 trigger information
and reject the background events selected by only one level-1 trigger. Events accepted
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by only one level-1 sub-trigger are more precisely analysed. During the level-2 pro-
cessing, new information from the sub-triggers is available. The following algorithms
are employed: the energy algorithm is based on a more precise energy estimation and
rejects events with energy smaller than a predefined threshold. The TEC algorithm
rejects electronic noise, beam gas events and events with tracks not pointing to the
interaction point. The muon algorithm rejects muon events with a small number of
hits in the vertex chambers and with no scintillator in time. If the event does not pass
these requirements, the data transfer is stopped and the event is rejected. One rejected
event out of 20 is kept in the data acquisition chain, to control the level-2 efficiency
off-line. The level-2 trigger reduces the rate of the accepted events by a factor of about
10.

4.3.3 Level-3 Trigger

The fully digitized detector output is available for the level-3 trigger [118]. Before
writing the event on tape the level-3 algorithm checks whether it is a good physical
event or not. A further reduction factor of 10 on the number of accepted events is
introduced by the level-3 trigger, by using several methods. Refined algorithms with
tighter cuts are now used to reduce the event rate. The energy algorithm reconstructs
energy in the electromagnetic and hadronic calorimeters using all the BGO crystals and
HCAL information. As the calculations are based on a fine digitization, the thresholds
are more precise with respect to the level-2 decision. The muon algorithm requires a
muon track to have a scintillator hit within a time of +10 ns with respect to the beam
crossing. The TEC algorithm reconstructs the TEC tracks and checks if they originate
from the vertex. It controls also whether the tracks in the transverse plane are correlated
with some energy deposit in the calorimeters or with hits in the scintillator counters.
If an event passes the level-3 trigger (or at least two level-1 sub-triggers) it is written
to tape.

4.4 The L3 offline software

4.4.1 Simulation; Monte Carlo generators

Monte Carlo event generators simulate e*e™ interactions for various final states, dis-
tributed in phase space according to the Standard Model expectations or following
another theoretical model.

The generated final-state particles are propagated through the detector simulation.
The L3 experiment models the response of the detector with the detector simulation
program GEANT [119], which includes the effect of energy loss, multiple scattering
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and showering in the detector materials and in the beam pipe. Hadronic showers are
simulated with the GHEISHA [121] program.

The response of the detector is accurately simulated with the program SIL3. SIL3
is based on the GEANT toolkit which tracks the particles generated by a Monte Carlo
event generator from the interaction vertex through all detector materials in small
steps. The structure of SIL3 can be described by its three phases:

1. the initialization consists mainly in the description of the geometry and of the
materials of the L3 detector.

2. the tracking of a particle is done integrating the equations of motion step by step.
The particle is propagated according to the properties of the material encountered
determining with random numbers if and which interaction process is present at
each step. When the energy of a particle becomes smaller than a predefined value
the tracking is stopped. The value of this cut is chosen as a function of the
requested accuracy, and of the available computing time.

3. the digitization phase, when the response of each part of the detector is calcu-
lated, introducing all details, for example the saturation of the electronics, the
fluctuations of the pedestals, the radioactivity of the uranium. To achieve such a
detailed description, a good knowledge of the behavior of the detector is neces-
sary, obtained by a continuous comparison with real data.

4.4.2 Reconstruction

The event reconstruction [122] transforms the digitized raw data, i.e. the ADC and
TDC signals, into higher level objects as for example tracks, energy deposits or jets.
Analyses take place by comparing simulated and real events in terms of these high-
level objects, in order to extract information about the underlying physics processes. In
the following some standard quantities within the L3 reconstruction context are listed.
Specific criteria used in selecting or counting these quantities are also given.

The first time the events are reconstructed, in the so called PASS1, the measured
calibration constants are applied. Information from different sub-detectors are com-
bined together to form a final reconstructed particle or a group of particles (jets). The
events have to fulfil some selection criteria (PASS1 selection) in order to classify them
in different physics categories or streams defined by the different analysis groups. The
cuts applied in the first step are very loose to make sure that no interesting physics
events are lost. The data after PASS1 are used to produce more precise calibrations
and to check the consistency of the data. Final physics analyses are done after a PASS2
reconstruction, where final calibrations are applied.
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The L3 database, where static and time dependent information about the detector
is stored, has seven sections, one for each sub-detector. The information comes from
different sources: general setups like the geometry of the detector, which are updated
every year, and when new sub-detectors are added; data coming from the online moni-
toring system, as for example BGO temperatures and pedestals, or TEC high voltage,
etc; off-line information, as for example calibration constants like TEC calibration of
drift velocity and Lorentz angle, BGO energy calibration and dead crystals.

Tracks

Tracks are constructed out of hit wires in the central tracking chamber TEC. A fit
is performed in order to extract from the coordinates of the hits the parameters of each
track, including the curvature 1/R (R o p, ), distance of closest approach (DCA) of the
track to the vertex, and angles ¢ and 6 of the track at the vertex. The principal track
parameters typically considered are: number of hits on the track, span (track length),
DCA of the track, momentum of the track and the x? of the track fit. In the context
of this analysis a TEC track must satisfy all the following requirements in order to be
accepted: at least 20 hits on the track, a span in radial direction of at least 30 wires,
at most a DCA of 10 mm, and a minimal transverse momentum of 100 MeV.

Bumps

The map of crystals of the BGO calorimeter in 6 and ¢ is searched for local maxima
of at least 40 MeV in energy depositions, which form the seeds for constructing the
so-called bumps. In an iterative procedure, crystals with energy greater than 10 MeV
are assigned to the nearest bump, whenever they are geometrically connected to it and
are not closer to any other bump. For each bump formed this way, the centre of gravity
and the following quantities are constructed: sum of one, ;, defined as the energy of
the central crystal, which is the most energetic one; sum of nine, £q, obtained adding
the sum of the energy of the central crystal to the energies of the 8 crystals in the ring
around it; sum of twenty-five, Y5, obtained adding to g the energies of the 16 crystals
in the ring around it (an electromagnetic particle, as an electron or a photon, delivers
91% of its energy in a 3 x 3 crystal matrix and 97% in a 5 x 5 crystal matrix).
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Figure 4.15: £,, £9 and 5. More details are given in the text.

A schematic drawing of these three objects is shown in Figure 4.15.
These sums are corrected for the lateral energy loss (leakage) in the following way:
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where a;, a5, b; and b, are correction constants.

The ratio Y9/Zo5 is then calculated, which represents an important variable to
discriminate electromagnetic from hadronic particles. Another variable to evaluate the
electromagnetic properties of the bump is x2,; it is the result of the comparison between
the energy distribution deposited in a 3 x 3 crystal matrix and the expected one for
an electromagnetic particle.

Clusters

Matching bumps with geometrically connected hits in the hadron calorimeter lo-
cated behind the BGO bumps leads to a formation of calorimetric clusters. Typical
quantities to be considered are: all of the bump quantities listed above, energy (BGO,
hadronic or total) and shower shape of the hadronic part. In the context of this analysis
a cluster must satisfy the following requirement in order to be counted: BGO energy
larger than 100 MeV and hadron calorimeter energy larger than 0.9 GeV.

Muons

Tracks reconstructed in the muon chambers, having at least two segments recon-
structed in the precision chamber layers, such that a momentum measurement is pos-
sible, are called muon candidates, although there is some probability that these tracks

might have been created by punch-through. Relevant track parameters are: number
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of segments on the track (P or Z chamber), momentum of the track (transverse or
total), distance-of-closest-approach after tracking and time of flight measured by the
associated scintillator.

Jets

A jet can be defined as a collection of hadrons moving in approximately the same
direction, originating from the decay fragmentation of a hard parton. When high en-
ergetic quarks or gluons tend to separate from each other the increasing strength of
the color field polarizes the vacuum and creates a succession of quark-antiquark pairs,
which combine into a narrow jet of hadrons around the original parton direction. The
sum of the four momenta of the hadrons is generally referred to as the four momentum
of the jet, which is then considered to be a pseudo-particle representing the original
parton. Jets are reconstructed using algorithms joining together the reconstructed ob-
jects in the detector in an iterative procedure: first a set of objects in the event and
a function or metric y;; have to be chosen; then for each object pair ij the y;; metric
is calculated and the pair ij with the smallest value of y;; is combined into a pseudo-
particle which replaces the two objects. The iterative process continues until either the
desired number of jets is reached, or the minimum metric y;; between all pairs of jets is
larger than a preset cut-off y,;. The different methods used to determine which objects
to combine together, all assume that objects separated by small angles or having low
momentum with respect to each other belong to the same original parton. The most
commonly used algorithms are: JADE [123], LUCLUS [124] and DURHAM [125].

In the analysis described in this thesis the events were clustered into jets using the
Durham jet algorithm. In the Durham algorithm the distance

Ui = 2min(Ef,Ej2)/E2 (1 — cos aij)

vis
is computed for all pairs of particles (¢, j). E;; are the energies of the particles, ;; is
the opening angle and E,;;, is the visible energy in the event.

