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Abstract

The search for the Higgs boson was one of the most relevant issues of the final years of LEP
running at high energies. An excess of 3 � beyond the background expectation has been found,
consistent with the production of the Higgs boson with a mass near 115 GeV/c

�

. At the upgraded
TeVatron and at LHC the search for the Higgs boson will continue. At TeVatron Higgs bosons
can be detected with masses up to 180 GeV with an assumed total integrated luminosity of 20
fb �

�

. LHC has the potential to discover the Higgs boson in many different decay channels for
Higgs masses up to 1 TeV. It will be possible to measure Higgs boson parameters, such as mass,
width, and couplings to fermions and bosons. The results from Higgs searches at LEP2 and the
possibilities for searches at hadron colliders will be reviewed.
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1 Introduction

The Standard Model is extremely well described by experimental data: leptons and quarks were
discovered as the fundamental constituents of matter. The photon, the

�
and

�
bosons, and the

gluons were identified as the carriers of the electromagnetic, weak and strong forces. Measure-
ments of the lineshape and couplings of the

�
boson with the �

�
� � data at LEP1 and SLC and

the precision measurements of the properties of the
�

boson at TeVatron and LEP2 confirmed
that the experimental analysis is in excellent agreement with the Standard Model.
In the Standard Model the generation of the masses of gauge bosons and fermions is described
by the Higgs mechanism. Associated with this mechanism is the existence of massive scalar par-
ticles called Higgs bosons. The proof for the Higgs mechanism would be the direct observation
of this particle.
This is after the discovery of the top quark the only particle missing which has been predicted in
the framework of the Standard Model. The mass of the Higgs boson is a free parameter in this
model.
After a short phenomenological introduction on the Higgs mechanism and theoretical constraints
on the Higgs boson mass and the possible decay modes the results of searches for the Higgs
boson in the Standard Model and its extensions will be described in three parts: past, present and
near future.

Past:
In the first part of this review the LEP results are given. During the final years of LEP - the Large
Electron Positron collider at CERN - the search for the Higgs boson was one of the most relevant
issues. Since 1995 LEP has increased the centre-of-mass energy up to

� ���
209 GeV/c

�

in the
year 2000. LEP is sensitive for Higgs boson masses up to

� ���	��

. Some emphasis will be

given to the latest LEP results where an excess of � 2.9 � beyond the background expectation
was found, consistent with the production of the Higgs boson with a mass near 115 GeV/c

�

.
Shortly after this exciting result LEP has been shut down to make place for a new generation of
colliders: the LHC.

Present:
The second part is dedicated to the results and prospects of Higgs searches at TeVatron. Before
LHC will start data-taking in the year 2006 TeVatron at Fermilab has the amazing chance to
search for the Higgs boson and to verify the excess seen at LEP. At TeVatron a Higgs boson
with a mass around 115 GeV/c

�

could be excluded at 95% confidence level with 2 fb �

�

per
experiment. To make a 5 � discovery a luminosity of 15 fb �

�

per experiment is required. To
collect 15 fb �

�

of data an upgrade of the two detectors DØ and CDF is needed. The aim is
to collect this amount of data until the year 2006. Such data samples will extend the combined
sensitivity of CDF and DØ well beyond the LEP reach and allow large domains in the Minimal
Supersymmetric Standard Model parameter space to be investigated.

Near Future:
Finally the possibilities at the next hadron collider LHC are given in the third part. At LHC -
the Large Hadron Collider - with a centre-of-mass energy of

� �
=14 TeV - it will be possible
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to search for Higgs bosons in a much broader mass range. The ATLAS and CMS detectors
have been optimized for Higgs boson searches. In 2006 first physics collisions at LHC will take
place. 1 fb �

�

luminosity is foreseen in the first year of running. In 2007 10 fb �

�

of data will be
taken. With this data a Higgs boson with a mass near 115 GeV/c

�

can be found in the
� �����

and
� ��

decay channel. If the Higgs boson mass is above 135 GeV/c
�

other decay channels like� � � ��� � �
leptons or

� � � � � � ��� ���
will be used to search for the Higgs boson.

The possibility at LHC to search for Higgs bosons in the mass range between � 100 and � 1000
GeV/c

�

will help to solve the question about the origin of the Higgs boson. At TeVatron it will be
very difficult to distinguish between a Standard Model and a MSSM Higgs boson because there
is only a marginal chance to detect more than one Higgs boson. At LHC it will be possible to
search for supersymmetric particles and additional Higgs bosons in a much broader range than
in the final years of LEP running or at TeVatron. With the huge amount of data taken at LHC
parameters of the Higgs bosons can be measured, such as mass, width and couplings to fermions
and bosons.

Next Future:
This report covers Higgs boson searches at LEP and present and near future hadron colliders.
�
�
� � linear colliders with a centre-of-mass energy around 500 GeV are ideal machines to search

for the Higgs boson and to measure the mass and the couplings. At many different laboratories
�
�
� � linear colliders are planned but the machine wherever it will be built can not be ready

before the year 2012.
Until then most probably results from TeVatron and LHC will be found to decide whether one
or more Higgs bosons exist. Furthermore the properties like the mass or the width might have
been measured with a precision of a few percent.

2 Overview

In the Standard Model fermions, of which there are quarks and leptons, form the elementary
constituents of matter. All interactions are mediated by so-called gauge bosons. The photon,
the exchange particle of the electromagnetic interaction is massless, likewise massless are the
gluons as carriers of the strong interaction, which forces quarks at low energies to form hadrons,
as for example protons or neutrons. In the case of the weak interaction the exchange particles,
the
���

,
� �

and
�

� bosons, are almost 100 times heavier than a proton.
Predictions of the Standard Model have been verified with extremely high precision in modern
experiments. The key making this theory so successful is its building principle: invariance of the
fundamental equations under local symmetry transformations, referred to as gauge invariance.
The proof that gauge invariant theories are renormalizable [1, 2] received the nobel prize in
1999. Gauge invariance would be violated if gauge bosons were a priori massive. The Standard
Model [3–5] therefore proposes a dynamical mechanism to generate particle masses. Despite
the fact that all experimental results support the gauge symmetry of the Standard Model, no
direct observation can be linked to the mechanism of mass generation, which predicts at least
one elementary scalar particle, the so-called Higgs boson. In the Standard Model most of the
free parameters are linked to the mechanism of mass generation. It is therefore not surprising
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that the mass of the Higgs boson itself is a free parameter of the theory. As yet the Higgs boson
withdraw from detection.
The discovery of a Higgs boson or maybe the exclusion of its existence in a wide range of
masses is therefore at present one of the most important topics of the experimental particle
physics, which brings extensive consequences for our understanding of the smallest components
of matter.

2.1 The Higgs Boson in the Standard Model

2.1.1 Higgs Mechanism

The Higgs mechanism allows to introduce masses to gauge bosons and fermions in the frame-
work of the Standard Model. The masses of the fundamental particles are generated through the
interaction with the scalar background field [6–8].
To accommodate all observed phenomena a complex isodoublet scalar field is introduced. The
Lagrangian for this field respects a global SU(2)-symmetry. Through self-interactions the field
acquires a non-vanishing vacuum expectation value. The ground state of the field therefore does
not reflect the global SU(2)-symmetry of the Lagrangian. This phenomena is referred to as
spontaneous symmetry breaking. It gives rise to massless scalar bosons, so called Goldstone
bosons. If then the global symmetry of the Lagrangian is transformed into a local symmetry
by coupling the scalar field to a priori massless gauge boson these Goldstone bosons can be
absorbed as longitudinal degrees of freedom of the gauge bosons, thus generating their masses.
Also fermions acquire their masses by interaction with the scalar background field.
Of the four degrees of freedom of the scalar background field one degree is not absorbed by the
gauge bosons, manifesting itself as a massive particle which should be observable: the Higgs
boson. Once the Higgs mass will be known, all decay widths and production processes of the
Higgs particle will be uniquely determined [9].
While the electroweak theory is usually associated with spontaneous symmetry breaking via the
Higgs mechanism, the Higgs boson does not have to exist. It could be replaced by some other
dynamical mechanism, e.g.

�
substructure. A common feature of many alternative scenar-

ios are yet undiscovered particles or processes which should become visible at centre-of-mass
energies

�
(1 TeV).

2.1.2 Mass of the Higgs Boson

Although the mass of the Higgs boson cannot be predicted within the Standard Model, the per-
mitted region for its mass can be limited due to the demand for self consistency of the theory
and extrapolations of the model to high energies. Several theoretical upper and lower bounds
on the mass can e derived from the hypothesis that the Standard Model remains valid up to an
energy scale without the influence of new physical phenomena. The high energy behavior of
the scattering of longitudinal polarized W bosons is one of the reasons to introduce the Higgs
boson. Under consideration of the Higgs boson exchange the s-wave amplitude of the W boson
scattering at very high energies is:

� ������� ��
� � 	�

�
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With the requirement that the amplitude has to be compatible with unitarity, follows [10]:

� ����
	 � 	�

� �

�������
	�� � ��
 � �

Quite restrictive bounds on the value of the Standard Model Higgs mass follow from hypotheses
on the energy scale � up to which the Standard Model can be extended before new physical
phenomena emerge, which would be associated with new strong interactions between the funda-
mental particles. The key to these bounds is the evolution of the quartic Higgs coupling � with
the energy (i.e. the field strength) due to quantum fluctuations [11–15].
A lower bound on the Higgs mass can be derived from the requirement of vacuum stability
[11–17]. By considering that the Higgs potential has been stable over a time long enough to
allow the present universe to have formed, quantitative statements can be made about its shape.
There is full vacuum stability if the present Higgs minimum is an absolute one. Even if this
is not the case, then estimates of its value can be made which depend on the observed age of
the universe. This constraint leads to a lower bound that is well below the present experimental
predictions. The lower bound depends on the cut-off value � . For any given � the allowed
value of the Higgs boson mass

� � is shown in Figure 1. For a cut-off value of 10
���

GeV
the Higgs mass is restricted to a window between 130 and 190 GeV/c

�

[18]. A top mass of��� ����� � GeV/c
�

is assumed. The observation of a Higgs mass above or below this window
would demand a new physics scale below the GUT scale. For new physics interactions with a
scale of the order of one TeV, the Higgs boson mass is much less constrained, lying between 50
to 800 GeV/c

�

.
The mass of the Higgs boson can be measured by collecting the decay products of the particle.
Moreover, in �

�
� � collisions

� � can be measured best by exploiting the kinematical character-
istics of the Higgs-strahlung production process �

�
� �
��� � ��� �

, where the
�

boson can be
reconstructed in both its hadronic and leptonic decay modes. The Higgs boson mass determina-
tion relies on a kinematical 5C fit imposing energy and momentum conservation and requiring
the mass of the jet pair closest to the

�
mass to correspond to

� 

. This procedure gives a mass

resolution of approximately 2 GeV for individual events. A fit to the resulting mass distribution
gives an expected accuracy of � � � � � 	�	 MeV/c

�

.
In ��� or � �� collisions the Higgs boson mass reconstructed from the decay products is broader
then the decay width for Higgs boson masses up to 300 GeV/c

�

. For higher masses the expected
precision at LHC is 5% to 6%.

2.1.3 Decay of the Higgs Boson

The properties of the Higgs particle is uniquely determined if the Higgs mass is fixed. The
strength of the Yukawa couplings of the Higgs boson to fermions is set by the fermion masses���

, and the couplings to the electroweak gauge bosons 
 � ��� � by their masses �! :

"�#�# � ��$ � 	 � �&% �(' � � #
�) & � � 	 $ � 	 ��� % �(' � � � �

Because of the proportionality of the coupling to fermion mass, the Higgs boson will decay
preferentially to the heaviest available quark or lepton pair. The total decay and lifetime, as well
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Figure 1: Bounds on the mass of the Higgs boson in the Standard Model. Here � denotes the
energy scale at which the Higgs boson system of the Standard Model would become strongly
interacting (upper bound). The lower bound follows from the requirement of vacuum stability.
A top mass of

� � � ��� � GeV/c
�

is assumed.
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as the branching ratios for specific decay channels, are determined by these parameters. For
Higgs particles in the intermediate mass range

� � � 
 � � � � � 	 � 
 , the main decay modes
are decays into

� � �
pairs and

� �
,
� �

pairs, one of the gauge bosons being virtual below the
respective threshold. Above the

� �
,
� �

pair thresholds, the Higgs particles decay almost
exclusively into these two channels at a ratio of 2:1, with a small admixture of top decays near
the

� ��
threshold. Below 140 GeV/c

�

, the decays
� � � � �

�
��� �� and "�" are also important

besides the dominating
� ��

channel;
���

decays, though suppressed in rate, nevertheless provide a
clear 2-body signature for the formation of Higgs particles in this mass range.
The branching ratios of the main decay modes are displayed in Figure 2. For Higgs boson masses

BR(H)

bb
_

τ+τ−

cc
_

gg

WW

ZZ

tt-

γγ Zγ

MH [GeV]
50 100 200 500 1000

10
-3

10
-2

10
-1

1

10
2

10
3

Figure 2: Branching ratios of the dominant decay modes of the Standard Model Higgs particles.
All relevant higher-order corrections are taken into account [19].

accessible at LEP energies (
� ��� ��� � GeV/c

�

) the Higgs boson decays dominantly in
� ��

pairs
( � �
	�� ). At TeVatron searches for the Higgs boson will be possible in the mass range between
110 GeV/c

�

and 180 GeV/c
�

. Here the dominant decay modes are
� � �

(up to 135 GeV/c
�

) and� � �
� (above 135 GeV/c

�

). At LHC the whole mass range up to 1 TeV/c
�

will be accessible
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allowing to search for Higgs bosons in many different decay channels.
By adding up all possible decay channels the total width as shown in Figure 3 is obtained. Up
to masses of 140 GeV/c

�

the Higgs decay width is very narrow ( � 10 MeV). After opening the
mixed real/virtual gauge boson channels, the state becomes rapidly wider, reaching a width of �
1 GeV at the

���
threshold. Since the width grows with the third power of the mass, the Higgs

boson becomes very wide, � � � � � �
� ���� $ � ��
 % . Whether the Higgs boson is searched for at

Γ(H) [GeV]

MH [GeV]
50 100 200 500 1000

10
-3

10
-2

10
-1

1

10

10 2

10
2

10
3

Figure 3: The total decay width (in GeV) of the Standard Model Higgs boson as a function of its
mass. A top mass of

� � � ��� � GeV/c
�

is assumed.

�
�
� � or ��� colliders, the expected production cross section multiplied by the decay branching

ratios are very small. Integrated luminosities of order 100 fb �

�

are necessary, corresponding to
runs of a year or more at the highest available luminosities, of order 10 ��� cm

�

s �

�

.