Another jet clustering algorithm, which is better suited for the reconstruction of
Jets originating from tau decay, is the geometrical cone algorithm [126]. In this method
objects are clustered simply according to their angular separation, which must be less
than a given cone opening angle.

Characterizing quantities are: energy of the jet (total, calorimetric or muon), thrust
[127] of the jet, invariant mass of the jet and multiplicity of the jet (cluster, track or
muon). The general reconstruction program calculates all these quantities and selec-
tively many more, thus providing a flexible framework for the data analysis.

The reconstruction program REL3 has a graphical event presentation, as shown in
Figure 4.16 for a ee™ — qgev event, where the tracks are represented by lines, the

74 CHAPTER 4. THE EXPERIMENT

energy deposits by towers in the BGO and the squares in the HCAL; the dimension
of the towers and squares is proportional to the energy deposited. In this figure the
isolated electron is represented by a track in the TEC matched with a bump in the
BGO, and the two jets are constituted by narrow bundles of hadronic particles pointing
to the same direction.

Run # 727101 Event# 3545

Ms.= 89 GeV

Figure 4.16: Example of a candidate event.

The tracks are represented by lines, the energy deposits by tow-
ers in the BGO and the squares in the HCAL; the dimension of
the towers and squares is proportional to the energy deposited.
In this figure the isolated electron is represented by a track in
the TEC matched with a bump in the BGO, and the two jets
are constituted by (narrow) track bundles of hadronic particles
pointing into the same direction.
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4.4.3 Particle identification

The mass and the charge of a particle generally suffice to identify it. The sign of
a particle’s charge can be read off from its deflection in a magnetic field. A direct
measurement of the mass is in most of the cases impossible. There is therefore no
general particle identification recipe and many different methods are available. In the
following, the methods used in L3 for particle identification are listed. Short lived
particles can be identified from their decay products with the help of the invariant
mass method. The presence of neutrinos can be inferred from the momentum balance:
the deficit of energy or momentum in the reaction is ascribed to the neutrino.

Electron and photon identification

Electrons and photons are recognized through
their characteristic electromagnetic showers
in the calorimeters (a schematic view is shown
in Figure 4.17). We can distinguish between
them with the help of the tracking detector in
front of the calorimeter; only the electron will

leave an ionization trail.

To distinguish electrons traversing the L3
detector from hadrons the characteristics of
their interaction in the BGO are used. For
a few particles which escape detection in
the BGO (because they pass through the
calorimeter in between the BGO crystals in

Figure 4.17: Schematic view of a recon- the carbon fiber support structure), the en-
structed electron, showing one track in ergy deposition in the HCAL is also consid-
the central tracking chamber matched ered for identification. Signals in the muon
with energy deposition in the elec- filter and muon chambers are used as an elec-
tromagnetic calorimeter; the leakage tron veto. As mentioned before, a cluster in
in the hadron calorimeter behind the the electromagnetic calorimeter is character-
ized by its shape using the ratio X9/Xys and
the electromagnetic chi-squared 2.

For an electromagnetic particle, £q/%,s5, after correction, peaks at 1 and it is cut

at 0.95. Typical distributions for the ¥g/5s and x2, quantities are shown in Figure
4.18.

bump is also visible .

The energy measured in the hadron calorimeter behind the electromagnetic bump
should not exceed 20% of the measured in the electromagnetic calorimeter.
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Figure 4.18: Distributions of electron/photon identification variables, the en-
ergy measured in a 3x3 crystal matrix, to the energy mea-
sured in the 5x5 matrix, £9/5,5 a) and the electromagnetic
chi-squared, x2, b).

In addition the information from the tracking detector is used for the electron-
photon separation. A cut on the difference of azimuthal angles between the bump
in the BGO electromagnetic calorimeter and the nearest track helps to disentangle
electrons from photons. The track quality is insured by imposing the track momentum
to be greater than 100 MeV, the number of track hits to be at least 20 and the distance-
of-closest-approach to the primary vertex in the transverse plane to be below 10 mm.
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Muon identification muons is the difference between the total energy in both calorimeters normalized

to the track momentum measured in the tracking chamber, which should be lower

Muons are identified by their exceptional pen-

etrative power. They primarily lose energy by

Bun® 718303 Event® 4867 Total Enemy: S8.88GeV

ionization and can be detected with the help
of the muon chambers placed outside where
no other charged particle reaches. Therefore
muons are identified by the presence of a track
in the muon chambers (Figure 4.19).

To identify muons information from all
sub-detectors is used. There are two ways of

then 0.4.

Tau identification

Run® 71704 Event 4716 Totsl Energy; 6319 GeV

Due to the short lifetime of the tau leptons
only their decay products are observed in the
detector. These decay products are electrons
and muons, for the leptonic decay modes, and
charged and neutral mesons, for the hadronic

identifying muons in L3: decay modes of the tau lepton. All decays are

accompanied by neutrinos, which escape de-

= Ome MEAIG Hoe ouly o e Swos tection. Therefore, the total energy of all de-

chamber information and accepts all

tectable decay particles is distributed over a

particles, if there is a muon chamber

wide energy range. Furthermore, a tau decay
track. The track has to point to the

Figure 4.19: Schematic view of a recon-

A is characterized by a single charged track or a
struc :

vertex. Muons from cosmic showers or

low multiplicity jet with less than or equal to
5 charged tracks, Figure 4.20. Approximately
85% of the tau decays go to one charged par-

hadronic punch-through do not usually

point to the vertex. The muon track e
must have hits in at least two out of the three layers of the muon chamber. The Figure 4.20: Schematic view of a

; : ; ; ; e ) T ;
muon identification requires some quality criteria to be satisfied for the muon mo- ee” — 7vrv event, showing two

ticle accompanied by neutral decay products
(one-prong decay), including 7 — evr and
7 — pvv with with a branching ratio of 18%
each, and approximately 15% of decays go to

mentum, the distance-of-closest-approach to the interaction vertex (DCA) and for hadronic tau decays with tracks re-

the reconstructed time-of-flight with the scintillators: the muon momentum must constructed in the central tracking
be greater than 3 GeV, the track DCA in the plane perpendicular to the beam
pipe should be less than 300 mm and along the beam pipe less than 400 mm. To calorimeters.

ensure that the muons were created during the beam collision the time-of-flight

chamber and energy depositions in the
three charged particles (three-prong decay).

The probability that the tau decays into five

charged tracks (five-prong decay) is (1.11 =+
0.24) - 1073, The seven-prong branching fraction is less then 1.9 - 10~* [7]. Taus are
reconstructed as hadronic jets which have between 1 and 3 tracks, using the cone
clustering algorithm.

must be within a 5 ns time interval around the bunch crossing time.

e in detection regions which are not covered by the muon chambers, the muon se-
lection requires only one track per hemisphere detected by the TEC, and then
uses the characteristics of the energy deposition of the minimum ionizing particle
in the calorimeters. Muon candidates are required to have less than 5 BGO crys-
tals associated with its track. In the hadron calorimeter the energy of the tower
which was hit by a particle and its direct neighbors, Eqys, is added and compared
with the expected energy for a minimum ionizing particle, En;p, in these HCAL
towers. Since one expects almost all energy deposited in the central tower for a
muon, this distribution peaks at zero. Additionally one can cut on the remaining
energy of the HCAL cluster, E;em, which is not contained in Eqps. This energy

must be less than 1 GeV for a muon candidate. Another useful criterion to select
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Search for Higgs Boson decay into
two photons

This analysis aims to select hZ events characterized by two photons and a Z boson in
various decay modes. This gives rise to qyy, vyy and €T~ vy, with £ = e, u, 7, final
states, with the di-photon spectrum peaking at the Higgs boson mass.

Standard Model final states originating from Z decay are dominated by a pair of
leptons or jets. These processes can be accompanied by energetic photons emitted by
an initial- or final-state particle, producing acollinear leptons or jets in the final state.
Such photons tend to have low energy and to lie close to the emitting particle, so that
for final-state radiation they are frequently observed in the detector. A photon from
initial-state radiation normally remains unobserved close to the beam axis, but in some
cases can also be detected. The spectrum of the photons coming from these background
processes is flat over a wide range of invariant masses.

In the ffy7y event the Higgs mass can be reconstructed with a precision better than
2 GeV, giving a clear signal with very little background.

The selection criteria for each final state are described in the following sections and
rely on a common photon identification.

To achieve a high sensitivity of the search it is necessary to eliminate as much of
the Standard Model background as possible, while keeping a high efficiency for the
signal. The efficiency of the search is calculated using a Monte Carlo generator for
the Higgs boson production and decay, followed by the simulation of the final state
particle behavior in the detector. The signal and background Monte Carlo samples
must correspond to a higher luminosity than the data by at least a factor of three in
order to ensure small statistical errors due to the Monte Carlo. Signal Monte Carlo
samples comprise between 500 and 2000 events, depending on the search channel. The
number of simulated events for the most important background channels is at least 100
times higher than the corresponding number of expected events in the data.
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5.1 Photon pair selection

Photons are identified as clusters in the BGO electromagnetic calorimeter as described
in section 4.4.3. Only clusters in the polar angle range 25° < # < 35°, 45° < 4 <
135° and 145° < f < 155° are considered, well within the coverage of the barrel
and end-cap regions of the BGO electromagnetic calorimeter. The gaps in the crystal
coverage, where the EGAP detector is placed, are therefore excluded for this search.
The distribution of the polar angle of the most energetic photon is shown in Figure
5.1. Forward-backward peaking, characteristic of initial state radiation, is observed.
The cut on the photon polar angle reduces the background associated to initial state
radiation, while keeping a large efficiency for the Higgs signal.