2.2 The Minimal Supersymmetric Standard Model

Supersymmetric extensions of the Standard Model are strongly motivated by the idea of provid-
ing a solution of the hierarchy problem in the Standard Model Higgs sector. They allow for a
light Higgs particle in the context of GUTs [20], in contrast to the Standard Model, where the
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extrapolation requires an unsatisfactory fine-tuning of the Standard Model parameters. Super-
symmetric extensions does not exhibit any quadratic divergences, in contrast with the Standard
Model Higgs sector.
In the minimal supersymmetric extension of the Standard Model (MSSM) [21], the Higgs sector
contains two doublets. At tree level, the down and up quarks only couple to the neutral compo-
nents of the Higgs doublet

�
� and

�
� , respectively, preventing flavor-changing neutral current

(FCNC) effects. The ratio of the vacuum expectation values of the two Higgs doublets, � � and
� � , is parametrized by

������� � � �	� � � . After the electroweak symmetry breaking mechanism,
three of the eight degrees of freedom are absorbed by the

�
and

�
gauge bosons, leading to the

existence of five elementary Higgs particles. These consist of


 two charged
� � � �

� bosons,


 one CP-odd Higgs boson,
�

,


 and two CP-even, a light ( � ) and a heavy (
�

) Higgs boson.

At tree level all Higgs boson masses may be expressed as functions of
�������

,
��


and the
�

and
�

boson masses, and an upper bound on the lightest CP-even Higgs boson mass is found,� � � � 
�������� 	 � � [22]. This bound is modified by radiative corrections [23–27], which depend
quartically on the top quark mass and logarithmically on the top squark masses [28, 29]. The
upper mass limit preferred by supersymmetry is

����� �	� � GeV/c
�

[30–33]. In the MSSM the
� boson will decay mainly to fermion pairs since the mass is smaller than about 135 GeV/c

�

.
The

�
boson also decays predominantly to fermion pairs, independently of its mass, since its

coupling to vector bosons is zero at leading order.

2.3 Two Higgs Doublet Models

The existence and the structure of the Higgs sector is experimentally unknown. Up to now there
is no evidence for supersymmetric particles. It is clearly desirable to explore the implications
of more complicated Higgs models, both in the context of the Standard Model and in extended
theories. The Two Higgs Doublet Model (2HDM) of the Standard Model is particularly attractive
because it adds the fewest new parameters and it adds new phenomena (e.g. physical charged
Higgs bosons).
The 2HDMs are characterized by five physical Higgs bosons as in the MSSM as a special case
of 2HDMs. The important parameters for describing the 2HDM are the angles � and

�
, where

� is the mixing angle in the neutral CP-even Higgs sector and
�������

is the ratio of the vacuum
expectation values of the two Higgs doublets. In the framework of 2HDM there are four different
ways in which the Higgs doublets can couple to fermions [34]. The most common choice (Type
II) is the structure assumed in the MSSM: one of the Higgs doublets couples both to up type
quarks and to charged leptons, and the other doublet couples to down type quarks. The decay
branching ratios of the Higgs boson to fermions depend not only on the masses, but also on the
values of � , which is the mixing angle between the two fields and the physical Higgs boson
states, and

�
. The coupling of the � to down-type quarks is proportional to

��� ��! �"�$# � � � ����� �&%
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the coupling of the � to up-type quarks is proportional to

��� ��  ����� � � ��# ��� %

the coupling of the
�

to down-type quarks is proportional to

� � ��  ������� %

and the coupling of the
�

to up-type quarks is proportional to

�
� ��  ��� ��� �

In Type I models only one of the Higgs doublets couples to fermions. The coupling of the lightest
CP-even boson � to a fermion pair is then proportional to

����� � .
In the MSSM and 2HDM the couplings of the neutral Higgs bosons to quarks, leptons and gauge
bosons are modified with respect to those of the Standard Model Higgs boson by factors which
depend upon the mixing angle � and the ratio of the vacuum expectation values of the Higgs
doublets

�������
.

3 Past: Higgs Bosons at LEP

LEP is the world’s largest collider for electrons and positrons. Since the beginning of data-taking
in 1989 experiments were performed to improve the understanding of the Standard Model of
particle physics. The most accurate measurements of various parameters from the study of

� �

production and decay, like mass, line shape and branching ratios to leptons and hadrons, angular
asymmetries of the

� �
decay products have been performed at LEP. Only weeks before LEP had

to be shut-down to give space for a new generation of collider, the LHC, the LEP collaborations
and the LEP Working Group for Higgs boson searches [35] have recently reported excesses of
events that might be due to the production of a Higgs boson weighing about 115 GeV/c

�

. A
verification of this exciting interpretation of their events may have to wait for several years.
In this chapter we will summarize the results of the search for Higgs bosons in the Standard
Model and its extensions obtained by the four LEP Collaborations.

3.1 The LEP Collider and the Detectors

LEP (Large Electron Positron Collider) is the largest collider for electrons and positrons with
a circumference of 27 km. Collisions take place at four points where the particle detectors
ALEPH [36], DELPHI [37], L3 [38] and OPAL [39] are located. Since the beginning of data-
taking in 1989 until 1995 the centre-of-mass energy was around 91 GeV, which corresponds to
the mass of the

� �
boson. Per experiment around 4.5 million hadronic

� �
decays have been

observed. Precision tests of the Standard Model have been performed [40]. Since 1995 the
centre-of-mass energy has been increased up to 209 GeV. This allows to search for new particles
and for the Higgs boson in the Standard Model and extensions of it.
The basic structure of all four LEP detectors is rather similar. Detector components of different
functionality surround the beam pipe in cylindrical layers. To achieve hermiticity the sequence
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Figure 4: A 3-dimensional schematic view of the OPAL detector.
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of layers is repeated at the endcaps. As a typical example the OPAL detector (Figure 4) will be
described in the following.
A brief description of the apparatus is given here while a detailed description can be found
in [39]. Particles emerging from the interaction region traverse a high precision silicon micro-
vertex detector as innermost layer followed by three tracking chambers with larger volume.
These tracking devices are located within a coil providing a homogeneous solenoidal field of 0.4
Tesla. The system allows for a precise reconstruction of primary and secondary vertices of the
events, a momentum measurement with an accuracy of

���
��� ��� � 	 � 	 	 � ��� � 	 � 	�	 � � �	� � 
 �

� ��
 � � � �

and particle identification by multiple scattering of the energy loss.
The electromagnetic calorimeter is a homogeneous detector composed of 9440 (2264) lead glass
blocks in the barrel (end-cap) region. The intrinsic energy resolution of the electro-magnetic
calorimeter with its 22 radiation lengths is

�
�� � 	 � 	 � � � � � �� � $ � ��
 % �
The return yoke for the magnetic flux from the magnet is used as the iron absorber of the hadron
calorimeter. The depth is 4.8 nuclear interaction lengths. The energy resolution is about

���� � � 	 	��� � $ � � 
 % �
The outermost part of the OPAL detector is formed by the muon detectors, drift chambers with
a typical spatial resolution of 1.5 mm in the � ���

plane and 2 mm in the � direction.

3.2 Limits on the Higgs Boson Mass from Electroweak Precision Measurements

Several measurements at LEP, TeVatron and SLAC have reached a precision which is sensitive
to higher order corrections of the electroweak theory. These corrections depend logarithmically
on the Higgs boson mass. Assuming that the Standard Model as an effective theory is valid up to
high energy scales it is possible to determine the Higgs boson mass from the size of electroweak
radiative corrections to these precision measurements [41].
A global fit to the data available [42, 43] results in a value of the Higgs mass of

� � ��� � �����
� �
� � ��
 � � � �

Translated into an upper limit at the 95% confidence level that yields to
� � � 	 � 	 GeV/c

�

.
In Figure 5 the observed value of ��� � � � � � � ��! #" as a function of

� � is plotted for the fit
including all data. The lower limit on

� � of approximately 113 GeV/c
�

obtained from direct
searches [35] has not been used in the determination of

� � .
Two values of the electromagnetic fine structure constant � � � �$ � evaluated at a momentum
transfer % � � � � 


have been used. The problem in the determination of � � � �$ � arises from the

uncertainty of the hadronic corrections ��� 
 � ��'&)( . This correction can be derived by a dispersion
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direct search at LEP.
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relation from measurements of the hadronic cross-section in �
�
� � collisions at centre-of-mass

energies in the region 1–10 GeV. A significant improvement of the accuracy has been obtained in
the analysis of [44] by the inclusion of new data from the BES collaboration [45]. To demonstrate
the impact of �!� 
 � �� &)( on

� � Figure 5 also shows the � �

curve obtained when an evaluation with
more theoretical assumptions [46].
By combining the information from precision measurements with the results from the direct
search experiments carried out at LEP the probability that the Higgs boson weighs less than
116 GeV/c

�

comes to be around 35% while the 95% upper limit is located around 205–230
GeV/c

�

[47, 48].

3.3 Search for Neutral Higgs Bosons in the Standard Model

In the year 2000 - the final year of LEP running - the four LEP experiments have collected
data at energies between 200 and 209 GeV, for approximately 850 pb �

�

integrated luminosity
with about 480 pb �

�

above 206 GeV. The LEP working group for Higgs boson searches has
combined these data with data sets collected earlier at lower energies. From combining the
earlier data collected by the LEP experiments at centre-of-mass energies up to 202 GeV, a 95%
confidence level lower bound of 107.9 GeV/c

�

has been obtained [49]. The probability that the
whole data sample is compatible with originating exclusively from Standard Model background
processes is found to be 0.4%.
The last few months of data-taking at LEP with centre-of-mass energies up to 209 GeV have
given a tantalizing hint that the Higgs boson might indeed have a mass around 115 GeV/c

�

. The
technique and the results of the search at highest LEP energies will be described in the following.

3.4 Event Selection

In this section we present an update of the Standard Model Higgs boson search which includes
the new data collected in the year 2000 at centre-of-mass energies up to 209 GeV.
At LEP the Standard Model Higgs boson is expected to be produced mainly via the Higgs-
strahlung process �

�
� �
� � �

and the
� �

fusion channel, �
�
� �
� �	� �	� � � �

� �� �
(see Figure 6). Contributions from the

� � � �
fusion channel are typically below 10%

because the cross section for the Higgs-strahlung process scales as
� � � and dominates at low

energies. The
���

fusion mechanism, �
�
� �
� � � � � �

�
� �
� � �

�
� � , also contributes to

Higgs production, with a cross section suppressed by an order of magnitude compared to that
for
� �

fusion.
The total production cross section near the kinematic edge is of the order of 50 to 500 fb, de-
pending on how close

� � is to
� � � � 


. The Standard Model Higgs boson is expected to
decay predominantly into

� � �
pairs in the mass range of interest, with a branching ratio of 78% at� � � ��� 	 GeV/c

�

. The second important decay mode is to tau pairs, with a branching ratio of
approximately 7%. The searches performed by the four LEP collaborations encompass the usual
HZ final state topologies, commonly called


 four-jet channel:
� � ��� ���� �� ,


 missing energy channel:
� �� � �� ,
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Figure 6: Production of the Higgs Boson in the Standard Model at LEP: Higgs-strahlung (left
side) and

� �
-pair fusion (right side).


 leptonic channel:
� � � �
�
� � and

� ���� � �
� ,


 and tau channel:
� � � � � �

� and
� � �

�
� �� .

Issues of critical importance to the four-jet channel are
�
-tagging, jet pairing and mass recon-

struction. Information on the
�
-hadron lifetime, mass and semi-leptonic decays are combined

into a neural net. The neural nets are calibrated with the data taken each year at the
� �

peak and
then checked at higher energies. High energy samples enriched in

�
-quarks can be obtained via

the process �
�
� �
� � �

; while samples enriched in non
�
-quarks can be obtained via the pro-

cess �
�
� �
� � � � ��� � �

. As an example the
�
-tagging performance at OPAL is described.

All experiments perform these checks. The
�
-tagging variable � is evaluated for each jet to dis-

tinguish jets containing
�
-hadrons from those that do not [50]. Figure 7(a) shows the distribution

of � for the calibration data. Comparisons between the data and the Monte Carlo simulation are
shown in Figure 7(b) for jets which are found opposite to jets passing or failing the

�
-tagging re-

quirement. The tagging efficiency for
�
-flavoured (udsc-flavoured) jets is modeled by the Monte

Carlo simulation to within an accuracy of 2% (5%). Figure 7(c) shows the
�
-tagging variable

� for jets opposite
�
-tagged jets in the 2000 sample, taken by OPAL. The efficiency for tagging

udsc flavours is also checked by computing � for the jets in a sample of
� � � ��� � �

obtained
with the selection used to measure the

� � �
� cross section [51] as shown in Figure 7(d).

To reconstruct masses in the four-jet channel a 4C-kinematic fit is imposed, in which energy and
momentum are conserved. Effectively the fifth constraint of

� �
production is also imposed.

In the missing energy channel the energy flow and the jet reconstruction are two fundamental
items to correctly reconstruct the Higgs mass. To improve the resolution it is possible to impose
the recoil mass to be the

� �
mass. The most difficult task is the treatment of the

� �� � � back-
ground. In case each of the two photons is emitted symmetrically by the electron and positron
and they are lost in the beam pipe, the event is signal like. The only possibility to discriminate
this background from the signal is to consider the acoplanarity of the two jets. The searches
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Figure 7: The
�
-tagging performance and modeling for (a–b) calibration data taken at

� � �
� 


in 2000, and (c–d) at
� �

between 200–209 GeV in 2000. (a) The distribution of the b-
tagging variable � for jets in data compared to the Monte Carlo expectation. (b) The bin-by-bin
difference between data and Monte Carlo simulation for jets opposite non b-tagged jets (circles)
and for jets opposite b-tagged jets (squares). (c) The b-tagging output, � , for jets opposite b-
tagged jets in a sample of

� �� � events, and (d) for jets in a sample of � � � �
��� ���

�
���

and
� � � �

��� � �
�
�	�

events (and charge conjugates). The histogram in (d) shows the distribution
from the four-fermion Monte Carlo samples.
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in the missing energy channel are optimized for Higgs-strahlung, but are also sensitive to the� � ���
fusion process.

In the final states with charged leptons (leptonic and tau channels) the background contamination
can be reduced to a smaller contribution than it is possible for the other final states for the same
signal efficiency. Using constrained fits, the mass resolution can reach values of 2-3 GeV/c

�

,
and the typical problems of jet pairing of the four jet final states, or of energy flow of the missing
energy channel are avoided.
The background processes can have cross sections of order of magnitude greater than those for
the Higgs production (Figure 8):


 The two photon background can be easily reduced as their topology is very different from
the signal.


 Another background arises from radiative returns to the
� �

boson. Initial state radiation
reduces the effective

� �
to the

� �
pole energy and produces boosted

� �
events. These

events are backgrounds to analyses requiring missing energy.


 Further background is the W-pair production �
�
� �
� � � �

� . These produce four-
jet final states, or jets and a lepton+missing energy, or two leptons and missing energy.
The production of

�
-quarks in

�
decays is highly suppressed and therefore analyses with�

-tagging achieve a good rejection of this background.


 The primary irreducible background to Higgs boson searches is the Z-pair production,
�
�
� �
� � � � �

. These events may have four jets, two jets and missing energy, two jets
and two like-flavour but opposite-sign leptons, four leptons, or two leptons and missing
energy. They have a high

�
quark content and therefore cannot be suppressed with

�
-tags.

The
� �

and
�	�

events will be the main background for all channels.
The cross sections � of the fermion-pair and boson-pair production as well as for the Higgs-
strahlung production at different Higgs boson masses as a function of the centre-of-mass energy� �

are compared in Figure 8. The energy dependence for the signal process shows the expected
threshold behavior for the Higgs-strahlung process at

� � � � 
 � � � . At LEP1 energies a
virtual

� �
boson and a Higgs boson has been produced in the Higgs-strahlung process, at LEP a

real
�

boson and a Higgs boson.
The analyses are often divided into two main steps: preselection cuts and the construction of a
discriminant variable. In the preselection steps, the aim is to reduce events coming from back-
ground processes with different topological characteristics from signal events. The

� �
back-

ground can be reduced to a negligible level and the 2-fermion and 4-fermion events are reduced
by about a factor 15, keeping a high efficiency for the signal events.

3.5 Statistics and Definitions

The following steps consist of constructing a single variable that combines the most discrim-
inating observables between background and signal events by means of a likelihood ratio or
Neural Network techniques. The statistical procedure adopted for the combination of the data
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and the definitions of the confidence levels ����� , ����� � � and ��� � by which the search results
are expressed, will be stated here.
In the Standard Model as well as in the MSSM, the signal and background rates are predicted
channel by channel. The corresponding search results can thus be combined for a better over-
all sensitivity. Furthermore, datasets from different LEP energies and experiments can also be
added. The combined LEP data are used to test two hypotheses: the background-only (b) hy-
pothesis, which assumes no Higgs boson to be present in the mass range investigated, and the
signal+background (s+b) hypothesis, where Higgs bosons are assumed to be produced according
to the model under consideration. A global test-statistic X is constructed which allows the ex-
perimental result X �	�
� ���	
 � ( to be classified between the b-like and s+b-like situations. It utilizes
the number of selected events and various distributions which provide discrimination between
signal and background (e.g.,the reconstructed mass or

�
-tag variables). The test-statistic takes

into account experimental details such as detection efficiencies, signal-to-background ratios, res-
olution functions, and provides a single value for a given model hypothesis (e.g., the test-mass� � in the Standard Model).
To set the scale for X, a large number of Monte Carlo experiments are generated, separately
for the b and the s+b hypotheses, and separately for each model hypothesis (e.g.,

� � ). The
resulting distributions of X(

� � ) are normalized to become probability density functions, and
integrated to form the confidence levels ����� � � � � and ����� � � � � � � . The integration starts in
both cases from the b-like end and runs up to X ���
� ����
 � ( ; thus ����� � � � � and ����� � � � � � � express
the probabilities that the outcome of an experiment is more b-like or less s+b-like, respectively,
than the outcome represented by the set of selected events.
When performing a search with small expected signal rates, it may happen that the observed
number of candidates is far below the expected background level. In such cases the limit may
extend beyond the range of sensitivity of the search, To prevent a priori such unphysical, but
formally valid, results from occurring, the ratio

��� � � � � � � ����� � � � � � � � ����� � � � �
as a conservative approximation to the signal confidence one might have obtained in the absence
of background is considered. The 95% CL lower limit for the Standard Model Higgs mass is
defined here as the lowest value of the test mass

� � which yields ��� � � � � � =0.05.
The quantity

� � ����� � � � � is an indicator for a possible signal: a Standard Model Higgs boson
with true mass

�
� would produce a pronounced drop in this quantity for

� � � � � . Values
of
��� ����� � � � ��� � 	

��� (
� � ����� �

	 � ��� � 	
� � ) would indicate a 5 � (3 � ) discovery.

These confidence levels may be computed using Monte Carlo techniques [52], or by various
convolution methods [53]. Additional information is taken into account in the likelihood ra-
tio % � ��� � � � ��� , where ��� is the likelihood of the background hypothesis, and ��� � � is the
likelihood when a specific Higgs boson signal is added to the background. The likelihood ratio
measures the compatibility of the experiment with a particular signal mass hypothesis:

% � ��� � �
���

� � �

 � � � �
� �

�
"�������
  � �

�"! � �$#  � � � ! � �$#  �
� ! � �$#  �

where
�

and
�

are the total numbers of signal and background events expected. Neglecting the! � and
! � terms, this is simply the ratio of the Poisson probabilities to observe %����
� events for
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the signal-plus-background and background-only hypotheses. The functions
! � and

! � are the
probability densities that a signal or background event will be found in a given final state with
the set of values #  which includes the reconstructed mass and possibly a second discriminant.

The likelihood ratio is traditionally shown in the form
� 	�� � % (the log-likelihood estimator)

because of the relationship between the likelihood ratio and chi-squared distributions, and be-
cause when the logarithm is taken, individual events contribute as a sum of event weights,
� � � � � �"! � � � ! � � , which can be examined individually. The negative log-likelihood ratio for
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Figure 9: Negative log-likelihood ratio for an arbitrary test-mass. Vertical line: observed in
data. Light grey curve: expected from the background-only hypothesis. Dark grey curve: ex-
pected from the signal-and-background hypothesis. Indicated by the light grey area is the 1-CL �
confidence level and by the dark grey area the CL � � � confidence level.

an arbitrary test-mass is shown in Figure 9. The light grey area indicates the confidence level 1-
CL � for the background-only hypothesis, the dark grey area indicates the confidence level CL � � �
for the signal-and-background hypothesis.

3.6 Results

Before the final results from the four LEP experiments will be presented the results of the single
experiments will be described.
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3.6.1 Results from the ALEPH Collaboration

ALEPH has found an excess of 3 � beyond the background expectation, consistent with the
production of the Higgs boson with a mass of 114 GeV/c

�

[54]. Much of this excess is seen in
the four-jet analyses where three high purity events are selected. As described in Reference [55],
the Higgs boson search was conducted using both a Neural Network based stream (NN) and a
cut-based stream (cut). Alternative analyses are used in the searches for four-jet and for missing
energy final states, while the searches are identical in both streams for the lepton pair and tau
lepton final states. In particular, a

�
-tagging Neural Network described in Ref. [56] is used, based

upon the
�
-hadron lifetime, mass and semi-leptonic decays. In the four-jet cut-based analysis the

pairing of the jets is based upon the decay angles of the
�

and Higgs bosons. The NN analysis
includes these two variables in the Neural Network and selects the jet pairing with the largest
Neural Network output value, thereby effectively also using the

�
-tagging and

�
boson mass

information. In the four-jet analysis, a 4C kinematic fit is performed, in which energy and
momentum conservation are imposed. The reconstructed Higgs boson mass

��� ��� is calculated
as
�

� �
� �

���
��� 


, where
�

� � and
�
��� are the fitted

�
and Higgs boson masses. In the missing

energy final state, the Higgs boson mass is reconstructed by a rescaling of the hadronic jets such
that the missing mass is the

�
boson mass. In the lepton pair final state, it is calculated as the

mass recoiling against the pair of leptons. In the tau lepton final state, it results from a kinematic
fit, with the

�
mass constraint imposed either on the tau pair or on the hadronic system.

For the NN (cut) searches, a total of 134 (95) events are selected in the data, while 128.7 (87.6)
events are expected from Standard Model background processes. In the observed distribution of� � ����� a large deviation from 0.5 - the expected value if the data are consistent with background
only hypothesis - can be seen, consistent with an excess over the background hypothesis, which
is maximal for a Higgs boson mass of 116 GeV/c

�

. The probability of having such a large
excess is 1.5

� � 	
� � and 1.1

� � 	
� � for the NN and cut streams, respectively. The significance

of this excess is 3.0 � and 3.1 � relative to the expected background in the NN and cut streams.
The Signal Estimator Method [57] is used to derive a 95% confidence level lower limit on the
Standard Model Higgs boson mass of 111.1 GeV/c

�

(110.6 GeV/c
�

) with an expected limit of
114.2 GeV/c

�

(113.8 GeV/c
�

) for the NN (cut) stream.
One of the three high purity four-jet candidates is shown in Figure 10. The reconstructed Higgs
boson mass is 114.3 GeV/c

�

. Both of the Higgs boson jets are very well
�
-tagged with well

measured displaced vertices and
�
-tagging neutral net values of 0.999. The measured invariant

mass of the two non
�
-tagged jets is 92.1 GeV/c

�

, consistent with a
�

boson.
The observed distribution of

� 	�� � % is shown as a function of the hypothesized Higgs boson
mass in Figure 11. The likelihood ratio is traditionally shown in the form

� 	�� � % (the log-
likelihood estimator) because of the relationship between the likelihood ratio and chi-squared
distributions, and because, when the logarithm is taken, individual events contribute as a sum of
event weights,

� � � � � � # �� # � � , which can be examined individually. The most likely Higgs boson

mass corresponds to the minimum, observed near 114 GeV/c
�

.
In order to determine the impact of any given candidate event on the excess its contribution to
the logarithm of the likelihood ratio is calculated as a function of the Higgs boson mass. All of
the five four-jet events with weights larger than 0.4 in either the NN or cut analysis were selected
with a centre-of-mass energy greater than 206 GeV. The largest contribution to the excess in the
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Figure 11: The log-likelihood estimator
� � � % for the NN stream as a function of the mass of

the Higgs boson for the observation (solid) and background-only expectation (dashed) as seen
by the ALEPH experiment. The light and dark grey regions around the background expectation
represent the one and two sigma bands, respectively. The dash-dotted curves show the medians
of the log-likelihood estimator as a function of the Higgs boson mass for the signal hypothesis.
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NN stream comes from three four-jet events which have Neural Network output values larger
than 0.99. The four-jet analysis uses only the reconstructed Higgs boson mass as discriminant,
which causes the three 114 GeV/c

�

events to receive the same weights, whereas the four-jet NN
analysis uses the Neural Network output as second discriminant. The stability of the excess
can be investigated by increasing the purity of the event selections. The selection criteria of all
analyses are tightened to give a signal (

� � � ��� �
GeV/c

�

) to background ratio (
� � � ) of 1.5 for

events with a reconstructed Higgs boson mass greater than 109 GeV/
�

. To obtain a high purity
selection in the four-jet NN-analysis, the cut on the Neural Network output is tightened. The
purity of the four-jet cut selection is increased by tightening cuts on the

�
-tagging and the fitted�

boson mass. In the high mass region above 109 GeV/c
�

, both the NN and cut streams select
the same three four-jet candidates. All three candidates are collected at a centre-of-mass energy
of 206.7 GeV. The reconstructed Higgs boson masses of these three candidates are
110.0 GeV/c

�

, 112.9 GeV/c
�

and 114.3 GeV/c
�

.

3.6.2 Results from the DELPHI Collaboration

The DELPHI Collaboration has not observed any evidence for a Higgs boson signal in the kine-
matically allowed mass range [58]. A 95% confidence lower mass limit of 114.3 GeV/c

�

has
been set, to be compared with an expected limit of 113.5 GeV/c

�

. The negative log-likelihood
ratio is shown in Figure 12.
The limit on the Standard Model Higgs boson mass is set combining the data taken in the year
2000 with those taken at lower energies, namely 161 and 172 GeV, 183 GeV, 189 GeV and
192-202 GeV. The data collected by the DELPHI detector in the year 2000 corresponds to 224.1
pb �

�

.
Compared to previous analyses [59] the following improvements have been introduced: The
four-jet channel benefits from a better tuned

�
-tagging procedure and although it keeps the same

event variables in the analysis, the discriminant Neural Network has been optimized for the high
mass hypotheses. The missing energy channel includes a tighter preselection and additional
variables in the likelihood, resulting in a better background rejection for a Higgs boson with
high mass.
The result is not incompatible with the existence of a Higgs boson with a mass of 115 GeV/c

�

.
The confidence level CL � ( � � =115 GeV/c

�

) for this hypothesis is 12%.

3.6.3 Results from the L3 Collaboration

L3 has also reported Higgs boson candidates in the 212.5 pb �

�

data collected in the year 2000
[60]. An excess of candidates for the process �

�
� �
� ��� � � �

is found for Higgs boson
masses near 114.5 GeV/c

�

. For an assumed Higgs boson of this mass, the confidence level to be
consistent with a background only hypothesis is calculated to be 0.09, equivalent to 1.7 � from
the background expectation. The confidence level to be consistent with signal plus background
is 0.62.
The most significant

� � �� event is found where 0.16 background events and 0.38 signal events
are expected (see Figure 13. This event was recorded at a centre-of-mass energy of 206.6 GeV.
The event presents two nearly back-to-back jets with a large amount of missing energy and
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Figure 12: The log-likelihood estimator
� 	�� � % comparing the consistency of the data with

the signal+background hypothesis with the consistency of the data with the background-only
hypothesis as seen by the DELPHI experiment. The observation for the data is shown with a
solid line. The dashed line indicates the median background expectation and the dark (light)
shaded band shows the

� � � � � 	 � � variation. The median signal expectation is shown with a
dot-dashed line.
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very little missing momentum, compatible with the production of the Higgs boson and the
�

boson nearly at rest. The visible mass is 111 GeV/c
�

and the event has a missing mass of 94
GeV/c

�

. Assuming a
�

boson recoiling against the Higgs, the fitted mass is 114.4 GeV/c
�

with a
resolution of 3 GeV. The event has a high

�
-tag value and the acollinearity is 3 degrees . One jet

has a very clear secondary vertex 7 mm from the primary, with a large visible mass. The main
sources of background for this event are double radiative production of an off-shell

�
boson and�

pair production.

3.6.4 Results from the OPAL Collaboration

OPAL has been performed the search based on the full data sample collected at
� � � 192-209

GeV in 1999 and 2000 [50].
The same final states as used by ALEPH are taken into account. The most important tool is again
the b-tagging. The performance of the b-tagging is checked with high-purity samples of

� �� � � �
by selecting hadronic events with the mass of the

� �� system near
� 


. There is no evidence of
mismodeling of the tagging rates within the statistical precision of the tests.
The preselection requirements in the four-jet channel are identical to those of [61]. After the
preselection, a likelihood selection based on eight variables is applied. For each selected can-
didate, two of the jets are associated to the Higgs Boson using a likelihood method based on
the kinematic fit result and the

�
-tagging information. The mass determined by a

� �
5C kine-

matic fit for the chosen jet pair gives the reconstructed mass of the Higgs boson candidate
� � ���� .

Because of the kinematic fit,
� � ���� � � ���	��
 . The data are examined for their consistency

with the background-only hypothesis and various Higgs boson mass hypotheses. The data favor
slightly the Higgs boson production hypothesis for high masses, but are also consistent with the
pure background hypothesis. The largest deviation with respect to the expected Standard Model
background in the confidence level for the background hypothesis (1-CL � ), is observed for a
Higgs boson mass of 107 GeV/c

�

with a minimum (1-CL � ) of 0.02, but the observed excess is
less significant than expected for a Standard Model Higgs boson with a 107 GeV/c

�

mass. The
observed low value of (1-CL � ) at 107 GeV/c

�

is caused by candidates which have relatively high
weights at around 105-110 GeV/c

�

.
The observed

� 	�� � % is shown as a function of the test mass
� � in Figure 14. The maximum

deviation from the background expectation is observed near
� � =107 GeV/c

�

, but this observa-
tion is not consistent with the expected Standard Model cross section for this signal hypothesis.
Also shown are the 68% and 95% probability contours centered on the median expectation.
A lower mass bound on the Standard Model Higgs boson of 109.7 GeV/c

�

is obtained at the
95% confidence level while the median expectation for the background-only hypothesis is 112.5
GeV/c

�

. For a Higgs boson mass in the 114-116 GeV/c
�

range, (1-CL � ) is approximately 0.2
which corresponds to 1.2 � above the background expectation.