In the following selections we require at least two photons. To ensure that the pair
of photons arise from the decay of a heavy resonance we require the energy of the most
energetic photon to be larger than 10 GeV and the energy of the second most energetic
photon to be larger than 6 GeV.

5
10 ® data 192-209 GeV
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m,=105GeV
LR
& 10
n
£10°
>
w
10
1
A1 ;
10 | T T =
0 50 100 150

6,, (degree)

Figure 5.1: Distribution of the polar angle of the most energetic photon in
data, background and for a Higgs boson signal with mass m, =105
GeV, for all Z final states combined. The signal is superim-

posed with an arbitrary normalization. The selected 6 regions
are marked.
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5.2 The qgy~ final state

The signature for the qgyy final state
is a pair of isolated photons accompa-
s St et nied by two jets. To select these events,
we first apply a hadronic preselection re-
quiring high multiplicity events. Events

are accepted if

Nicuere =6 (5.1)
Ncluster > 12;
where Nirack is the number of recon-

structed tracks which satisfy the re-
quirements defined in section 4.4.2 and

Neuster 18 the number of calorimetric

clusters with energy greater than 100
Figure 5.2: Candidate event for e*e™ — \joy.
qdyy recorded by L3, showing two hadronic The visible energy normalized to the

jets and two energy depositions in the elec- .ontre of-mass energy is required to be

tromagnetic calorimeter. larger than 0.5 and the energy imbal-
ances parallel and perpendicular to the
beam direction, normalized to the visible energy, are required to be below 0.4. In order
to reduce the background from two-photon interaction events, we require the energy
in a 30° cone around the beam pipe to be less than half of the visible energy. After
these selection requirements, 17719 events remain in the data, while 17739.1 events are
expected from Standard Model processes. The yield of this preselection is reported in
Table 5.1. Figure 5.3 shows the comparison between data and Monte Carlo expecta-
tions for the distribution of the normalized visible energy, Elyis/Ecm, of the preselected
events.

From this sample we select those events which contain at least two photons as
described in section 5.1. All other particles are clustered in two jets using the DURHAM
jet algorithm [125]. To reject photons coming from neutral hadron decays we require
them to be isolated. This means the energy in a 10° cone around the photon direction
must be less than 1.5 GeV, and in a 20° cone less than 4.5 GeV. The number of charged
tracks and calorimeter clusters in a 20° cone around the photon direction must be below
four. The opening angle between the photons must be larger than 50° and the angle
between the photon direction and the nearest jet must exceed 25°.

The energy spectrum of the most energetic photon, normalized to the beam energy,
before any cut is applied on the photon energies is presented in Figure 5.4 a). The
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Figure 5.3: Distribution for the qgyy final state of the normalized visible energy after
the hadronic preselection, in data, background and for a Higgs boson signal with mass
M;, = 105 GeV. The signal is superimposed with an arbitrary normalization. The arrow
indicates the value of the cut.

radiative return to the Z peak, produced by the on-shell production of the Z boson in
the s-channel, is clearly visible at
gl
2Vs
Figure 5.4 b) shows the distribution of the recoil mass against the di-photon system
after the selection requirements on the photon energies.

Finally, the recoil mass against the di-photon system is required to be consistent
with the Z mass, |Mrecon — Mz| < 15 GeV. This requirement reduces the background
from the e*e™ — qg(y) process where either a neutral hadron from the Z decay mimics
a photon or a photon in the final state is emitted; in both cases the recoil mass against
the photons would be smaller than the Z mass.

The event having the highest value of the di-photon invariant mass is shown in
Figure 5.2. It was collected at /s = 205.1 GeV and its di-photon invariant mass is
111.8+ 1.0 GeV while the recoil mass against the di-photon system is 87.4 & 0.8 GeV.
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28 events are observed in the data, to be compared with 31+ 0.6 expected back-
ground events, mainly from the ete™ — qg(y) process. Smaller contributions come
from WW (0.2 events), ZZ (0.2 events) and Zee (0.1 events) processes. The signal effi-
ciency is 40% for a Higgs boson mass of 100 GeV produced at /s = 192 GeV and 47%
for a Higgs boson mass of 110 GeV at /s = 208 GeV. The number of selected data
and background events are presented in Table 5.1.

Npata Npigd qi(y) | WW | Zete™ | ZZ
Preselection || 17719 17739.1 11364.2 | 5876.7 | 139.4 | 358.9
Selection 28 31.0+ 0.6 30.5 0.2 0.1 0.2

Table 5.1: Number of events observed in data, by the qdy~y selection, Npaa, compared
with the Standard Model expectations, Npygq. The breakdown in different processes is
presented.

a)
® data 192-209 GeV L3 10 b)
100 Cee>aam o data 192-209 GeV
l other bkgd. [Ce*e—qa(y)
Nm,=105Gev [Eother bkgd.

m,=105GeV

Events / 0.02

Events / 3GeV

£ a W o f:-\\‘:&&\; .
0 02 04 06 08 1
E,/E

beam

Figure 5.4: Distributions for the qgyy final state of a) the energy of the most energetic
photon normalized to the beam energy and b) the recoil mass against the di-photon
system in data, background and for a 105 GeV Higgs boson signal with arbitrary
normalization. The arrows indicate the value of the cuts.
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5.3 The vy~ final state

The vy final state is characterized by

the presence of two photons and two

PR SSTITIE S LT e et invisible neutrinos in the event. There-
fore, the selection keeps events with sig-
nificant missing energy. Events contain-
ing a photon pair described in section
5.1. are selected. All detector compo-
nents are required to measure no further
energy depositions or charged tracks,

apart from what is identified as pho-

\ tons. There must be no charged tracks

and the energy not assigned to identified

photons must be smaller than 10 GeV.

=] = Cuts on the energy depositions mea-

O T sured in the hadron calorimeter, in the
kG T mor e

luminosity monitor and in the EGAP
Figure 5.5: Candidate event for ete~ — are imposed. Events with missing en-
vy process. ergy, either from neutrinos or particles
lost in the non-instrumented parts of
the detector, including initial-state ra-
diation, are the main background. Photons coming from the ete~ — () process are
coplanar and are removed by a cut on the acoplanarity angle. The acoplanarity angle is
the angle between the directions of the two photons projected on the plane transverse
to the beam axis. The distribution of this acoplanarity for the data and the Monte

Carlo predictions is presented in Figure 5.6. We require the photon acoplanarity to be
greater than 3°.

The total transverse momentum of the di-photon system must be greater than 2
GeV. To ensure that the missing momentum is well contained in the detector, the
absolute value of its polar angle must not exceed 0.96.

Figure 5.7 shows the distribution of the recoil mass against the two most energetic
photons after the application of the selection requirements on all the other variables.

As final selection criterion, this mass has to be consistent with the Z boson mass within
15 GeV.

The number of selected events in data is 9, while the expectations for the ete~ —

v(7) process is 9.240.3 events. Other backgrounds are negligible. A candidate event
is displayed in Figure 5.5.
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Figure 5.6: Distribution for the viyy final state of the acoplanarity of the v7y system,
in data, background and for a Higgs boson signal with the mass M;, = 105 GeV. The
signal is superimposed with arbitrary normalization. The arrow indicates the value of
the cut.
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Figure 5.7: Distribution for the viyy final state of the recoil mass against the two
photons in data, background and for a Higgs boson signal with the mass M, = 105 GeV.

The signal is superimposed with arbitrary normalization. The arrows indicate the values
of the cuts.
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The signal efficiency is 47% for a Higgs boson mass of 100 GeV at /s = 192 GeV
and 50% for a Higgs boson of 105 GeV mass at /s = 208 GeV.

5.4 The £T£ v~ final state

B s O B s 1754 Toml ey 3003000V Mt S8 Events 247 TowlErwgy 10281 OWY

Figure 5.8: Candidate events for the ete=vyvy, u*u~vyy, 7° 7~y processes.

The £+{~ vy final state is characterized by the presence of two photons and a pair
of same type, isolated and energetic leptons. A selection based on identified leptons
with momentum greater than 3 GeV and an energy below 3 GeV in a cone of half-
angle 10° around the lepton is efficient in selecting the signal events and rejecting the
background.

First low multiplicity events with a photon pair and a lepton pair are preselected.

Electrons are identified as clusters in the BGO electromagnetic calorimeter as de-
scribed in section 4.4.3. To increase the efficiency, we accept events with at least one
identified electron.

Muons are reconstructed as explained in section 4.4.3. Also events with one muon
and one minimum ionizing particle in the calorimeters are accepted, as well as events
with a single muon where the second muon is missing or misidentified. Background
events from cosmic rays are removed by requiring at least one hit in the scintillation
counters within a £5 ns time window around the beam crossing time.

Tau leptons are identified as jets with one or three tracks in a 10° cone with an
energy greater than 3 GeV. The energy in the 10° — 30° cone must not exceed 30% of
the energy in the 0° — 10° cone around the tau direction. In order to maintain a high
efficiency, events with only one identified tau lepton are also accepted.
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After these selection requirements, 738 events remain in the data, while 751.3 events
are expected from Standard Model processes. The result of this preselection is reported
in Table 5.2. Further, the energy of the most energetic lepton is required to be less than
80 GeV to suppress double radiative di-lepton events. The energy of the second most
energetic photon normalized to the beam energy, E,, /Epeam, is presented in Figure 5.9
a) for the preselected events. Figure 5.9 b) shows the recoil mass against the photons
after the cuts on the photon energies.

250 10 5
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Figure 5.9: Distributions for the £+¢~ vy final state of (a) the energy of the second most
energetic photon normalized to the beam energy, for the preselected events, and (b)
the recoil mass against the two photons in data, background and for a Higgs boson

signal with mass my = 105 GeV and arbitrary normalization. The arrows indicate the
value of the cuts.

The final selection requirement imposes the recoil mass to be consistent with the Z
mass, |Mrecot — Mz| < 15 GeV.

At centre-of-mass energies below \/s=202 GeV the presence of two identified leptons
is enforced, requiring their invariant mass to be between 81 and 101 GeV, relaxing the
selection criterion on the recoil mass.

The number of events selected in data and expected from background processes is
presented in Table 5.2. Seven events are observed in the data, with 8.04+2.8 expected
from background Monte Carlo, mainly from the eTe™ — £*¢(y) processes. Three

200
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candidate events are shown in Figure 5.8. The signal efficiency in the lepton channel
varies from 31% for a Higgs boson mass of 100 GeV produced at /s = 192 GeV to
43% for a Higgs boson with the mass my, = 110 GeV produced at /s = 208 GeV.

Noata || Nexga || €7e(7) [ pfp () |77 (7) | 4F
Preselection 738 751.3 541.7 46.2 50.4 113:0
Selection 7 || 8.0+£2.8 4.2 1.8 2.0 0.0

Table 5.2: Number of events observed in data, by the £+¢~ vy selection, Np,a, compared

with the Standard Model expectations, Npyga. The breakdown in different processes is
given.

5.5 Summary of the event selection

The results of all the selections are presented in Table 5.3. The total number of selected
events in the data is 44, to be compared to 48.1 expected from the Standard Model
processes. In conclusion, no excess indicating the production of a Higgs boson decaying
into photons is observed in the data.

All selection cuts for the single channels are listed for the centre-of-mass energies
of 192-202 and 200-209 GeV in Tables A.1 to A.5. The selection cuts at lower centre-
of-mass energy can be found as well in Appendix A.

Final state | Npata | Npigd e (%] Nbata | Naiga e (%]
mp=100 GeV my=105 GeV

V5 = 192 - 202 GeV /3 = 200 - 209 GeV

q@yy 10 [ 156 40.3 18 | 154 44.7

viyy 8 | 455 46.9 1 | 459 50.2

ete yy 1 0.7 39.1 2 2.6 45.6

ut Ay 5 187 323 0 1.1 46.2

TH Yy 0 0.7 20.3 2 2.15 31.1

Table 5.3: Number of events observed in data, Np,., compared with the Standard
Model expectations, Npyg and the efficiency for each final state at centre-of-mass
energies /s = 192 - 202 GeV and /s = 200 - 209 GeV.
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5.6 Systematic uncertainties

Several potential sources of systematic uncertainty on the number of signal and back-
ground events were investigated. These include the photon identification, photon iso-
lation criteria, and the simulation of the energy and angular resolution of the photons.
Systematic effects on the signal efficiency are quantified with respect to variations
of the signal efficiency (my = 105 GeV) at the working point, €, defined as:
,

€€
Aenala,':ive = = F

where €’ is the new signal efficiency determined from a given systematic variation. The
dominant source of error for the signal efficiency is the signal Monte Carlo statistics,
typically below 2%. The systematic uncertainty introduced by the photon identification
criteria is studied and quantified using a sample of Bhabha scattering events, where
one of the two electrons is tagged, and the other one is used to estimate the efficiency of
the identification. The difference in the efficiency extracted from data and Monte Carlo
simulations provides a systematic error of less than 0.6%. The energy and angle of the
photons are well measured and lead to a systematic error on the efficiency smaller than
0.1%. The systematic error on the photon energy scale is estimated to be 1% for the
Z return photons of 83 GeV at /s = 206.6 GeV. A variation of £2% of the energy
scale related quantities in the selection does not yield a sizable effect on the efficiency.
The resulting systematic uncertainty on the di-photon mass is 300 MeV at a mass
of 105 GeV. All of the combined systematic uncertainties are less than the statistical
uncertainty due to the limited size of the simulated event sample.

Variations in the expected background events are also studied. The main contribu-
tions to the uncertainty assigned to the background arise from the finite Monte Carlo
statistics (4%) and the background normalization for hadronic events with photons
(7%), as estimated from a comparison between the KK2F and PYTHIA Monte Carlo
predictions.

The systematic uncertainty on the integrated luminosity is 0.3% resulting in little
effect on the limits.

In conclusion, an overall systematic error of 8% on the number of expected back-
ground events and 2% on the number of expected signal events is estimated and incor-
porated into the final result (the upper limits on the branching fraction for the Higgs
boson decay into two photons) presented in Chapter 6. The effect of the systematic
error is small. A variation within 200 MeV has been found in data and simulation with

respect to the mass limit derivation without taking into account the systematic error.
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Results

6.1 Interpretation

The strategy of the Higgs search is to build a confidence level based on the reconstructed
di-photon invariant mass of the individual analyses assuming that we understand the
background and have a reliable estimate of the signal from Monte Carlo simulation.
This confidence level is then calculated for our observed data with the hypothesis
that the predicted signal is present in the data. If the confidence level excludes such
an assumption, then we rule out that value of the branching fraction BR(h— ~vv)
with some level of confidence. A scan over the Higgs mass is done recalculating this
confidence level for the many different mass values that are kinematically allowed and
which have not been ruled out previously. At each scanned mass value a scan over the
BR(h— 77) is done in 0.01 steps. The confidence level used to quantify the likelihood
of the hypothesis of a Higgs signal being present in the data will be described in the
following. We use a frequentistic approach to estimate the confidence level, CL. It is
defined in such a way that if CL = 95%, then there is only a 5% probability of the
signal actually being present in the data. In this way, we speak of a 95% exclusion of
a certain BR(h— vv). Two different methods to calculate the confidence level have
been used. Both methods take as input the reconstructed di-photon invariant mass
distribution of the combined results of all the search channels. Each bin of this spectrum
is treated as an independent, uncorrelated, mini-analysis with its own characteristic
signal, background and number of observed events.

No excess with respect to the expected number of events from the background has
been observed in the analysis. The result has therefore been used to derive an exclusion
limit. The methods used to calculate the confidence level for the exclusion are described
in the following.
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6.1.1 Bayesian approach

In the Bayesian approach the probability for the presence of a signal with an expected
number of events s that is greater than the expected number of events from the signal
hypothesis s is calculated, given the outcome of n observed events in the experiment
128,

Pl > by = / o' de, 6.1)
With the help of Bayes’ theorem this expression is written in terms of the known
probabilities P(nls').
' P(n|s)f(s) P(n|s)f(s)
f sn) = = 7= 7 7
(sn) P(n) fo P(n|s")f(s")ds

All 5" are assumed to have the same & priori probability, i.e. f(s')=const. From this
assumption follows that

i P(n|s")
161 = T iy e (63)
Equation (6.2) inserted in Eq. (6.1) gives
: P d
P(s > sin) = f Unle s (6.4)
fo (n|s')ds'
The signal hypothesis is said to be excluded at a confidence level of CL if
. 00 P ’ d !
1-P(s >s|n):1—f nls)s,_CL
Jo” P(nls')ds

The number of events observed in a single channel experiment is Poisson distributed.
The probability to observe n events in an experiment with an expected background of
b events and an expected signal of s events is

—(s'+b) 4 n
' e s +b
P(nls) = exp~* *(s +0b)"
n!
The method to derive the confidence level in a single channel experiment described
above can be generalized to a multichannel experiment. In an experiment with N
independent channels the probability to see n events if there exists a signal with an

expected number of events s’ is

N ' .
—(s pitbi) . S\
/ exp (s pi + b;)
P(ns) = H il T
;!

)
=1

where n; is the number of observed events in channel i, b; and s; are the expected
number of events in channel i from background and signal events respectively, and
Si

Zi,il Si

=
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is the fraction of the total number of expected signal events that is expected in channel
%

When combining results from different centre-of-mass energies, each final state at
each centre-of-mass energy has been treated as a separate channel.