3.6.5 Combined Results from the four LEP Experiments

The four LEP experiments have collected about 2.5 fb �

�

of �
�
� � collision data at energies be-

tween 189 and 209 GeV, of which 543 pb �

�

are at energies above 206 GeV. The data have been
combined and examined for their consistency with the Standard Model background hypothesis
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Figure 13: a.) L3
� � �� Higgs boson candidate at a centre-of-mass energy of 206.6 GeV. b.)

Close-up of the vertex region of this event.
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the signal+background hypothesis with the consistency of the data with the background-only
hypothesis as seen by the OPAL experiment. The observation for the data is shown with a solid
line. The dashed line indicates the median background expectation and the dark (light) shaded
band shows the

� � � � � 	 � � variation. The median signal expectation is shown with a dot-dashed
line.
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and various Higgs boson mass hypotheses. Assuming a mass of 114/115/116 GeV/
� �

and taking
into account the selection efficiencies of the four experiments, one expects in the present com-
bined search 28.6/19.2/12.8 Higgs boson signal events together with 797.1/785.3/780.9 back-
ground events; from the data samples 778/758/755 events are selected and take part in the LEP-
wide combination.
Figure 15 shows the log-likelihood estimator as a function of

� � for the combined LEP re-
sults. The solid line represents the observation. The dashed/dash-dotted lines show the median
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Figure 15: The log-likelihood estimator
� 	�� � % as a function of the Higgs boson mass

� � .
Dashed line: median expected from the background-only hypothesis, with the one (dark grey)
and two (light grey) standard deviation bands. The dashed-dotted line shows the median sig-
nal+background expectation. The solid line represents the observation.

background/signal+background expectations. The maximal significance for a signal is derived
from the minimum of the negative log-likelihood ratio. The position of the minimum is consis-
tent with a Standard Model Higgs boson with a mass of � ��� � � 	 GeV/c

�

. Figure 16 shows a
comparison of the log-likelihood ratio observed in the data (vertical line) with the distributions
expected in the background-only (light-grey curve) and the signal-and-background (dark grey
curve) hypotheses, for a

� � � ��� � GeV/c
�

using the combined LEP data sample. The data
clearly favor the signal-and-background hypothesis to the background-only hypothesis.
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Figure 16: Negative log-likelihood ratio for a
� � � ��� � GeV/c

�

Higgs boson. The observed
value of

� 	�� � % which corresponds to the data is indicated by the vertical line with the distribu-
tions expected in the background-only (light-grey curve) and the signal-and-background (dark
grey curve) hypotheses.
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The excess at
� � � ��� � GeV/c

�

has been examined in subsets of the data obtained by subdi-
viding the total data set by experiments (Figure 17) and by decay channels (Figure 18). The
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Figure 17: Negative log-likelihood ratio for a
� � � ��� � GeV/c

�

Higgs boson subdivided by
experiments. In each case, the observed value of

� 	�� � % is indicated by the vertical line with the
distributions expected in the background-only (light-grey curve) and the signal-and-background
(dark grey curve) hypotheses.

comparison indicates what has been discussed in the previous section: ALEPH favors the signal-
and-background hypothesis over the background-only hypothesis. DELPHI, L3 and OPAL are
all consistent with the signal-and-background hypothesis or the background-only hypothesis.
Only for DELPHI the background-only hypothesis is preferred over the signal-and-background
hypothesis. The combined four-jet channels and the missing energy channels are more signal-
than background-like while the lepton channels and the tau channels indicate no preferences.

In Table 1 the compatibility of the data with the background-only hypothesis (1-CL � ) and the
significance at

� � � ��� � GeV/c
�

is presented for each experiment. The values given for
1-CL � are taken from [35]. All four collaborations have published papers including the total
data sample. The 1-CL � values changed slightly from 6.5

�
10 � � to 2.7

�
10 � � [54], 0.68 to

0.77 [58], 6.8
�

10 �

�

to 9.0
�

10 �

�

[60] and 1.9
�

10 �

�

to 2.0
�

10 �

�

[50]. A new combined
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limit of all four LEP collaborations using all available data is not available yet. The final LEP
Higgs working group results are expected by end of the year 2001.

Experiment 1–CL � Significance observed limit expected limit
ALEPH 6.5

�
10 � � 3.4 � 111.1 GeV/c

�

114.2 GeV/c
�

DELPHI 0.68 bkgd-like 114.3 GeV/c
�

113.5 GeV/c
�

L3
�

6.8
�

10 �

�

1.8 � 113.0 GeV/c
�

110.9 GeV/c
�

OPAL 1.9
�

10 �

�

1.3 � 109.7 GeV/c
�

112.5 GeV/c
�

LEP 4.2
�

10 � � 2.9 � 113.5 GeV/c
�

115.3 GeV/c
�

Table 1: Confidence level 1–CL � , significance at
� � ����� � GeV/c

�

and observed and expected
mass limit for the four LEP experiments and for the combined data sample. For the ALEPH
experiment the results for the neural net stream is given.

�
The observed and expected limit from

the L3 collaboration is using only data taken until begin of October 2000 [62].

Table 2 shows the candidates seen at LEP using data taken in the year 2000 with a weight greater
than 0.3 at a Higgs boson mass of 115 GeV/c

�

. The two most significant candidates are in the
four-jet channel, the candidate with the third highest weight is a

� � �� candidate. The breakdown
by channel is close to that expected from the theoretical branching ratios. Four LEP experiments
have seen signal-like events with a weight greater than 0.3 and the events have been seen in all
four search channels. Figure 19 shows the LEP combined compatibility as a function of the

(s/b) � � � � � � � (GEV/c
�

Channel Experiment
4.7 114

� � �
ALEPH

2.3 112
� � �

ALEPH
2.0 114

� � �� L3
0.9 110

� � �
ALEPH

0.6 118
� �
�
� � ALEPH

0.5 113
� � �

OPAL
0.5 111

� � �
OPAL

0.5 115
� � � �

� ALEPH
0.5 115

� � �� ALEPH
0.49 114

� � �� L3
0.47 115

� � �
L3

0.45 97
� � �

DELPHI
0.40 114

� � �
DELPHI

0.32 104
� � �� OPAL

Table 2: Selected candidates seen at LEP with a Signal-over-background weight (s/b) � � � � 0.3.

Higgs boson mass. The excess of events observed can be interpreted as an indication for the
production of a Standard Model Higgs boson with a mass of 115 GeV/c

�

.
The cross section is compatible with a Standard Model Higgs boson at a mass of

� � �
��� � � 	 � ���

�
�
� � � GeV/c

�

. This excess is concentrated mainly in the data sets with centre-of-mass en-
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ergies higher than 206 GeV. It has a probability of 4.2
�

10 � � to be due to a local statistical
fluctuation of the Standard Model background, corresponding to a significance of 2.9 � . The in-
tegral of the signal+background probability density distribution from the observed value to

���
,

CL � ��� , is a measure of compatibility with the signal+background hypothesis. The behavior of
CL � =CL � � � /CL � as a function of the test mass is shown in Figure 20. The test mass for which the
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Figure 20: Confidence level CL � for the signal+background hypothesis. The solid line shows the
observation, the dashed line the median background expectation. The dark/light shaded bands
around the median expected line correspond to the

� � � � � 	 � spreads from a large number of
background experiments.

value CL � =0.05 is crossed designates the 95% confidence level lower bound for the mass of the
Higgs boson. With a confidence level of 95% a lower bound on the Standard Model Higgs boson
of 113.5 GeV/c

�

is set, while a median value of 115.3 GeV/c
�

is expected from background.

3.7 Implications of a Higgs Boson at 115 GeV/c
�

The possible existence of a light Higgs boson at around 115 GeV/c
�

implies that the Standard
Model remains valid at most up to scales limited by about 10

�
GeV [16, 17, 63]. Above 10

�

GeV the effective Higgs potential is destabilized by the radiative corrections due to the relatively
heavy top quark, that can not be counterbalanced by those due to a relatively light Higgs boson
alone, necessitating the appearance of new physics. Extended non-perturbative models of new
physics, such as Technicolour, cannot accommodate a relatively light Higgs boson [64]. Techni-
colour models generally also include light pseudo-scalar particles, but these can not be produced
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copiously in association with a
�

boson [65]. On the other hand, a relatively light Higgs boson
favors generically a perturbative scenario for electroweak symmetry breaking. In the minimal
supersymmetric extension of the Standard Model (MSSM) a Higgs boson weighing less than
about 130 GeV/c

�

is expected.
A possible observation of a Higgs boson weighing around 115 GeV/c

�

constrains significantly
the sparticle spectrum in models with conservation of R parity, so that the lightest neutralino� may constitute the cold dark matter postulated by astrophysicists and cosmologists [66] and
models which assume also CP conservation for the tree-level MSSM parameters. The princi-
ple uncertainty in predicting the sparticle mass spectrum is due to the lack of precision in the
measurement of the top quark mass

� �
.

3.8 Search for Neutral Higgs Bosons in the MSSM

To solve the hierarchy problem in the Standard Model Higgs sector the Minimal Supersymmetric
extension of the Standard Model (MSSM) is one of the possible solutions. In the MSSM, the
Higgs-strahlung process �

�
� �
� � � � proceeds as it does in the Standard Model, but its rate

is suppressed by the factor
��# � � � � � � � . The

� �
- and

� �
fusion processes of the Standard

Model also proceed with a rate suppressed by the same factor relative to the Standard Model
rate. Heavy Higgs-strahlung, �

�
� �
��� � �

, also occurs if it is kinematically possible, and has
the Standard Model production cross section suppressed by the factor

����� � � � � � � ; this process
is also considered in the scans described below. The process �

�
� �
� � � also occurs when

kinematically allowed, and its production cross section is the Standard Model rate suppressed
by the factor

����� � � � � � � and the phase space available, taking into account the centre-of-mass
energy and the masses of the � and the

�
.

The presence of an MSSM Higgs boson signal is tested using a constrained model with seven
parameters, ��������� , � � ,

�
,
�

,
�������

,
� 


and
���	 . All of the sfermion masses are set to �
�������

at the electroweak scale. � � is the SU(2) gaugino mass parameter at the electroweak scale, and
� � is derived from � � using the GUT relation � �

� � � 
 ��� �$# � ����
 � � ����� � ��
 � , where
��


is the weak mixing angle. The supersymmetric Higgs boson mass parameter is denoted
�

, and�������
is the ratio of the vacuum expectation values of the Higgs field doublets. The parameter

�
is the common trilinear Higgs-squark coupling parameter, assumed to be the same for up-type
squarks and for down-type squarks. The largest contributions to

� �
from radiative corrections

arise from stop loops, with much smaller contributions from sbottom loops. The gluino mass� �	 affects loop corrections from both stops and sbottoms. The mass of the top quark is taken to
be 174 GeV/c

�

.
Three different benchmark scenarios [67] are considered in the search for the neutral Higgs
bosons of the MSSM using LEP data collected at energies up to 209 GeV [68]. The first
(“no mixing” scenario) assumes that there is no mixing between the scalar partners of the left-
handed and the right-handed top quarks, with the following values and ranges for the parameters:
� ������� � �

TeV, � �
� 	 	�	 GeV,

� � � 	 	�	 GeV, # � ��� � � � ��� � � � � 	 , 	 � � � ������� � �
	
and 4 GeV � � 
 � �

TeV. The gluino mass
���	 is set to 800 GeV. Masses of the

� 

boson

below 4 GeV are not considered because of the rapidly changing branching ratios for
� 


bo-
son decay due to kinematic cutoffs. The second scenario (“

� �
-max”) is designed to yield the

maximal value of
� �

in the model. This scenario corresponds to the most conservative range of
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excluded
�������

values. The same parameters are chosen as for the no-mixing scenario, except for
the stop mixing parameter # � � 	 � ����� � using the conventions of the two-loop diagrammatic
calculation of [69]. The third scenario (“large

�
” scenario) is a scan with parameters chosen to

be � ������� � � 	�	 GeV,
� ���

TeV, � �
� � 	�	 GeV,

� �	 � 	 	�	 GeV,
� � �"
 � � 	�	 GeV,# � � � � 	�	 GeV. This third scenario is designed to illustrate choices of MSSM parameters

for which the Higgs boson � does not decay into pairs of b quarks due to cancellations from
SUSY-QCD loops. This situation occurs at

������� � 	 	 and for
� 	 	 � ��
 � 	 	 	 GeV. The

dominant decay mode of the � for these points is to
� � �

� , and the Higgs-strahlung search in the
tau channel is the only channel with sensitivity to these points. For the no-mixing and

� �
-max

scenarios, the two-loop diagrammatic approach of [69] is used to compute the relations between
the SUSY parameters,

� �
,
� 


,
�������

, and the production cross-sections and decay branching
ratios. For the large

�
scenario, the one-loop renormalization-group improved calculation of [70]

is used. These two calculations give consistent results [71], although small differences still ex-
ist. For example, in the

� �
-max scenario, the calculation of [69] gives a more conservative

upper edge of the excluded region of
�������

, while the calculation of [70] gives a slightly more
conservative lower edge.
The 95% exclusion contours for the

� �
-max scenario in four projections, in the (

���
,
�"


), the
(
�"�

,
�������

), the (
� 


,
�������

)and in the (
� � � ,

�������
) plane, are shown in Figure 21.

Figure 22 shows the
� � ����� significance contours as functions of � mass and

�
mass for the�"�

-max scenario. An excess is seen at (
� �

,
�"


) � (83,83) GeV/c
�

, with a significance level
slightly in excess of 2 � . This is due to candidates seen by the OPAL collaboration in data
taken at 189 GeV in the

� � �
�
����

channel [61] which have not been confirmed by later running
or in other experiments; the significance has gradually decreased as additional luminosity has
been accumulated. Another excess is seen near (

���
,
� 


) � (90,90) GeV/c
�

, due to candidates
in the OPAL four-jet channel in the 196 GeV data [72], which also does not appear in other
samples. The current 95% CL exclusion limits from LEP (shown also in the same figure) rule
out both of these possibilities as an MSSM signal. The results are based on data collected
at
� � � 200–209 GeV and are combined with data collected earlier at lower centre-of-mass

energies. For the search in the �
�
� �
� � � process the Standard Model searches presented

separately by the four collaborations in [50, 54, 58, 60] are used, combined with the searches
for the �

�
� �
� � � process described in [73–76]. The observed mass limits for the

� �
-max

scenario are 91.0 GeV/c
�

for
� �

and 92.9 GeV/c
�

for
� 


, the expected mass limits are 94.6
GeV/c

�

for
�"�

and 95.0 GeV/c
�

for
� 


if
�������

is larger than 1.2. In the no-mixing scenario
the limits are slightly ( � 0.5 GeV/c

�

) higher. For the
� �

-max scenario, values of
�������

between
0.48 and 2.38 are excluded, while for the no-mixing scenario, values of

�������
between 0.76 and

9.6 are excluded.

3.9 Search for Neutral Higgs Bosons in Models with Two Scalar Field Doublets

In 2HDMs the couplings and production cross sections are modified with respect to the Standard
Model. Depending on the choice of parameters (

���
,
�"


,
�������

, � ) a decay into
�
-quarks can be

highly suppressed. Previous analyses mainly focused on the information from
�
-quarks and thus

are not sensitive in regions with diminishing or even vanishing decay rates to
�
-quarks.

OPAL has published a paper [77] about searches for the neutral Higgs bosons � � and
� �

which
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Figure 21: The MSSM exclusion for the
���

-max benchmark scenario described in the text.
This figure shows the excluded (diagonally hatched) and theoretically disallowed (cross-hatched)
regions as functions of the MSSM parameters in four projections: (upper left) the (

� �
,
� 


)
plane, (upper right) the (

� �
,
�������

) plane, (lower left the (
� 


,
�������

) plane and (lower right) the
(
� � � ,

�������
) plane. The dashed lines indicate the boundaries of the regions to be excluded at

the 95% confidence level if only Standard Model background processes are present.
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Figure 22: The distribution of the confidence level ����� in the (
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) plane for the
� �

-max
scenario. In the white domain, the observation either shows a deficit or is less than 1 � above the
background prediction, while in the domains labelled

� �
� and

� 	 � , the observation shows an
excess above the Standard Model background prediction by the indicated amount. If at a point
(
�"� � �"


) in the plane, two values of
�������

are allowed by the benchmark model, the choice
of
�������

with the larger ��� � is shown. Results from the � � searches are combined with the
results of the

� � searches. Vertical structures are due to features in the � � search results, while
structure on the

� � � �"

line arises from the

� � searches. The 95% CL exclusion contours
is shown with the dashed line; points to the right and below the dashed line are not excluded.
These regions can also be seen in Figure 21.
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has been used to obtain limits on the Type II Two Higgs Doublet Model (2HDM(II)) with no
CP-violation in the Higgs sector and no additional particles besides the five Higgs bosons. The
analysis combines approximately 170 pb �

�

of data collected with the OPAL detector at
� � �� � � GeV with previous runs at

� � � ��
 and
� � � � � � GeV. The searches are sensitive to the

� � , � � � � �� , "�" ,
� � �

� and � � � � � � � decay modes of the Higgs bosons. For the first time, the
2HDM(II) parameter space is explored in a detailed scan, and new flavour independent analyses
for both the Higgs-strahlung process, �

�
� �
� � � , and the pair-production process, �

�
� �
�

� � , are applied to examine regions in which the neutral Higgs bosons decay predominantly
into light quarks or gluons. The results of all the individual search channels at the studied
centre-of-mass energies are combined statistically to provide 95% confidence level limits in a
model-independent interpretation in which no assumption is made on the structure of the Higgs
sector. The interpretation of the searches for the neutral Higgs bosons in the 2HDM(II) is done
by scanning the parameter space of the model. Every (

� �
,
� 


,
�������

, � ) point determines
the production cross section and the branching ratios to different final states. The region

� �
�"� � � �

GeV/c
�

and
� 	 � � 
�� � � GeV/c

�

is excluded at 95% confidence level independent
of � and

�������
with the scanned parameter space. The search results have been updated by

adding data collected at LEP at centre-of-mass energies up to 209 GeV [76]. Assuming the
Standard Model � � � cross-section and BR( � � hadrons)=1.0, a lower bound on the mass of the
� Boson is derived. The observed lower limit on

� �
is 101.8 GeV/c

�

with an expected limit
of 107.3 GeV/c

�

. The 95% confidence level upper limits on the production cross section are
shown as a function of the scalar neutral Higgs boson mass

�
��� in Figure 23. The ALEPH

Collaboration has also performed a flavour-independent search for the Higgs-strahlung process
in �
�
� � collisions [78]. ALEPH has found a 95% confidence level lower mass limit of 109.4

GeV/c
�

for a cross-section equal to that of the Standard Model and a 100% hadronic branching
fraction. A similar search has been performed by L3 with an 95% confidence level lower mass
limit of 106.9 GeV/c

�

[79]. Flavour independent searches are also sensitive to set limits in
models in which Higgs bosons might not couple to

�
quarks [80].

3.10 Search for Fermiophobic Higgs Bosons

In 2HDMs of Type I only one of the two Higgs doublets is allowed to couple to fermions. The
coupling of the lightest Higgs boson to a fermion pair is then proportional to

����� � . If � � 
 � 	
this coupling vanishes and the lightest Higgs boson becomes a fermiophobic Higgs boson.
ALEPH [81], DELPHI [82], L3 [83] and OPAL [76] performed searches for a Higgs boson,
decaying into two photons, considering all decay modes of the

� �
boson in the Higgs-strahlung

process. No signal has been found and confidence limits were derived in the framework of
possible extensions of the Standard Model. The observed lower limits are 104.3 GeV/

� �

(L3) and
105.4 GeV/c

�

(ALEPH), 105.5 GeV/c
�

(OPAL) and 107 GeV/c
�

(DELPHI) assuming Standard
Model cross sections and fermiophobic decays. DELPHI has extended the search to the pair-
production process

� � with two or four photons plus jets or missing energy in the final state and
excluded a region in the (

� �
,
�"


) plane.
The L3 collaboration [84] presented a lower mass limit on the standard fermiophobic Higgs
model considering four different channels of the process � � � � � � ! �!

. The results of the
analysis was combined with the results from the fermiophobic � �����

analysis. The observed
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limit is 104.8 GeV/c
�

.

3.11 Search for Charged Higgs Bosons

At LEP energies charged Higgs bosons are expected to be produced mainly through the process
�
�
� �
� � � �

� . In the MSSM and at tree-level the
���

is constrained to be heavier than
the
���

bosons but loop corrections can drive the mass to lower values. Since the sensitivity
of current searches is limited to the range below � 
 � due to the background from �

�
� �
�

� � �
� , any signal for

� � �
� would indicate either new physics beyond the MSSM or a

rather extreme set of MSSM parameter values.

The present searches for charged Higgs bosons are placed in the general context of 2HDM mod-
els where the mass is not constrained. At tree level the production cross-section is fully deter-
mined by the

���
mass [85]; here they are provided by HZHA version 3 [86]. The searches

are carried out under the assumption that the two decays
� � � � �� and

� � � � � �

ex-
haust the

� �
decay width; however, the relative branching ratio is not predicted. Thus, the

searches encompass the following
� � �

� final states: (
� �� )( ��

�
), (

� � �

)(
�

�
�� ) and the mixed

mode (
� �� )( � �

�� )+( �
� �

)(
� � �

). The combined search results are presented as a function of the
branching ratio BR(

� � � � � �

). Details of the searches of the individual experiments can be
found in [76, 87–89]. These are summarized in Table 3, together with the 95% confidence level
lower bounds, expected and observed. In the Table the mass mass limits are quoted separately
for BR(

� � � � � �

)=0,1, and a limit independent of the branching ratio. It should be noted that
L3 observes an excess of events in the pure hadronic and the semi-leptonic channels in the mass
region around 68 GeV/c

�

[89]. This behavior is reproduced when the combination protocol is
applied to the L3 data only, but is not seen when applied to the ALEPH, DELPHI and OPAL
data. The excess of events at L3 around

� � � =68 GeV/c
�

is compatible with a 4.4 � fluctuation
in the background [90]. The excess is visible in the

� �� �� � and in the
� �� �

�
���� mass distributions

around 68 GeV/c
�

. Figure 24 [90] (left side) shows the combined background-subtracted mass
distribution for these two Higgs decay channels, where the events are corrected for the efficiency
of their respective analyses. The figure also shows the expected distribution for a 68 GeV/c

�

Higgs with BR(
� � � � �

)=0.1. The statistical significance of the excess is almost constant
for values of BR(

���	� � �
) between 0.1 and 0.2. The data are 1 � below what is expected

for a Higgs signal at this mass. Again, this difference is not strongly dependent on the value of
the branching fraction. The background confidence level (1-CL � ) is displayed in Figure 24(right
side) for the data, for the expectation in the absence of a signal and for a 68 GeV/c

�

mass Higgs
signal. The combined lower 95% confidence level bound for charged Higgs bosons decaying
only into

� � � � �� and
� � �

is 78.5 GeV/c
�

. The mass limits expected and observed are shown
in Figure 25. To obtain the limits, the branching ratio BR(

� � �

) has been scanned in steps of
0.05, and the limit setting procedure is repeated for each step. In the hadronic channel and for
masses close to

� 

� , the sensitivity is suppressed by the

� � �
�
� �
�
� � background. There

is a regain of sensitivity at higher masses, as signalled by the excluded islands above 84 GeV/c
�

.
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Figure 24: a.) Combined background-subtracted mass distributions for the
� � �

�
� � �� �� � and� �� �

�
���� decay channels. The expected distributions for a 68 GeV/c

�

Higgs with BR(
� � �

� �
)=0.1 is shown by the hatched histogram. b.) the background confidence level, 1-CL � , as a

function of the Higgs mass with BR(
��� � � �

)=0.1. The solid line shows the values computed
from the observed results and the dashed line the expectation for the background only hypothesis.
The dotted line is the curve expected for a 68 GeV/c

�

Higgs signal at this value of the branching
ratio.

Int. Luminosity (pb �

�

): 217.2 225.1 217.8 217.4
Backg. exp. / Events obs. (*)
(
� �� )( ��

�
) 997.7/968 412.8/387 884.5/961 424.2/439

(
� �� )( �

� �

) 118.0/127 190.8/173 172.1/171 203.5/224
(
� � �

)(
�

�
�� ) 22.0/17 23.8/25 40.6/36 331.7/315

Events in all channels 1137.7/1112 627.4/585 1097.3/1168 959.4/978
Limit exp.(median)/obs.
for B=0 78.1/80.7 77.0/77.4 77.1/77.2 77.1/76.2
for B=1 86.9/83.4 89.3/85.4 83.0/84.9 86.5/84.5
for any B 76.9/78.0 75.4/73.8 75.0/67.1 74.5/72.2

Table 3: Individual search results for the �
�
� �
� � � �

� final states. The numbers of events
correspond to the data sets taken at energies between 200 and 209 GeV. (*) The OPAL selection
is mass-dependent; the numbers are given for

� � � =80 GeV/c
�

.
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4 Present: Higgs Bosons at the upgraded TeVatron

What LEP has seen in the data in the final year of running in 2000 is quite consistent with
the production of a Standard Model Higgs boson with a mass around 115 GeV/c

�

. However,
the statistical significance of the effect, although in agreement with that expected from such a
signal, is just about to reach 2.9 � , which is still too low to claim that a statistical fluctuation of
the background (with a probability of 0.4%) is excluded.
The next place to look for a Higgs boson will be the TeVatron with the two experiments CDF [91]
and DØ [92] at Fermilab. Two experiments, CDF and DØ, each collected approximately 125
pb �

�

of data during the period Run I in the years 1992–1996. Among the highlights from Run
I are the discovery of the top quark [93, 94] and measurements of its mass and production cross
section; the precise determination of the mass of the

�
boson, a first measurement of the self-

couplings of the electroweak gauge bosons and extensive studies of QCD.

4.1 The TeVatron Collider and the Detectors

The TeVatron is a � �� collider that operated until 1996 at a centre-of-mass energy of
� �

=1.8
TeV. Then the TeVatron accelerator has been upgraded to increase its centre-of-mass energy to� �

=2.0 TeV and to ultimately achieve a luminosity of 2 
 10 �
�

cm �

�

s �

�

. CDF and DØ are also
being upgraded to take advantage of the higher luminosity. Data-taking for Run II started in
March 2001. Projections for the integrated luminosity in Run II amount to 2 fb �

�

for the two
first years of data-taking and reach another factor of five to ten up to the year 2006.
The CDF upgrade [95] includes a new silicon vertex tracker, a new wire drift chamber, a time-of-
flight detector, new end-plug calorimeters, extended muon systems, and new front-end electron-
ics, trigger, and the data acquisition system. The goals of the silicon system with 722k channels
are double

�
-tagging coverage to

� � � � 	 , 3D imaging of the vertex to improve dead-time-less
triggering on displaced tracks, and an improved impact parameter resolution.
The major DØ upgrades [96] include a 793 � channel silicon micro-strip vertex detector, a central
fiber tracker, a 2 T solenoid with a radius of 60 cm, enhanced muon systems, and a completely
new front-end electronics, trigger and data acquisition system. DØ will retain its existing her-
metic LAr calorimeter which has a resolution of

�
� � � � � � � � � �
for electrons,

� � � � � �
	�� � � �
for pions.

4.2 Higgs Boson Searches in Run I

CDF has searched for the process � �� ��� �� # �������� ��
with 91 pb �

�

of Run I data. This reaction
is particularly important in the MSSM where the Yukawa couplings between the Higgs scalars
and the

�
quarks are enhanced for large

�������
values with respect to the Standard Model. Four-jet

events with at least three of them
�
-tagged are required to select the event sample. In addition, a

mass dependent
� � cut on the three highest-

� � reconstructed jets in the event is also imposed.
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Dominant background is QCD heavy flavour production with other contributions from fake triple
tags,

� ��
and

� � � +jets. A cut on the
�
-tagged di-jet angular distribution further increases the

significance of the signal by eliminating the gluon splitting QCD component of the sample. The
observed number of data events is in agreement with the expected Standard Model contributions.
Figures 26 and 27 show the 95% confidence level excluded regions in the

�������
versus � �

and
� 
 plane respectively. Results are shown for two stop mixing scenarios, no mixing and maximal
mixing, and for a SUSY mass scale of 1 TeV [97].

Figure 26: CDF 95% confidence level excluded region in the parameter space � � � �������
for the two stop mixing scenarios: (a) no mixing, and (b) maximal mixing. Also shown are
the theoretically forbidden region and the LEP exclusion region for their no mixing and

� � &���
scenarios. [98].

Both CDF and DØ have searched for the Standard Model Higgs boson through associated
production with a vector boson. The searches are restricted to the mass region below � 140
GeV/c

�

where the
� � � � �

dominates. The decay mode of the vector boson dictates the final
signature. CDF has published results for the signatures

� ��� ��� � � �
(
� � � � � ) and 
 ��� � �� � ��

( 
 � � � � ) [99–101]. More recently the channels
� � � � �� � �� and

� ��� � � �
�
� ��

(
� � � � � )

have also been investigated. Individual and combined 95% confidence level upper limits on
the production cross sections for 
 � ( 
 � � � �

) are shown in Figure 28. DØ has also
searched for

� � ����� � � �
and

� ��� � �� � �� events. The limits on �
�

BR are still more than one
order of magnitude higher than the Standard Model prediction but show that these searches are
possible and limited only by luminosity, provided the experiments have excellent

�
-tagging and�

-jet energy resolution. Both CDF and DØ have improved their detectors with precisely these
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Figure 27: CDF 95% confidence level excluded region in the parameter space � 
 � �������
for

the two stop mixing scenarios: no mixing (dashed line) and maximal mixing (solid line). Also
shown are the theoretically forbidden regions and the LEP exclusion region for the no mixing
and maximal mixing scenario [98].
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capabilities in mind.
The search for the charged Higgs boson of the MSSM is an especially interesting search since
the TeVatron is the only facility that can take advantage of the

� ��� � �
mode, provided that the� �

mass satisfies � � � � � � � � � � � . This decay competes with the Standard Model decay� ����� �
.