6.1.2 Frequentistic approach

The observed data are used to test two hypotheses: the background-only (b) hypothesis,
which assumes that no Higgs boson is present in the mass range which is investigated,
the data receiving contributions from the Standard Model processes only, and the
signal+background (s+b) hypothesis, where the Higgs boson is assumed to be produced
according to the model under consideration.

A test-statistic (or estimator) X is constructed, in order to allow a classification of
the experimental results between the two situations: b-like, or s+b-like. The value of
the test-statistic measured in the data, X°%, is compared to the distributions of the
same test-statistic corresponding to the two hypothesis, X}, and X, obtained on the
basis of a large number of Monte Carlo simulations of the real experiment.

The confidence in the signal+background hypothesis is given by the probability that
the estimator is smaller than the value observed in an experiment under the assumption
that the signal+background hypothesis is true:

XObs

Clyip = PR < X°P|aia-l) = / f(X|s+0b) dX.
0

Similarly, the confidence in the background-only hypothesis is defined as the probability
that X is less than the value observed under the assumption that the background-only
hypothesis is true:

XObl
CLy = P(X < X°%|b) = / f(X'|p) dx.
0

The signal hypothesis is said to be excluded at a confidence level CL if

As already mentioned, the probability density functions for X used to define the con-
fidences CLgy, and CLy, can, in the general case, not be derived analytically. They
are obtained using Monte Carlo sampling from the distributions of the discriminating
variables for signal and background events. The reconstructed Higgs mass can be used
as a discriminating variable.

There are several methods to construct the test-statistic. The L3 experiment uses
the Bayesian probability defined by Eq. 6.3.
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Another method uses the ratio of the likelihood for signal+background to the like-
lihood for background only,

o L

L

to rank the results between the two hypothesis. For convenience, the following quantity

is actually used,
—2InQ = 25 — 25;n; In(1 — s;/b;),

which corresponds to the Ax? between the two hypothesis in the limit of high statistics.
This test-statistics has been adopted by the LEP Higgs working group to combine the
data from the four LEP experiments, as it will be discussed later. It maximizes the
probability of rejecting a false hypothesis at a given confidence level, and makes use of
the information available in a search in the most efficient way, similarly to the way the
principle of maximum likelihood gives the most efficient estimators of parameters in a
measurement. An example of a test-statistic -2In @ as a function of the Higgs boson
mass is shown in Figure 6.1.

|signal+background background

Probability density

-20 -10 0 10
-21n(Q)

Figure 6.1: An example of the probability density function of -2In Q for back-
ground, b, and signal+background, s+b, Monte Carlo experi-
ments. The observed value of -2In@ which corresponds to the
data is indicated by a vertical line. The dark shaded area is a
measure of the compatibility with the b hypothesis, 1-C'Ly,, and
the light shaded area is a measure of the compatibility with the
s+b hypothesis, CLgp.
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The b-only Monte Carlo simulations can also be used to calculate an expected
confidence level in the absence of a signal based p.urely' on the.M?nte Carlo pred.lc.tllon : a) o el 1484000 O L3 W o data 189-209 GeV L3
for background. The confidence level computed in this way indicates the sensitivity S Ee'satm Be’e >qay
of the analysis. There are commonly two ways used to quote the expected confidence 10 De:e:—W\’f_w 10 e:o:—v\:\":ﬂ
level. The average CL is just the overall average of the confidence level distribution. The % e Tk 3 :;;ozlalszy
median CL is the confidence level where the distribution is divided into two equally g 10 (‘a
large portions, indicating that one would expect in 50% of the experiments a lower p- -y y
and in 50% a higher confidence level. As the latter is precisely defined independent of § 1L ::'»:' 'i
the shape of the confidence level distribution, we will use in the following the median u>., u>.| :'.
expected CL. The same distribution can be used to extract the probability that the " -1'_ ‘ jé :
observed confidence level is consistent with the background only hypothesis which is a : é
strong indication for the presence of a signal. of

The Monte Carlo simulations to estimate the number of signal and background 10 0 25
events take into account the centre-of-mass energy, the integrated luminosity of the data M. (GeV) M. (GeV)
sample, the cross sections and decay branching fractions for the signal and background i i
processes, the selection efficiencies, the experimental resolutions and the systematic
i P data 189-209 GeV L3

If one wishes to account for an uncertainty on the number of accepted background of [Me'esqan
events, we can smear each value of b; used in the Monte Carlo trials. The smearing 10 3 °:°:“’r;"":ﬂ
can be accomplished by randomly sampling a Gaussian with a width corresponding to % ; ,';.;,;G.y
the relative size of the systematic error. The number of background events in that bin g 10 F
during that trial is then rescaled by this random amount. Similarly, to estimate the - oAl +
effects of a systematic error on the number of signal events, one can use an independent E 1k Mm!‘im
smearing of the values s; used in the Monte Carlo trials. The statistical error can o ‘ l!l.i
be dealt with by taking into account the fluctuations on the predicted number of 10 -1: - 722? 7
background and signal events due to the Poisson fluctuations on the original number éég%é
of generated events. These Poisson fluctuations can then be properly introduced into _2: 222%?
b; and s; during the Monte Carlo trials used to calculate the confidence level. 10 0 50 75 100

Mw (GeV)

6.2 Results

The events passing all the hZ cuts are used to set an upper limit on the di-photon
branching fraction for a particle having the Standard Model Higgs boson production
rate. We use the reconstructed di-photon invariant mass as final discriminant variable.

Figure 6.2: Distributions of the reconstructed di-photon invariant mass for
all final states combined, after the final selection. Data collected
at a) /s= 192 - 209 GeV, b) and c) /5= 189 - 209 GeV are
shown together with the background and a Higgs boson signal
with mass my = 105 GeV, for a Standard Model cross section

and a BR(h— v7) = 1. Backgrounds in c) were smoothed using
the KEYS program [129].

The distributions of di-photon masses for the hZ search candidates in the year 2000
data are shown in Figure 6.2 a), together with the simulation of the Standard Model
backgrounds and a Higgs signal with my = 105 GeV. The distribution of the di-photon
masses for the hZ search candidates in the data from all L3 search energies,
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namely 189 - 209 GeV is also given in Figure 6.2 b). These distributions are well
described by the Standard Model processes. The latter distribution is also shown in
Figure 6.2 c). The backgrounds in this graph were smoothed using the KEYS program
[129] described in Appendix B, in order to avoid numerical problems which can arise
in some bins due to low Monte Carlo statistics.

The final distributions are combined using the technique described in section 6.1
for the hZ — qqyy, viyy and £T€ ~yy, with £ = e, 4, 7. A scan in the Higgs masses is
performed from 50 GeV to 120 GeV in steps of 1 GeV, the order of the mass resolution.
Monte Carlo samples were generated using PYTHIA for Higgs masses between 50 and
80 GeV in steps of 10 GeV, and between 80 to 120 GeV in steps of 5 GeV. In order
to compute the signal and background confidence level at arbitrary masses it was
necessary to perform an interpolation between the mass points where Monte Carlo
simulation results are available. The method used is based on the linear interpolation
of the inverse of the cumulative distribution functions and it is described in Appendix
C [130]. The region below 50 GeV is less interesting for this work as it was excluded
by previous L3 Higgs searches using the hadronic final state [131].

At each mass point a scan over the BR(h— 7v) in steps of 0.01 is done, and for
each point the confidence level for the signal exclusion is calculated. The value of the
BR(h— 77), at each mass point, for which the confidence level is 95%, is kept.

Figure 6.3 (left) shows the 95% confidence level upper limit for the di-photon
branching fraction obtained in this way, when the Standard Model hZ production
cross section is assumed at each centre-of-mass energy and combining all the candidate
events. The statistical method used to extract these results is the likelihood log ratio,
-2In@Q. A comparison to the results obtained using the 1.3 statistical method is shown
in Figure 6.3 (right). Since the two methods use different test-statistics, the result-
ing exclusion limits are expected to show some differences, especially in the vicinity
of candidates events. One can see that the two sets of results agree within 15% in
BR(h— 7).

The limits on the BR(h— 7) are used to rule out Higgs bosons in certain non-
minimal models. Before concentrating on calculating a Higgs boson exclusion it is
interesting to look at the confidence level for the background-only hypothesis, 1-CLy.
This quantity is the most likely to show evidence of a Higgs signal discovery and
it is shown in Figure 6.4. There is no indication for new physics in this graph; the
candidates passing the cuts for all three topologies are consistent with the Standard
Model processes over a wide range. The low value of 1-CL;, in the mass range around
75 GeV is due to the excess of candidate events in this mass region in the data collected
at /s=189 GeV. This excess is most likely due to a statistical fluctuation, since it is
not confirmed at any higher centre-of-mass energy. This region is now more excluded
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then with the 189 GeV data alone, see Figures 6.3 and B.2. Nevertheless, there are no
values of the M., where CL;, comes close to the level required for a discovery of new
phenomena. A 5-0 significance leading to 1-CLy, = 5.7 -10~7 value is required for the
claim of a signal in the presence of background.

1 T T .
e— -
s e s :
i cluded \\ ' :
: e e observed expected
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& N | &} /
E 10 E . % expected
m L g I f log fatio
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............... ‘ e
......... bserved
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Figure 6.3: (left) Excluded values at 95% confidence level of the branching
fractions BR(h— 77) as a function of the Higgs mass, in the
assumption of the Standard Model production cross section. The
expected 95% confidence level limit and the theoretical prediction
are also presented.

(right) Comparison of the result obtained with two statistical
methods described in the text.

After the CLy, has been examined and no evidence of a Higgs boson signal is present
in the data, the only thing left to do is to exclude the Higgs boson. Also shown in
Figure 6.3 is the h— «y branching fraction in the Standard Model computed with the
HDECAY program [43] and excluding all the fermionic couplings. A 95% confidence
level lower mass limit for such a benchmark fermiophobic Higgs boson is set at 105.4
GeV, where the predicted branching fraction crosses the upper limit curve. The median

limit one would expect to obtain in an ensemble of experiments in the absence of a
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signal is 105.3 GeV.

To conclude, it is worthwhile to recall the results presented in Figure 2.16. At the
value of the mass limit, the preferred decay mode of the fermiophobic Higgs is into
a WW?* pair, and so there is not much to be gained going at higher centre-of-mass
energies for the search of a fermiophobic Higgs boson in the two photon decay mode
alone at a ete™ collider. However, since hyy has a very clean signature, it still remains
a powerful channel for the search of a fermiophobic (but also of the Standard Model)
Higgs boson in pp or pp collisions, at the Tevatron and LHC.

1 |
60 80 100
m, GeV

Figure 6.4: Distribution of 1-CLy, for all L3 data in the h— v search.

6.3 Results of the h—-=WW* channel and combina-
tion with h— ~v

As seen in Figure 2.17, for Higgs masses greater than about 100 GeV the di-photon
branching fraction decreases rapidly, while the h—WW?* decay mode, with one gauge
boson being virtual, becomes dominant. This motivates a search in the h—WW?* chan-
nel. The L3 Collaboration has looked for a fermiophobic Higgs boson in this decay
mode in the data collect at \/s=192-209 GeV [132].

Since the Higgs boson is produced in association with the Z, there are nine pos-
sible final states which result from the decays of the Z and W gauge bosons. The L3
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Collaboration has developed analyses for the following ones, which corresponds to 85%
of the total branching ratio of hZ—WW*ff: qqqq(qq), aqév(qq), qqaq(vv), aqlv(vv),
and qqqq(#¢), where the decay of the Z is given in parentheses.

No signal has been found in the data with respect to the expectations from the Stan-
dard Model processes. These negative search results are used to set upper limits on the
branching fractions for the Higgs decay into a WW* pair, assuming a Standard Model
production rate for the Higgs boson. The excluded region in the (BR(hZ—WW*ff),my)

plane is shown in Figure 6.5 (left), together with the predictions of the benchmark
fermiophobic model.

1
F P LEPhoyy+
@os £ L3hsWW*

E Pretiminary
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Figure 6.5: (left) Excluded values at 95% confidence level of the branch-

ing fractions BR(h—WW?") as a function of the Higgs mass, in
the assumption of the Standard Model production cross section.
The expected 95% CL limit and the theoretical prediction in the
benchmark fermiophobic model are also presented.
(right) Excluded values at 95% confidence level of the fermiopho-
bic Higgs branching fractions as a function of the Higgs mass,
combining LEP h— vy and L3 h—WW* searches (from Ref.
[132]).

In order to increase the sensitivity of the fermiophobic Higgs search, the di-photon
branching fractions can be combined with the h—+WW?* decay mode. The total Higgs

branching fraction to pairs of gauge bosons in a general fermiophobic search can be
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parameterised as
BRyhovic = BR(h = 77) + BR(h = WW),

with BR(h— v7)/BRpueic=BR,, being the fraction of fermiophobic decays into a
photon pair. The 95% CL excluded BRpopic values are determined by a scan in the
(BR.y,m) plane. The result of this combination is shown in Figure 6.5 (right) together
with the benchmark values of BR.,,. The point where this curve crosses the BRppobic=1
gives the model-dependent limit. It yields an expected limit of 111.2 GeV and an
observed limit of 106.4 GeV.
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Outlook

The L3 detector is not the only place where a photonic Higgs boson has been searched
for. The four experiments at the LEP collider have all been used to search for the Higgs
boson through the decay into two photons.

After the closure of LEP the search will continue at other collider facilities. There
are at the moment searches performed using the detectors at the Tevatron collider at
Fermilab and preparations have started for the searches that will take place at the
Large Hadron Collider that is presently being constructed at CERN.

7.1 ALEPH, DELPHI and OPAL

The results of the search for a Higgs boson decaying into two photons presented in
this thesis are confirmed by the searches performed at the other experiments at LEP.
The ALEPH Collaboration concentrates on the di-photon system, performing a global
analysis, while the other Collaborations, DELPHI and OPAL, carry out similar analyses
as L3 does, selecting separately each of the search channels. The observed and expected
mass limits for a fermiophobic Higgs boson decaying into two photons obtained by the
four collaborations are listed in Table 7.1.

The mass limits obtained are sensitive to the limited sizes of the collected data
samples. By combining the data collected by the four experiments, an integrated lumi-
nosity four times the amount collected by one of the detectors alone can be achieved.
Such a combined analysis has been carried out by the LEP working group for Higgs
boson searches [136]. The information provided by each LEP experiment as input to
the combination is the distribution of the reconstructed Higgs boson mass, my,. For
each bin of these distributions, the experiments provide the number of selected data
events, n;, the expected background rate, b;, and the expected signal, s;(my, BR). The
statistical procedure adopted for the combination of the data and the definitions of the

test-statistic to rank the experimental results between the b-only and s+b hypothesis,
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Detector Observed limit l Expected limit l
ALEPH (133] 104.4 GeV 104.6 GeV
DELPHI [134] 103.6 GeV 105.1 GeV

L3 [99] 104.1 (105.4) GeV | 104.9 (105.3)GeV
OPAL [135] 104.8 GeV 105.2 GeV
Combined [136] 108.2 GeV 109.0 GeV

Table 7.1: The observed and expected mass limits for a fermiophobic Higgs

boson from the searches performed at the four detectors at the

LEP collider, and the limits obtained when combining the results

of the four experiments. All limits are given at 95% confidence
level. All results are preliminary and are taken from Ref. [136]. The
numbers given in parentheses are the final results of L3 presented
in this thesis (see section 6.4).

Photonic
ADLO Combined
Preliminary -

25 Limit = 108.2 GeV
Expected Limit = 109.0 GeV

T T = 2 £
Photonic Higgs Search T
Preliminary 3l
305 obs / 308.2 expected ® ADLO data s
-

5 w0k
£
=]

10
0 [ ;o 80 mA = 120 02

M, GeV)

; “ 30 If. 120
M, (GeV)

Figure 7.1: The distribution of the di-photon invariant mass (left) and the
observed and expected upper limits of the BR(h— ) as a func-
tion on the Higgs mass, with the assumption of a Standard Model
production cross section and combining the results of the four
detectors at the LEP collider [136]. The limits are given at 95%
confidence level (right).
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the quantity -2In @, as well as the confidence levels CLs, CLsyp, and CLy, are the
ones described in section 6.2.

The result of the combined analysis excludes the existence of a fermiophobic Higgs
boson with mass lower than 108.2 GeV at 95% confidence level (see Figure 7.1).

7.1.1 Other searches by DELPHI

DELPHI is searching for a fermiophobic Higgs boson in the framework of the general
2HDM of type I, combining both production mechanisms, e*e~ —hZ and ete™ —hA
[137]. As mentioned in section 3.2.1., these processes have complementary cross sec-
tions, proportional to sin?§ and cos? 8, respectively. The high & region is studied by
analysing the Higgs-strahlung process, and this constituted the main subject of this
thesis. For small values of sin”§ the Higgs-strahlung cross-section vanishes, and so the
small § region is constrained by the associated hA production. The combination of

both processes leads to an interpretation of the results as a function of my and ma.
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Figure 7.2: 95% confidence level excluded region in the (my,ma) plane, com-
bining the Higgs-stahlung and the associated production pro-
cesses, in the framework of potential A (see section 2.6.1), valid
for all § values. Region I corresponds to the h— 4y and A— bb
decay modes. Region II corresponds to A—hZ and region III cor-
responds to h—AA and A— bb. The dark area at low masses
shows the limit from the total Z width. (from Ref. [137])

The dominant decay modes for my, < My are h—AA (if my, > 2my,) and h— 7.
For my, > Mz, the decays of h into other boson pairs can be important: h—Zry for the
very small § region, or h—-WW™* for large § values.
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The decay modes of the A bosons are: A— bb, A—hZ, above the hZ threshold,
and A— W*HT, when kinematically allowed. In the region of very low d values, below
1072 rad, and if ma < Mz + my, the A total width is very small and A can leave the
detector before decaying.

The excluded region at 95% confidence level in the (my, m4) plane, at all § values,
are shown in Figure 7.2, for one solution of the 2HDM potential. Region I in this
figure corresponds to the decay modes h— vy and A— bb or A long-lived. Region II
corresponds to A—hZ and A—hvyy. Region III corresponds to h—AA and A— bb.
The band of low values of ms and mjy masses is excluded by the Z invisible width
measurement.