The DØ Collaboration has searched for a charged Higgs boson [102] lighter than the top quark.
Such a charged Higgs is contained in Two Higgs Doublet Models, for example, in Supersym-
metric extensions of the Standard Model. The standard analysis leading to the measurement of
the top cross section assumes the top decays 100% of the time to a

�
boson and a

�
quark. In

a scenario with a light charged Higgs boson, one or both of the top quarks could decay into a
charged Higgs boson and a b quark. It is assumed that this is the only alternative decay mode
available to the top and the effects it would have on the acceptance of the standard analysis to
the lepton plus jets final states are studied. The acceptance depends on the mass of the charged
Higgs boson and on

�������
as well as on the mass of the top quark. This analysis scans the plane

defined by the mass of the Higgs and
�������

with the pair production cross section and the mass
of the top quark as parameters. Based on the number of events observed by DØ , for a top
quark mass of 175 GeV/c

�

and a top production cross section of 5.53 pb, the analysis excludes������� � 0.97 or
������� � 40.9 for a charged Higgs boson mass of 60 GeV/c

�

. Within the range of
0.3 � ������� � 150, no lower limit can be set on

�������
for a charged Higgs boson larger than 124

GeV/c
�

, and no upper limit for � ��� � 153 GeV/c
�

.
Direct searches from CDF [103] look for

� � � � �
using

�
identification via its hadronic decays

and they thus are sensitive only in the large
�������

region. Indirect searches, performed by CDF
and DØ [102] - as described above - are more powerful and look for suppression of Standard
Model

� ��
decays, caused by

� � � � �
decays. Observed rates of dilepton and lepton+jets events

in the top sample depends on BR(
� � � � �

), while the Standard Model predictions for � ���� are
independent of

� �
production. Exclusion regions in the

� � � versus
�������

plane have been
derived with sensitivity in both low and high

�������
region as shown in Figure 29.

4.3 Standard Model Higgs Boson Searches in Run II

Higgs bosons at TeVatron [104] will be produced mainly in the gluon fusion process which
proceeds primarily through a top quark triangle loop , with cross sections of roughly 1.0 to 0.1
pb for 100 GeV/c

� � � � � 	 	�	 GeV/c
�

(see Figure 30). The two-loop QCD corrections
enhance the gluon fusion cross section by about 60-100%. Unfortunately it is very difficult to
make use of this production process in the Higgs boson search because of the overwhelming
QCD background.
The most promising Standard Model Higgs boson discovery mechanism at the TeVatron for� � � �	� 	 GeV/c

�

consists of
� �� annihilation into a virtual 
 � ( 
 � � � � � ), in which the

virtual 
 � � 
 � followed by
� � � ��

and the leptonic decay of the 
 . The cross section for
� �� � ��� �

reaches values of 0.3 to 0.02 pb for
� 	�	 � � � � 	 	�	 GeV. The corresponding

� �� � � �
cross-section is roughly a factor of two lower over the same Higgs mass range. The

QCD corrections to � � � �� � 
 � � coincide with those of the Drell-Yan process and increase the
cross sections by about 30%.
The Higgs boson decays dominantly to the most massive kinematically allowed final state. For
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Figure 29: The 95% confidence level exclusion boundaries in the (
�������

, � � � ) plane for���
=175 GeV/c

�

for the charged Higgs boson searches from CDF and DØ .

� � � �	� � GeV/c
�

, the dominant decay mode is
� � � � �

with a branching ratio of roughly
80%. For

� � � �	� � GeV/c
�

, the dominant mode is
� � � � 

���

, where one
�

is maybe off
the mass shell. Thus, searches for lower mass Higgs will seek final states with at least two

�
jets,

and the higher mass searches will have multiple (possibly virtual)
�

bosons.

4.3.1
����� ��

The dominant process for the production of Higgs bosons in � �� collisions is "�" ��� . Unfortu-
nately, even with maximally efficient

�
-tagging this channel is swamped by QCD di-jet produc-

tion. The more promising channels are � �� � � �
and � �� ��� �

final states [106]. The possi-
ble final states are: (1) � �� � � ��� ��� � ��

, (2) � �� � � ��� � �� � �� , (3) � �� � � ��� � � �
�
� � �

,
(4) � �� � � � � � �� � �� or � �� � � � � � �� ���� . The primary backgrounds to these channels
are
� � � � �

and
� � � ��

with the
� � �

pair from gluon radiation, single top-quark production and
top-quark pair production.
For the production process � �� ��� � � � �

the leptonic decays of
�

,
�

provide a good trigger
and the

����� ��
signal is visible with adequate

�
-tagging.

Final states with a high � � electron ( � ) or muon (
�

) and a neutrino from the decay of the
�

boson and a
� � �

pair from the decay of the Higgs boson are considered. To model the expected
response of CDF and DØ run II detectors the SHW program [107] is used, which provides a
fast, approximate simulation of the trigger, tracking, calorimeter clustering, event reconstruction
and

�
-tagging. SHW is a parametrized simulation, details of event-by-event detector response

are missing. This means that systematic effects and hardware-related background and misiden-
tifications are largely neglected. Their impact can be estimated, however, from extrapolations of
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Run I results, and thus are not completely ignored.
Experimental considerations, such as trigger threshold and the need to restrict data to the phase
space in which the detector response is well understood, dictate a set of loose cuts on the event
variables:


 the transverse momentum of the isolated lepton � �� � � � GeV/c


 the pseudo-rapidity of the lepton
� � � � 	


 the missing transverse energy in the event
� �  ���� � 	 	 GeV


 two or more jets in the event with
� � � �� � � 	 GeV and

� � �
�
� � 	 .

Since the Higgs decays into a
� � �

pair the requirement that two jets are
�
-tagged is imposed. A

powerful tool used to suppress the
�	� ��

background is the invariant mass of the
�
-tagged jets,

which is expected to peak at the Higgs boson mass, whereas one expects a broad distribution
for the background. Variables to discriminate between the signal and the backgrounds have
been defined like the invariant mass of the

�
-tagged jets, the sum of the transverse energies of

all selected jets, sphericity, etc. Then Neural Networks have been used. The most problematic
background is the

� �
production which is kinematically identical for Higgs boson masses close

to the
�

mass. Table 4 summarizes the results for the searches in the
� �

channel.
� � ����� ���� � � ��� � �

�
���� � � � � � ����

� � (GeV/c
�

) �
�

BR(fb) � � (GeV/c
�

) �
�

BR(fb) � � (GeV/c
�

) �
�

BR(fb)
90 119.0 90 20.3 90 40.6
100 85.4 100 14.8 100 29.6
110 62.3 110 10.9 110 21.8
120 45.3 120 8.22 120 16.4
130 34.1 130 6.25 130 12.5
Backgrounds�	����

3500.0
��� ��

350.0
��� ��

700.0� �
164.8� ���
800.0

� ���
800.0

� ���
800.0

� (fb) � (fb) � (fb)���
1235.0

� �
1235.0� �

1000.0
� �

1000.0
� �

1000.0� ��
7500.0

� ��
7500.0

� ��
7500.0

Table 4: Cross section times branching ratio for the
� �

and
� �

processes which have been
studied, for various � � and for given backgrounds. For

� �
,
� ��

and
� �

processes the total cross
section is given.

For the di-lepton channel and the missing transverse energy channel a strategy similar to that
described for the single-lepton channel is used.
For the upcoming high luminosity run (15 fb �

�

integrated luminosity) the production of a Stan-
dard Model Higgs boson in association with a top quark pair is investigated [108]. But the signal



55

rate is low and a factor of three more of integrated luminosity would be needed to increase the
significance of this search in the

� �� �
channel with

� � � � �
for masses up to about 140 GeV/c

�

to 5 � per experiment.

4.3.2
����� � 

���

In this section analyses designed for final states in which the Higgs boson decays to
� �

[109]
instead of

� ��
are described. Above 135 GeV/c

�

the decay into
� �

pairs is the dominant Higgs
boson decay mode. Three final states are considered:


 (1) Three leptons
� � ��� � ���

, arising primarily from � �� ��� � ���	� �
,


 (2) Di-leptons and neutrinos,
� � �

�
� �� , from � �� � � ��� � and


 (3) like-sign di-leptons plus jets,
� � �������

, from � �� � � � � � �	�
and � �� � � � �

� � �
.

The dominant backgrounds are Standard Model production of
� �

,
� �

,
� �

, and
� � � � +jets

and
� ��

and multi-jet events with misidentification arising from detector effects.
As for the low mass analyses, the initial selections are based on simple variables related to the
kinematics of the decay products. However, to reach a useful sensitivity, the analyses then use
either requirements typically relating angular correlations arising from spin differences between
signal and background and likelihood methods. The signal to background ratio is good (up to
.45) but the low rate of a possible Higgs boson signal limits the statistical significance. The
control of the systematic uncertainties will be challenging in this channel.
The tri-lepton signal is smaller than the like-sign leptons plus jets signal by about a factor of 3
due to the difference of the

�
decay branching fractions to

� � � � � and two jets. The signal
rates for

� � � � ������
drop dramatically for a

� � � 150 GeV/c
�

. In the pure leptonic channel
(
� � � � � ��� ���

) it is difficult to reconstruct
� �

due to the two missing neutrinos but the
QCD background is much lower compared to the

�������
decay channel [110].

4.3.3 Overall Sensitivity

Before turning to channel-by-channel sensitivities as a function of Higgs boson mass and lumi-
nosity it is worthwhile to describe the results concerning the key Higgs search detector parame-
ters:


 Missing
� � resolution was excellent in Run I and no gains are foreseen in this area.


 Lepton identification efficiency in CDF and DØ is mainly governed by geometrical ac-
ceptance. Improvements are being made in the muon systems of both detectors.


 Tagging of
�
-quarks plays an important role in any Standard Model Higgs boson search.

However, the signal significance (
� � � � ) grows at a faster rate if the invariant mass res-

olution for pairs of
�

jets is improved than if the
�
-tagging efficiency is increased. This

highlights the importance of a good understanding of the
�
-jet scale.
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The sensitivity to a Standard Model Higgs boson from a combination of CDF and DØ expec-
tations, as measured by signal over the square-root of background (

� � � � ) for various decay
channels, as a function of the Higgs boson mass, is presented in Figure 31 for an integrated lu-
minosity of 1 fb �

�

per experiment. The mass reach of the TeVatron experiments is significantly
improved by considering final states produced when the Higgs boson at higher masses decays
to real or virtual boson pairs. Good improvements in sensitivity over purely cut-based analyses
can be expected when using techniques such as neural net analyses. But it is clear that 1 fb �

�

per experiment is not sufficient for a Higgs boson discovery. This is quantified in Figure 32
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Figure 31: Sensitivities for a combination of CDF and DØ expectations in the main Standard
Model Higgs boson final states. Results are given for 1 fb �

�

delivered to each experiment. Points
connected by solid lines correspond to cut-based analyses, the dashed lines indicate results using
a neural net.

where the combined CDF and DØ 95% confidence level limits, 3 � evidence and 5 � discovery
thresholds for a given integrated luminosity delivered to each experiment are plotted as a func-
tion of Higgs mass. With the minimal Run II integrated luminosity of 2 fb �

�

, the TeVatron will
not be able to extend the LEP Higgs mass limit of 113.5 GeV/c

�

. With more than 15 fb �

�

per
experiment, a Standard Model Higgs boson could be excluded up to about 180 GeV/c

�

. First
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hints of a real Higgs signal (3 � ) would only appear beyond what has already been excluded
for an integrated luminosity of at least 8 fb �

�

per experiment. With 15 fb �

�

per experiment a
Higgs boson with a mass up to 120 GeV/c

�

could be detected with 5 � significance. A Bayesian
combination method [111] has been used to combine all channel and both experiments. A 10%�

� � � resolution has been assumed. For the analysis in the
� � � � �

channel a neural network

technique has been used. As systematic error the minimum of 10% or
� � � ��� � � � �

, where
�

is the expected background in 1 fb �

�

and
��� � � is the integrated luminosity, has been used.

Figure 32: Standard Model Higgs sensitivity predicted for a combination of CDF and DØ ex-
pectations as a function of Higgs mass and integrated luminosity delivered to each experiment.
Limits (at 95% confidence level), 3 � evidence and 5 � discovery curves are plotted. The bands
represent an uncertainty of 30% arising from

�
� � � , Efficiency � � and the background uncertain-

ties. The curves shown are obtained by combining the
��� � ��

,
� �� ���� and

� � �
�
����

channels using a
neutral network selection in the low-mass region (

� 	 � � � � �	� 	 GeV/c
�

), and the
� � �������

and
� � �

�
� �� channels in the high-mass region (

�	� 	 � � � ���'� 	 GeV/c
�

).

4.4 Searches for the MSSM Higgs Bosons in Run II

The searches for the Standard Model Higgs boson can be interpreted more generally in the
framework of an extended Higgs sector. Generically, extended Higgs sectors contain additional
scalar states beyond the Standard Model Higgs boson with different couplings from those found
in the Standard Model.
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The simplest approach to search for the MSSM neutral Higgs bosons at TeVatron is to use the
search channels for Standard Model production of 
 � � � 
 � � � � � [104,112]. Where the cross
section is lower than that of the corresponding MSSM production, one can exclude or discover
the MSSM Higgs boson at that mass. The first step is to calculate for each Higgs boson mass and
for a given integrated luminosity the value

�
of the ratio of the production cross section at which

one can expect to exclude or discover the Higgs boson to the Standard Model cross section. For
different

� 

and

�������
, then, one compares the values of

�
thus obtained to the theoretical

values at those parameter values. Figure 33 shows the values of
�

for 95% confidence level
limits and 5 � discovery as a function of the Higgs boson mass, based on the low-mass Standard
Model Higgs boson search channels

� �
and

� �
.
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Figure 33: The ratio
� � � � � ���� � 
 � � ��� � � � ���� � � � � � ���� � 
 � ��� � ��� � � ��� � � �� � as

a function of the Higgs boson mass. Each shaded region represents the minimal value of
�

necessary at a given Higgs boson mass to (a) exclude a Higgs boson signal at 95% confidence
level, for the integrated luminosity per detector as indicated (combining the statistical power of
both experiments). The thickness of the bands, extending upwards from the estimated thresholds,
indicate the uncertainties in

�
-tagging efficiency, background, mass resolution and other effects

[104].