7.2 The Tevatron at Fermilab

The Tevatron collider at the Fermi National Accelerator Laboratory near Chicago, is
a proton antiproton collider. Two general purpose detectors, called CDF and DO, are
collecting data at this machine.

During run I of the Tevatron in 1992-1996 the DO detector collected about 100
pb~! of data at /s = 1.8 TeV. These data were searched for a bosonic Higgs having
standard model couplings to vector bosons but zero couplings to fermions in the yvjj
final state. For the Standard Model Higgs boson the main production process at the
Tevatron is gluon-gluon fusion via a top quark loop. Because of the absence of Higgs-
fermion couplings, it will not be possible to produce the fermiophobic Higgs by gluon
fusion, and neither in associations with top pairs. Therefore two processes remain, the
associated production with vector bosons [138], where an off-mass-shell W or Z boson
is produced and radiates a Higgs boson, Figure 7.3, and vector boson fusion [89] with
the latter giving less number of events [46].

q W(2)

Figure 7.3: The main production mechanism of a fermiophobic Higgs at the
Tevatron.

The DO collaboration found four candidates which passed the selection require-
ments, with an expected background of 6.04-2.1 events. In summary, the existence of a
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fermiophobic Higgs boson was excluded by the D0 data at 95% confidence level up to
a mass of 81.4 GeV [139], assuming Standard Model couplings between the Higgs and
the vector bosons. Their result is shown in Figure 7.4.

Run ITa of the Tevatron is currently under way. During this run the DO detector
will collect approximately 2 fb~" of data at /s = 2 TeV. Landsberg and Matchev
[140] have evaluated the prospects for detecting a non-standard light Higgs boson with
a significant branching fraction into two photons, in the Run IT of the Tevatron. The
expected Run [T limits on the branching fraction h— v~ as a function of the Higgs mass
are presented in Figure 7.5. As seen from this figure, the reach for a fermiophobice Higgs
is about 115 GeV in Run Ila and about 125 Ge\" in Run [Ib. This is a improvement
over the final reach from LEP of 108 GeV. This study suggests that a signal of two
photons combined with a jet or two jets is an effective method to search for a Higgs

boson in the two photon decay mode at the Tevatron.
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Figure 7.4: DO results on the fermiophobic Higgs search. Graph on the left:
The data and expected background for (up) the di-photon mass
and (down) the di-jet mass distributions.

Graph on the right: 95% confidence level cross section upper lim-
its, dashed curve; the dotted curve represents the 90% confidence
level exclusion contour, and the solid curve represents the bosonic

Higgs cross section with h— vy and W/Z— jj branching fractions
taken into account. ;
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7.3 The Large Hadron Collider at CERN

The Large Hadron Collider (LHC) is a proton proton accelerator that is presently being
built at CERN. The new collider will have a centre-of-mass energy of 14 TeV and the
first particle collisions are scheduled to take place around 2007. Two general purpose
detectors are being constructed at the LHC, ATLAS and CMS.

The phenomenology of a fermiophobic Higgs at LHC was studied by Akeroyd in Ref.
[141]. Such a particle has no production channel gg—h, but would give a clear signal
in the associated production channel for the decays into two photons. It can have a
sizeable branching fraction BR(h— ~7): the branching fraction for these decays varies
between 20% for my = 100 GeV to about 1% for my = 130 GeV. At higher masses,
there will be little difference between the signal for the Standard Model Higgs and
the signal for the fermiophobic Higgs. It follows that the discovery of the fermiophobic
Higgs will be very difficult in this channel for my > 130 GeV.

100

022j, pa(j)>25, AM,,<0.6T
02y2j, pq(j)>30, AM,,<0.6T
©272], pg(j)>30, AM_ <1.0T
] 1
100 200 300 400
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Figure 7.5: The predicted 95% confidence level limit on the branching frac-
tion h— 7, with 0.1, 2.0 and 30 fb~?, as a function of the Higgs
mass. The solid line is the prediction for the branching fraction
of a bosonic Higgs.



Chapter 8
Conclusions

This thesis presents the results of the search for a Higgs boson decaying into two
photons carried out with the data from ete™ interactions at centre-of-mass energies
up to 209 GeV, collected by the L3 detector at LEP. At these energies the main Higgs
production mechanism is the Higgs-Strahlung process, ete™ —hZ. All the possible
final states arising from the various decay modes of the Z boson have been analyzed.
The main conclusion of this thesis is that no evidence of the production of a Higgs
particle decaying into two photons is observed in the data. The negative search result
is translated in upper limits on the branching fraction for the Higgs boson decay into
two photons.

As a benchmark for exclusion of Higgs bosons in fermiophobic models, a scalar
particle h is considered, produced in e*e~ —hZ with Standard Model production cross
section and with the partial width for h— v given by the Standard Model, but with
the fermionic coupling set to zero. Hence, assuming a Standard Model production rate,
a lower limit on the mass of a fermiophobic Higgs is set at

my > 105.4 GeV  at 95% confidence level,

with a median limit expected from background only of my® > 105.3 GeV. These
numbers are the final L3 results for the fermiophobic Higgs search in the two photon
decay mode, and are currently published [143]. They include the results at the lower
centre-of-mass energy of 189 GeV published previously [142]. These results significantly
improve the limits obtained at LEPI and exclude the benchmark fermiophobic model
up to a mass of 105 GeV.

The results presented in this work are comparable to those obtained by the other
three LEP experiments. They also do not observe an indication for the Higgs production
and derive mass limits on a fermiophobic Higgs boson.

The combined data from all four LEP experiments are consistent with Standard
Model backgrounds as well. The 95% confidence level lower limit from the combined
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LEP searches on the fermiophobic Higgs mass is set at 108.2 GeV.

Unfortunately, at the end of the LEP2 program, the Higgs boson, the fundamental
part of the electroweak theory, has not been found but stringent new limits have been
established on its mass. In conclusion, since the Higgs boson appears to be heavier, its
discovery will have to await the results of present experiments at Fermilab, or of the
future experiments at the Large Hadron Collider at CERN.



Appendix A

Summary of the selection cuts

Channel | Cut | 189 Gev 192-202 GeV | 200-209 GeV
hZ— yvyqq Nirack > 6 > 6 > 6
Naisia > 12 515 >'15
Evis/ /5 015 > 0.5 > 05
|E})|/Evis <04 <04 <04
|EL|/Evis <04 <04 <04
Es00 /Eyis <05 < 0.5 < 0.5
N, -l >1 =il
E10% =916 > 15 S5
| D > 4.5 >'35 >l
L(v,7) [°) > 50 > 50 > 50
(7, jet) [] > 25 >25 >'25
E,, [GeV] > 10 > 10 > 10
E,, [GeV] > 6 >6 > 6
|A Miecoil| <10 <15 <15
YD Eg/Eos > 0.95 > 0.95 =085
Ebump [GeV] =11 > 1 >
X2 <10 <10 <10
EncaL/Evump <0.2 <02 < 0.2
|#BGo — ¢rEC| > 0.05 > 0.05 > 0.05
[rad]

Table A.1: The selection cuts used in the analysis.
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Channel Cut 189 GeV 192-202 GeV | 200-209 GeV

hZ— yyvv Nirack =1 <l Sl
Netuster <6 <6 > 6

Evis — B, < 10 <10 < 10

[GeV]

Encar [GeV] < 20 <20 <20

Erumi [GeV] < 10 <10 < 10

EaLr [GeV] < 10 <10 < 10
Espacar, [GeV] <7 <0 <
N, =l <l <1
Nscint 21 2 21
N, =l >l >

L(y,7) [ > 50 > 50 > 50
acoplanarity >.3 6] >3

]

[pL| [GeV] >2 >2 > 2

€OS Oiss > 0.966 > 0.966 > 0.966

E,, [GeV] > 10 > 10 > 0
E,, [GeV] > 6 > 6 >16
|AMecoil| <10 <15 < 15

YD Eq/Eos > 0.95 > 0.95 > 0.95
Ebump [GeV] >1 S1 >4

ol <10 <10 <10

EncaL/Evump < 0.2 <02 <0.2

|$BGO — rEC] > 0.05 > 0.05 > 0.05

[rad]

Table A.2: The selection cuts used in the analysis.
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Channel Cut 189 GeV 192-202 GeV L 200-209 GeV
hZ— ~vyyete™ Nirsok <6 <6 <6
Neoustar < 15 < 15 < il5
Evis/ /8 >02 =02 > 0.2
N, > 1 > | i |
{(7,7) [] > 50 > 50 > 50
(7, electron) > 25 > 25 > 25
]
Eeta > 4.5 > 4.5 > 4.5
NG 0 - 0 0
E. [GeV) < 80 < 80 < 80
E,, [GeV] > 10 > 10 > 10
E,, [GeV] >6 >6 >6
|A Mrecoi| <10 <15 <15
1D Eo/Eqs > 0.95 > 0.95 > 0.95
Epump [GeV] > 17 > 1
N <10 <10 <10
Encav/Ebump <0.2 <02 <02
|#BGO — PrEC] > 0.05 > 0.05 > 0.05
[rad]
em Eq/Eqs > 0.95 > 0.95 > 0.95
Epump [GeV] >3 >3 58
Yov <10 < 10 <10
Eucavr/Ebump <.0:2 Z 32 < 0.2
[¢8G0 — drEc| < 0.05 < 0.05 < 0.05
frad]

Table A.3: The selection cuts used in the analysis.
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Channel Cut 189 GeV 192202 GeV_| 200-209 GeV |
hZ— yyutu~ Nirack <6 <6 <6
Neluster < 15 <15 <15
Evis/ /3 > 0.2 > 0.2 >012
Ny > >l >l
Ly ] > 50 > 50 =50
(7, muon) [°] >25 > 25 =495
w2 > 4.5 > 4.5 > 4.5
N, >0 >0 >0
E, [GeV] < 80 < 80 < 80
E,, [GeV] > 10 > 10 > 10
E,, [GeV] > 6 >6 > 6
| A Mrecoil| < 10 <15 <15
YD Eg/Ens > 0.95 > 0.95 > 0.95
Ebump [GeV] sl >1 |
Vo <10 <10 <10
Encar/Ebump < 0.2 < 0.2 202
|#BGO — brEC| > 0.05 > 0.05 > 0.05
[rad]
. DCA rans [mm] < 300 < 300 < 300
DCA g [mm] < 400 < 400 < 400
Np,.+Nr,., 22 22 b
P, [GeV] >3 >3 >3

Table A.4: The selection cuts used in the analysis.
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Channel Cut 189 GeV L 192-202 GeV 200-209 GeV

hZ— yyrtr= Nirack <6 <6 <6
Neluster < 16 <15 <15

Eis/\/s > 0.2 > 0.2 >

N, = > >1

L(7,7) [°] > 50 > 50 > 50

L(, tau) [°] > 25 > 25 > 25

EXn > 4.5 > 4.5 >4.5

N, >0 >0 >0

E; [GeV] < 80 < 80 < 80

E,, [GeV] > 10 > 10 > 10

E,, [GeV] > 6 >6 > 6

|AMecot| <10 <15 <15
YD Eq/Eoqs > 0.95 > 0.95 > 0.95

Ebump [GeV] = >l >1

Xis <10 <10 <10

Encar/Ebump <0.2 < 0.2 < 0.2
|$BGO — ¢rEC > 0.05 > 0.05 > 0.05

[rad]

D i o =13 =g 1.3
B <03 <03 <03

E, >3 >3 >3

Table A.5: The selection cuts used in the analysis.

Appendix B

Results at the centre-of-mass
energy of \/s = 189 GeV

The selection of the data collected at the lower centre-of-mass energy /s = 189 GeV
[142] follows similar criteria to the ones described in chapter 6, with the exception
that for the leptonic channel we require two identified leptons in the event. The cut on
the di-lepton invariant mass replaces the cut on the recoil mass against the photons.
The number of events selected in data and expected from background processes is
presented in Table B.1 for the hadronic channel, in Table B.2 for the neutrino channel
and in Table B.3 for the leptonic channel. The reconstructed di-photon invariant mass
is shown in Figure B.1 for all Z final states combined. Figure B.2 shows the measured
upper limits on the BR(h— 7) as a function of the Higgs mass assuming a Standard
Model rate for the Zh production, along with the expected limits as calculated from a
large sample of Monte Carlo experiments. The theoretical prediction is also shown for
a fermiophobic Higgs boson as calculated with the HDECAY program. The observed
limit for BR(h — vy) = 1 is 98 GeV. The lower limit on the mass of a fermiophobic
Higgs boson is set at

My > 94.9 GeV at 95% confidence level.

The expected mass limit is 95.1 GeV.
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Data || ZBkg. | qa(v) | WW [Zete | 2z | . ik
Preselection || 8146 || 8221.7 || 5745.9 | 2309.8 | 58.2 | 109.8 agi’;?_w\_’w L3
Selection 10 | 162 16.0 0.0| 0.1 0.1 Clele 1Ty
L Pe’e"—qqyy
BAM,=95GeV
Table B.1: Number of events expected from Standard Model processes compared to 2
the observed number of events, after the preselection and selection steps, for the qgyy %
final state. §
i
[ Tomlwn)]

ISelection " 3 J 4.3 I

Table B.2: Number of events expected from the Standard Model process ete™ — vir(y)
compared to the observed number of events, for the viyy final state.

Figure B.1: The distribution of the reconstructed di-photon invariant mass for all Z
final states combined, after the final selection, in data at \/s = 189 GeV, background
and for a Higgs boson signal with the mass M; = 95 GeV. The signal, assuming a

: Standard Model cross section and a BR(h— ~7) = 1, is superimposed and normalized
Data ” IBkg. || e*e™(y) | u*pu~(7) | 7H77(y) | 4 fermion to the integrated luminosity.
Preselection 86 93.8 66.4 14.1 9.9 34
Selection 5 2.5 1.1 0.7 0.7 0.0

Table B.3: Number of events expected from Standard Model processes compared to the
observed number of events, after the preselection and selection steps, for the {* ¢~y
final state.

= Observed 95% C.L. limit
""" Expected 95% C.L. limit
-~ Fermiophobic prediction

60 70 80 90 100
M, (GeV)

Figure B.2: Excluded values of the BR(h — +7) as a function of the Higgs mass, with
the assumption of a Standard Model production cross section, for 189 GeV data. The
expected 95% confidence level limit and the theoretical prediction are also presented.



Appendix C
Linear interpolation of histograms

The method proposed by A.L. Read in Ref. [130] is based on the linear interpolation
of the inverses of the cumulative distribution functions. The cumulative distribution
functions of two distribution functions fi(z) and fy(z) for the observable z are:

Fiae) = / * fia(@)da,

The goal is to obtain a new probability distribution function f(z) with the corre-
sponding cumulative distribution function

F(z) = /_x f(a")dz'.

The first step of the interpolation procedure is to find z, and z, where the cumu-
lative distributions F; and F; are equal for a given cumulative probability y,

Fy(z1) = Fa(z3) = y. (C1)

The cumulative probability for the new distribution F is set to the same value y at
a linearly interpolated position z,

F(z) =y, (C2)

z = axy + bx,. (C.3)

The constants a and b express the interpolation distance between the extreme values
of the relevant parameter for the two existing distributions and satisfy a + b = 1.

The probability distribution function f(z) is obtained by inverting the cumulative
distributions in Egs. (C.1) and (C.2), substituting these results in Eq. (C.3),

F7'(y) = aF ' (y) + bF5 ' (v),
119
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deriving this with respect to y and solving for the interpolated probability distribution
function f(z),
F(z) = fi(z1) fo(z2) :

afy(z2) +bfi(z1)

Figure C.1 shows how well the interpolation procedure describes the reconstructed
invariant mass distribution of a hypothetical Higgs boson with mass m, = 95 GeV,
decaying in the Zh— qqy~y channel at centre-of-mass energy of /s = 206.6 GeV based
on simulations at my = 90 GeV and my = 100 GeV.

0.4
0.3
0.2
0.1

0

Figure C.1: Example of histogram interpolation. The reconstructed invari-
ant mass distribution for a 95 GeV Higgs (solid line) has been
obtained by interpolation between the simulation results for 90
(left) and 100 (right) GeV Higgs masses and is superimposed
with the simulation results of a 95 GeV Higgs particle(middle).



122 APPENDIX D. BACKGROUND SMOOTHING

bg sum 206

0.75
Appendix D 0.5} -0.005

0.25 -0.01 -
Background smoothing 0 ' -
0 100 0 100
P(x) and S(x) P(x)-S(x)
The parameterisation of discriminant variable distributions is a crucial step in the 0.06 [ ID 4567
limit setting procedure. In the calculation of confidence levels using the likelihood
ratio as an estimator, it is desirable to have continuous functions to parameterise the Entries 7508
distributions of discriminating variables. In order to produce continuous estimates £ (z) ' 0.04 - Mean 81.71
of the parent distribution from the empirical probability density function f(z), several
techniques have been developed. The basic idea of the KEYS program [129] is that it 0.02 - RMS 8.276
constructs a smooth shape by placing a Gaussian Kernel of probability at each event. J k
By summing over these kernels a smooth shape is obtained. The performance of the ; 0 1 L ==}
smoothing program is presented in Figure D.1 and the standard output of the program 0 25 50 7_5 100
is shown in Figure D.2. : Shape to fit
Figure D.2: The standard output of the KEYS program.
i | The top left plot shows the cumulative distribution of the KEYS
= shape and the data. The top right plot shows the difference be-
& 01| tween the two cumulative distributions, the maximum of which
% is used in the calculation of the Kolmogorov-Smirnov test. The
E bottom plot shows the shape produced by KEYS overlapped on
s 3 [L‘ a histogram of the original data.
Ll o

0 75 100

m GeV

Figure D.1: The performance of the smoothing program on the reconstructed
Higgs mass distribution: the line is the original distribution, and
the shaded area is the smoothed histogram.
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