Figure 34 shows the regions of the MSSM parameter space
�������

versus
� 


in which one can
exclude or discover the Higgs boson, as a function of the delivered integrated luminosity per
experiment, combining the data from both experiments. In Figure 34 results for two different
sets of parameters are shown: The upper plots using a maximal mixing benchmark scenario
(
� � � 	 � 	 , # � � � � ,

� � � � � , � ������� � 1 TeV, � �	 � 1 TeV), the lower plots using
parameters (

� � � � �
1.5 TeV,

� � � 	 , ������� � � 1 TeV, � �	 � 1 TeV). As the figure
shows, with 5 fb �

�

one can exclude most of the parameter space for maximal stop mixing; to
discover the MSSM Higgs boson in most of the space at 5 � significance requires about 20 fb �

�

.
However for the case

� � � � �
1.5 TeV the difficult region for large

�������
extends due to the
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suppression of the 
 � �� coupling.
In the MSSM, the basic

� � � � � ��� � � � � � couplings are proportional to
� � ������� at large

�������
,

and thus can lead to enhanced production of MSSM neutral Higgs bosons in conjunction with a����
pair. If, for example, the value of

�������
is near

� � � � ��� 35, then the production of �
� � �

is
enhanced by over a factor of 1000 compared with the Standard Model production of

� � ��
. Thus

by searching for events with
� �� ����

final states, one can be sensitive to a large range of the MSSM
parameter space (see Figure 34).
Within MSSM models, new Higgs production modes exist, some with couplings proportional
to
����� � �

. For sufficiently large values of
�������

these become the dominant production modes.
One such mode is � �� � � � � �

with
� � � � � � � . A study to evaluate the sensitivity reach for this

mode in Run II has been performed. This results in final states containing four
�
-flavoured jets.

The analysis [104] typically requires four jets, three of which satisfy
�
-tag requirements. All

possible mass combinations of
�
-jets are computed, and the resulting distribution is examined

for a peak near the generated Higgs boson mass. The 95% exclusion contours in the
�������

versus�"

plane are shown in Figure 35 for several integrated luminosities. These results indicate that

assuming
�������

=40, the sensitivity reach is about 160 GeV/c
�

at 95% confidence level with an
integrated luminosity of 2 fb �

�

extending up to 225 GeV/c
�

with 10 fb �

�

. This channel serves
as the most important mode for discovering or ruling out the MSSM Higgs at large

�������
.

The search for charged Higgs bosons at TeVatron as described in a previous section can be
continued in Run II. If there is a charged Higgs boson lighter than the top quark, its presence
can be detected by a so-called disappearance search [104] if

�������
is substantially different

from
� ��� � � � , prompting a direct search to confirm discovery: In a disappearance search, one

employs selection criteria optimized to detect the Standard Model decay of
� ��

. Such criteria
are expected to have relatively low efficiency for decays involving

� � � � �
. The top quark

pair-production cross section is not expected to be significantly affected by the presence of a
charged Higgs boson. Consequently, if data agree well with Standard Model based predictions
for � � �� , regions of parameter space where BR(

� � � � �
) is large can be excluded because in

those regions one would expect fewer events than seen in data.

5 Near Future: Higgs Bosons at LHC

When LHC will start it may still not be clear if a light Higgs boson with a mass below 120
GeV/c

�

exists. LEP stopped data-taking with the final result of a 2.9 � evidence for a Higgs
boson with a mass around 115 GeV/c

�

. TeVatron will be able to exclude a Higgs boson at this
mass at the 95% confidence level with 2 fb �

�

per experiment (end of the year 2003). If a Higgs
boson in the mass range 115–120 GeV/c

�

exists, however, TeVatron would need � 15 fb �

�

per
experiment for a 5 � discovery. The projected luminosity for LHC in 2007 is 10 fb �

�

, sufficient
for a 5 � discovery of a Higgs boson in the mass range 115–120 GeV/c

�

.

5.1 The LHC Collider and the Detectors

LHC (Large Hadron Collider) is a ��� accelerator with a circumference of 27 km which will be
built in the existing LEP tunnel. For the year 2006 first collisions of 7 TeV protons with 7 TeV
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Figure 34: In each of the two scenarios, the 95% confidence level exclusion regions and the 5
� discovery regions are shown for two different search channels: (i) shaded regions correspond
to V+Higgs (where V=W or Z and the associated Higgs boson is one of the two CP-even Higgs
scalars of the MSSM-h or H), and (ii) regions in the upper left-hand corner of the graphs bounded
by the solid lines correspond to

� ��
Higgs boson production (where the associated neutral Higgs

boson is either � ,
�

or
�

). Different integrated luminosities are explicitly shown by the color
coding. Note that the same colors correspond to different integrated luminosities in the 95% CL
and 5 � plots. For search channel (ii), the two sets of lines (for a given color) correspond to the
CDF and D0 simulations, respectively. The region below the solid black line near the bottom of
the plot is excluded by the absence of observed �

�
� �
��� � � events at LEP.
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LEP
excluded

Figure 35: 95% confidence level exclusion curves for � �� � � � �� � � � � � � �
with

� � � � � � � .
The curves show the sensitivity reach for the MSSM neutral Higgs bosons in the

�������
and
� 


parameter space. The LEP Excluded region is also shown for comparison. The results are shown
for the maximal mixing scenario. The excluded region is above the curve at high

�������
and low�"


values.
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protons are planned. Two general purpose experiments - ATLAS [113] and CMS [114] - are
under construction.
The LHC offers a wide range of physics opportunities [115] and the search for the Higgs boson
or more generally the origin of particle masses are definitively a major focus of interest. The
motivation of this accelerator, however, goes far beyond the Standard Model. Complementary
information will come from the search for new particles, with an excellent discovery potential
for supersymmetry, a promising accuracy for the study of

�
boson and top quark properties and

couplings and last but not least the high
�
-quark production rate which is expected to give new

insights in the problem of CP-violation.
A broad spectrum of detailed physics studies [116, 117] specified the design of the detectors as
presented in their Technical Proposals [113, 114].
As an example the ATLAS detector will be described in the following. The overall detector
layout is shown in Figure 36. The basic design criteria of the detector include a very good elec-
tromagnetic calorimetry for electron and photon identification, high-precision muon momentum
measurements, efficient tracking at high luminosity and a large acceptance in pseudorapidity.
The inner detector is contained within a cylinder of length 7m and a radius of 1.15 m, in a
solenoidal magnetic field of 2 T. Pattern recognition, momentum and vertex measurements, and
electron identification are achieved with a combination of high-resolution semiconductor pixel
and strip detectors in the inner part of the tracking volume, and straw-tube tracking detectors
with transition radiation capability in the outer part.
Highly granulated liquid-argon (LAr) electromagnetic (EM) sampling calorimetry, with excel-
lent performance in terms of energy and position resolution, covers the pseudo-rapidity range� � � � � � 	 . In the end-caps, the LAr technology is also used for the hadronic calorimeters, which
share the cryostats with the EM end-caps. The same cryostats also house the special LAr forward
calorimeters which extend the pseudo-rapidity coverage to

� � � � � � � . The overall calorimeter
system provides the very good jet and

� �  ���� performance of the detector. The LAr calorimetry
is contained in a cylinder with an outer radius of 2.25 m and extends longitudinally to

�
6.65 m

along the beam axis.
The calorimeter is surrounded by the muon spectrometer [118]. The air-core toroid system,
with a long barrel and two inserted end-cap magnets, generates a large magnetic field volume
with strong power within a light and open structure. Multiple-scattering effects are thereby
minimized, and excellent muon momentum resolution is achieved with three stations of high-
precision tracking chambers. The muon instrumentation also includes as a key component trigger
chambers with very fast time response. The muon spectrometer defines the overall dimensions
of the ATLAS detector. The outer chambers in the barrel are at a radius of about 11 m. The
half-length of the barrel toroid coils is 12.5 m, and the third layer of the forward muon chamber,
mounted on the cavern wall, is located about 23 m from the interaction point.
The primary goal of the experiment is to operate at high luminosity (

� 	 ��� cm �

�

s �

�

) with a
detector that provides as many signatures as possible.

5.2 Standard Model Higgs Boson Searches

Figure 37 shows the different Feynman graphs for the production of Higgs bosons at LHC.
Higgs boson production at the LHC is dominated by the gluon fusion mechanism "�" � �

,
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Figure 36: 3-dimensional schematic view of the ATLAS detector.
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Figure 37: Production mechanism for Higgs bosons at LHC: (a) gluon-gluon-Fusion, dominant
at low Higgs boson masses, (b) vector boson fusion, dominant at high Higgs boson masses, (c)
associated

� �� �
production, about 50 times smaller than gluon-gluon fusion, (d) associated
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fusion, about 50 times lower than vector boson fusion. For cross sections of these processes at
LHC see Figure 38.
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which is mediated by top and bottom triangle loops. This production process is directly sensitive
to the

� �� �
coupling. This can be inferred from Figure 38, which presents all relevant Higgs pro-

duction cross sections as a function of the Higgs mass. The two-loop QCD corrections increase
the production cross section by 60-90%, so that they can no longer be neglected [119]. For
large Higgs boson masses the vector boson fusion mechanism

� ��� � � � �
becomes com-

petitive, while for intermediate Higgs boson masses it is about an order of magnitude smaller
than gluon fusion [120–122]. This process is sensitive to the Higgs coupling to the weak vector
bosons. The ratio of the two cross sections provides the information how the Higgs couples to
fermions and bosons. The QCD corrections are small and thus negligible [123]. Higgs-strahlung� � � � � ��� � � � � � plays a role only for

� � � 100 GeV/c
�

. The QCD corrections are mod-
erate, so that this process is calculated with reliable accuracy [124]. Another interesting produc-
tion process for Higgs bosons is the associated Higgs production:

�  �� � � � �
or

�  �� � � � �
,

where an off-shell vector boson is produced and radiates a Higgs boson. The last production
mechanism is the Higgs bremsstrahlung: "�" � �  �� � � � �� �

where top quarks are produced and
radiate a Higgs boson. The two last production mechanisms have a cross section about 100 times
smaller than the gluon fusion process.
The strategy to find the Higgs boson changes depending on its mass [115]. For Higgs boson
masses below 130 GeV/c

�

the most significant channels are the decays
� � ���

and
� � � � �

.
Between 130 and 180 GeV/c

�

the decay channels
��� � � � �

4l and
��� � �	� ��� � � �

�
��

are the expected discovery channels. For larger masses up to 400 GeV/c
� � � � � � �

4l
provides the easiest discovery signature. For higher Higgs boson masses, additional signatures
involving hadronic

�
and

�
decays have been investigated and promising signals have been

obtained. These channels will be discussed in detail in the following sections.
Physics processes have been simulated with the PYTHIA [125] Monte Carlo program, including
initial- and final-state radiation, hadronization and decays. The signal and background produc-
tion cross sections are affected by uncertainties due to higher order corrections, structure function
parameterizations and event generation. The higher-order QCD corrections to the production
cross sections are not known for all signal and background processes. Therefore, the present
Higgs studies at ATLAS have consistently and conservatively refrained from using k-factors,
resorting to Born-level predictions for both signal and backgrounds. The studies performed by
the CMS collaboration are using k-factors. The k-factors, i.e. higher order corrections are of the
order of 1.6-1.9 for "�" ��� . The uncertainties from parton density functions and NNLO cross
sections are estimated to be smaller than 20%.

5.2.1
��� ���

The decay H
� ���

is a rare decay mode, only detectable in a limited Higgs mass region where the
production cross-section and the decay branching ratio are both relatively large. It is a promising
channel for a Higgs search in the mass range of 100 �

� � � 150 GeV/c
�

. Excellent energy and
angular resolution are required to observe the narrow mass peak above the irreducible prompt���

continuum. Powerful particle identification capability is needed to reject the large jet back-
ground.
The direct production of a low mass Higgs is dominated by the "�" fusion process. The irreducible
background consists of genuine photon pairs via the following three processes: Born (

� �������� ),
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Figure 38: Cross section for various Higgs production processes in ��� collisions at
� �

=14 TeV
as a function of Higgs boson mass. From Ref. [126].
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box ( " ����� ), and quark-bremsstrahlung (
� " � � � � � ���

). The production cross section for
the sum of the Born and box processes is of the order of 1 pb/GeV/c

�

in the two-photon mass
range around 100 GeV/c

�

. After isolation cuts, this background amounts to about 50% of the
combined Born plus box contribution. The reducible background consists of

� � �
� � � � and

� � � � �
events in which one or both jets are misidentified as photons, as well as

� � �
�
� � decays,

where both electrons are mistaken as photons. Since the production cross sections for these
processes are many orders of magnitude larger than the signal cross sections, excellent photon/jet
and photon/electron discrimination are required. The expected

� � � �
signal significances,

defined for each mass point as
� � � � where

�
and

�
are the numbers of accepted signal and

background events in the chosen mass window of
� � � � � for an integrated luminosity of 100

fb �

�

ranges from 2.4 to 6.5 � in the mass range �
	 � � � � �	� 	 GeV/c
�

. In addition to the
signal events from direct production, events from the associated production of a Higgs boson
with a

�
or
�

boson or a
� ��

pair have been included in the signal. As an example for the signal
reconstruction, Figure 39 shows the expected signal from a Higgs boson with

� � � � 	 	 GeV/c
�

after an integrated luminosity of 100 fb �

�

(high luminosity). The
� � ���

signal is clearly
visible above the smooth background, which is dominated by the irreducible

���
background.
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Figure 39: Expected H
� � �

signal for
� � � � 	 	 GeV/c

�

for an integrated luminosity of
100 fb �

�

. The signal is shown on top of the irreducible background (left) and after background
subtraction (right).

The production of the Higgs in association with a
�

or a
�

boson or with a
� ��

pair can be used in
addition to the direct

���
decay mode to search for a low mass Higgs boson. The production cross

section for the associated production is almost a factor 50 lower than for the direct production,
leading to much smaller signal rates. If the associated

� � � boson or one of the top quarks is
required to decay leptonically, thereby leading to final states containing one isolated lepton and
two isolated photons, the signal-to-background ratio can nevertheless be substantially improved
with respect to the direct production. In addition, the vertex position can be unambiguously de-
termined by the lepton charged track, resulting in much better mass resolution at high luminosity
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than for the case of the direct production. In order to suppress the reducible background from
QCD jet and

� ��
production and from final-state photon radiation, isolation criteria are applied.

The irreducible background has been evaluated by considering the
� ���

,
� ���

,
� �� ���

and
� �� � �

production. By requiring the lepton-photon mass to be above a given threshold the background
has been further suppressed. There are also many sources of reducible backgrounds. Final states
containing one, two or three jets in association with a lepton or photon, such as

� � � � � � , � �
� � � � ,� � � � �

� � � � , �
� � � �

� � � � and
� � �
� � � �

� � � � , have been considered. The total reducible
background is estimated to be at the level of 20-30% of the irreducible one over the mass range
considered (80-140 GeV/c

�

). The statistical significance in the mass range between 80 to 140
GeV/c

�

is 4 to 3 � for an integrated luminosity of 100 fb �

�

.
For low Higgs boson masses ( �

� � 	 GeV/c
�

) the decay width is of the order of keV. The mea-
sured mass resolution will be entirely dominated by the energy resolution of the electromagnetic
calorimeter used to detect and measure the photons. The mass resolution will be in the order of
1–1.5 GeV/c

�

at both experiments.

5.2.2
����� ��

This channel has about a 10 times larger �
�

branching ratio (BR) than the
� � � �

mode.
Since the direct production, "�" � � with

����� ��
, cannot be efficiently triggered nor extracted

as a signal above the huge QCD two-jet background, the associated production with a
�

or
�

boson or a
� ��

pair remains the only possible process to observe a signal from
� � � � �

decays.
The leptonic decays of the

�
boson or semi-leptonic decays of one of the top quarks provide an

isolated high-� � lepton for triggering. In addition, requiring this high-� � lepton provides a large
rejection against background from QCD jet production. The Higgs boson signal might thus be
reconstructed as a peak in the invariant jet-jet mass spectrum of tagged

�
-jets.

Contrary to the TeVatron
� �

production with
� � � �

is not considered at LHC because it
provides a rate about six times lower than the

� �
channel and the signal-to-background ratio

would not be significantly improved with respect to the
���

channel because the main back-
ground

��� ��
is only a factor 1.8 smaller than the

� � ��
background.

Besides the
� �

channel the
� �� �

is used, for both channels excellent
�
-tagging capabilities are

needed to achieve a high efficiency. Using pixel layers at small radii allows to achieve efficiencies
around 60% (50%) at low (high) luminosity, for rejection factors of about 100 versus u-jets. The
background to the

� �
channel can be divided into three classes:


 Irreducible background from
� � ����� � � �

and from
� � � �

production.


 Reducible background with at least two
�
-quarks in the final state, which arises predomi-

nantly from
� �� ���	�	����

, and from single top production through " ��� � ���� � ��� ���� � �
.


 Reducible background containing jets misidentified as
�
-jets, which arises mainly from� � � � � production.

It is not clear in all cases how to achieve an accurate knowledge of the various backgrounds
from the data. For example the shape and magnitude of the

�	� ��
background cannot be obtained

directly from the experimental data and one will have to rely on Monte Carlo simulations. If a
systematic uncertainty of

� � � on the shape of the
�	� ��

background is assumed in the
� � � ��
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signal region, the statistical significance is between 3.0 � (
� � =80 GeV/c

�

) and 1.7 � (
� � =120

GeV/c
�

) for an integrated luminosity of 30 fb �

�

and assuming a systematic uncertainty of
�

5 %. on the shape of the
�	� ��

background in the
� � � ��

signal region. In conclusion, the
extraction of a signal from

� ��� ��
decays in the

� �
channel will be very difficult at the LHC,

even under the most optimistic assumptions for the
�
-tagging performance and calibration of the

shape and magnitude of the various background sources from the data itself.
The cross section for associated

� �� �
production [127,128] is about the same as for

� �
produc-

tion. The final state is however considerably more complex, since it consists of two
�

bosons
and four

�
-jets. For trigger purposes, one of the

�
bosons should decay leptonically, whereas

the other one is assumed to decay into a
� �� pair. A signal from

� �� �
production can be extracted

by a complete reconstruction of both top-quark decays. This solves the large combinatorial
problem arising from the presence of four

�
-quarks in the final state. This channel is observable

both at low and high luminosity. The signal should appear as a peak in the
�

� � � distribution,
above the various background processes. The resonant

� �� � �
and continuum

� �� � � �
production are

the irreducible backgrounds. Reducible backgrounds which are containing jets misidentified as�
-jets, such as

� �� � � � � � � , �
� � � � � � , � �	���� � � � � � � , etc. The

�
bosons are reconstructed from

the jets not tagged as
�
-jets and from the reconstructed lepton and the neutrino. In the case of

the leptonic decay, the
�

mass constraint is used to determine the longitudinal component of
the neutrino momentum. Ambiguities arise in the pairing of the two

�
bosons, with two of the

four
�
-jets. These ambiguities are resolved by selecting from all

��� � � ��� �
combinations the one

which minimizes � � � � � � � � � � � � � � � � ��� � � � � � �

. For events passing all kinematic cuts, the����
invariant mass,

�
� � � , is computed and a final cut is applied to select events in a mass window

around the nominal Higgs boson mass. The
�

� � � distribution for the summed signal and back-
ground events is shown in Figure 40 for a Higgs boson mass of 120 GeV/c

�

and for an integrated
luminosity of 100 fb �

�

(30 fb �

�

at low luminosity operation and 70 fb �

�

with high luminosity
operation). The summed background is shown by the dashed line, and the points with error bars
represent the result of a single experiment.
A similar study has been done for CMS [129]. Here events are triggered and preselected if there
is an isolated lepton (� � � 10 GeV,

� � � � 	 � � ) and at least six jets (
� � � 20 GeV,

� � � � 2.5). In
the next step, the best jet configuration in the event has been found by defining an event likelihood
function which takes into account the probabilities of jets to be

�
-jets, two reconstructed top

masses, one reconstructed
�

-mass and the order of
�
-jet energies. After the best configuration

is found with the highest value of the event likelihood function, the signal events are enriched
cutting on values of the likelihood functions which take into account

�
-tagging and kinematics

of the event. Applying k-factors of 1.9 for
� �� � �� background and of 1.5 for

� �� �
and

� �� �
leads

to a signal-to-background ratio
� � � =73% with

� � =115 GeV/c
�

. In the Standard Model the
Higgs boson can be discovered in this channel with 5 � significance for a Higgs mass up to 122
GeV/c

�

for �  #" � =30 fb �

�

. Figure 41 shows the invariant mass distribution of signal (dark shaded,� � � 115 GeV/c
�

) plus background for �  #" � =30 fb �

�

.

5.2.3
����� � 

��� �����

The decay channel H
� � � �

�
� � �

� provides a very clean signature for a Standard Model Higgs
boson in the mass range from

� 	 	 � � � � � 	�	 GeV/c
�

. The signal can be well identified
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Figure 40: Invariant mass distribution,
�

� � � , of tagged
�
-jet pairs in fully reconstructed

� �� �

signal events with a Higgs boson of 120 GeV/c
�

above the summed background. Assumed is
an integrated luminosity of 100 fb �

�

(30 fb �

�

at low luminosity operation and 70 fb �

�

with
high luminosity operation). The points with error bars represent the result of a single experiment
(ATLAS) and the dashed line represents the background distribution.
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Figure 41: Invariant mass distribution,
�

� � � , of signal (dark shaded,
� � � 115 GeV/c

�

) plus
background for �  " � =30 fb �

�

(CMS experiment) [129].

and reconstructed above rather low backgrounds. The branching ratio is larger than for the
���

channel and increases with increasing
� � up to

� � � � �
	 GeV/c
�

. For
� � � 	 
 ��
 , i.e.� � � ��� � ���

, the Higgs boson is narrow, hence a good mass resolution for electron and
muon final states is essential. Both electrons and muons are considered in the final state, thus
yielding � � � � , � � � � and

� � � �
event topologies.

The background is composed of three components:
��� � � � � continuum, this process represents

an irreducible background;
� ��

, this is a reducible background with the largest production cross
section and

��� ��
. The following kinematic selection cuts were designed to match the lepton

triggers and to reject the
� ��

and
��� ��

background:

a. Pseudo-rapidity cut for each lepton:
� �

�
� � 	 � � .

b. Transverse momentum, � �� , for each lepton should be greater than 7 GeV, and at least two
leptons should have � �� greater than 20 GeV.

c. The di-lepton invariant mass of one selected pair of leptons should be consistent with the� �
mass:

� � � �
� � 
 � � � 6 GeV. This cut rejects most of the non-resonant

� ��
background.

d. The other pair of the leptons should have an invariant mass greater than 20 GeV. This cut
considerably reduces both the contributions from cascade decays and the

� � �
background.

The detection efficiencies obtained from the full simulations and reconstructions for different
Higgs masses ranges from 34% to 54% for masses between 130 GeV/c

�

and 180 GeV/c
�

.
For the decay into four electrons inner bremsstrahlung degrades the response, yielding a mass
resolution for

� � � �	� 	 GeV/c
�

of 1.4 GeV [115] with 20% of the events in tails of the mass
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distribution outside
� 	 � . For the decay into four muons, the mass resolution using the muon

system information alone gives 2 GeV, whereas a combination with the information from the
inner tracker will give 1.4 GeV [130, 131].

The
� ��� � � ���

lepton channel allows a discovery of a Standard Model Higgs boson in the
mass range from 130 to 180 GeV/c

�

, already after a running period of 3 years at low luminosity,
by combining the electron and muon signatures. The signal-to-background ratios are large and
the reducible backgrounds can be kept at the level of 10-20% of the ZZ

�
continuum.

Figure 42 shows the invariant mass distribution of the four leptons for the process
����� � � �

�
l. The peaks for

� � =130,150 and 170 GeV/c
�

are shown over the Standard Model background
assuming an integrated luminosity of 100 fb �

�

for the CMS experiment.

Figure 42: Invariant mass distribution of the four leptons for the process
� � ��� � � �

l.
The peaks for

� � =130,150 and 170 GeV/c
�

are shown over the Standard Model background
assuming an integrated luminosity of 100 fb �

�

for the CMS experiment.

For Higgs boson masses larger than 180 GeV/c
�

the
� � � � � ���

signal would be observed
easily above the

� � � ���
continuum background after less than one year of low luminosity

operation for
� �
	 � � � � � 	�	 GeV/c

�

. For larger values of
� � , the Higgs boson signal

becomes very broad and the signal rate drops rapidly, but a signal in the
� ��� � �����

channel
could be observed up to

� � � �
	�	 GeV/c
�

, possibly even through the
� � � � � fusion process

if jet tagging in the forward regions is required.
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5.2.4
����� � 

��� � ��� ���

This channel is extremely interesting near the 2
� 


mass threshold, where the decay
� �

� � � ���
is suppressed. By applying kinematical cuts on the outgoing leptons, based on dif-

ferent kinematics between the Higgs and the
� �

processes, one can observe a broad excess
of events in the spectrum of the transverse dilepton mass,

� � , above the dominant
� �

back-
ground with S/B � 1 [132], [133]. The background consists of the irreducible

�	� �
continuum
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Figure 43: Transverse mass distribution for a Higgs signal ( � � � ��� 	 GeV/c
�

) in the
� �

� �	� � ��� ���
channel (ATLAS experiment) and the total background. The distribution for the

background alone is shown separately (dashed line).

production, where both
�

’s decay leptonically, and of the following reducible contributions:
(1)

� ��
production, (2) Single top production

� �
and (3)

�
+jet(s) production, with a leptonic�

decay and a jet faking an electron. The distribution of the transverse mass is shown for all
signal and background events passing the selection criteria in Figure 43 for a Higgs mass of 170
GeV/c

�

. In order to evaluate the significance, it has been assumed that a normalization between
the Monte Carlo prediction and the data can be performed outside the signal region and that the
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� ��
, the

� �
and the

� �
backgrounds are known with a systematic uncertainty of

�
5%. Taking

this into account the significance for the signal observation in the ATLAS experiment is found
to be above 5 standard deviations in the mass region between 155 and 190 GeV/c

�

assuming an
integrated luminosity of 30 fb �

�

. The sensitivity to the Higgs mass is given by the upper falling
edge of the distribution. It has been estimated that the Higgs mass can be determined with an
accuracy of better than

�
5 GeV from this distribution. The CMS collaboration has done a study

applying cuts based on the boost and the spin-correlation of the
� �

-system which enables
the difficult separation from the irreducible continuum background production. A discovery for� ��� � � � � � �
	 GeV/c

�

is possible for only 5 fb �

�

[134].

5.2.5
� �

with
� ��� ��

��������� ���

and
� �����

The associated production of a Higgs boson with a
�

boson, with
� �����

and
� ��� �����

��� ���
provides an additional discovery channel at the LHC [135]. The three-lepton final state

appears as promising, since low background levels are expected. The two important backgrounds
to this channel are:

� �
production and

� ��
production. The large reducible

� ��
background can

be suppressed by using high cuts on the lepton ��� in conjunction with jet veto cuts. At high
luminosity a 5 � discovery of a Standard Model Higgs boson in this channel will be possible
in the mass range between �

� ��� � � � � ��� � GeV/c
�

, assuming an integrated luminosity
of 100 fb �

�

. Similar to the
� � � � �

channel the transverse mass spectrum provides some
information on the Higgs boson mass.

5.2.6 Higgs Production via Weak Gauge Boson Fusion

The largest Higgs production cross-section is predicted for gluon-gluon fusion, but the second
largest cross-section is predicted for weak gauge boson fusion,

� �� � � �� 
 
 � � �� � � 
 �
� � � � (see Figure 38). With the Higgs boson decaying to

� � � 

��� � 

��� � � � � � � �  ���� a
significant Higgs boson signal with an integrated luminosity of 5 fb �

�

or less would be seen in
the mass range of 130–200 GeV/c

�

. The additional very energetic forward jets in these events
can be exploited to significantly reduce the backgrounds. Another feature is the lack of color
exchange between the initial-state quark in contrast to most background processes. This channel
has been first proposed by Rainwater and Zeppenfeld [136]. This channel is also interesting for a
measurement of the

� �� � � � � � coupling ratio. The dominant backgrounds are the production
of
�

pairs,
� ��

and
� � � �

in association with jets. First studies by ATLAS and CMS including
a detector simulation have been performed and are promising. Recently this channel has been
investigated as discovery mode for a light Higgs boson with a mass of around 115 GeV/c

�

[137].
The signal to background ratio is better than 1:1 and allows a 5 � signal with 35 fb �

�

of data.
Besides the decay channel described above decays of the Higgs boson to

� � �
� pairs or

� � � �

are investigated. Both decay channels allow a 5 � discovery in the mass range of 110–150
GeV/c

�

[138–140].

5.2.7 Heavy Higgs Boson

For Higgs masses in the range
� �
	 � � � � � 	�	 GeV/c

�

, the
� � � � � � � �

�
� � �

� decay
mode is the most reliable channel for the discovery of a Standard Model Higgs at LHC. The mo-
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menta of the final state leptons are high and their measurement does not put severe requirements
on the detector performance. Therefore, the Higgs discovery potential in this channel is pri-
marily determined by the available luminosity. The

� � � � � ���
becomes nevertheless rate

limited around
� � � � 	�	 GeV/c

�

. To access Higgs masses up to the TeV mass range one needs
also to allow hadronic or neutrino final states. The channels available are

� � � � � � ��� �

,
with a rate six times larger than the 4-lepton mode, and with a large missing

� � signature and
the
� � � � � �������

mode, with a rate 150 times larger than the the sum of the 4-lepton
mode and the

� � ��� � � ��� �

mode. The
� � � �������

mode provides a discovery poten-
tial from 600 to 1000 GeV/c

�

, and a sensitivity to masses down to 300 GeV/c
�

. This mode is
complemented by the

� ��� � ��� �

mode in the mass range from 500-700 GeV/c
�

, thus giving
redundancy and robustness to the search in that mass region, and allowing to compare

�
to
�	�

and
�

to
� �

couplings.

5.2.8 Overall Sensitivity to the Standard Model Higgs Searches

The overall sensitivity for the discovery of a Standard Model Higgs boson over the relevant
mass range from 80 GeV/c

�

to 1 TeV/
� �

is shown in Figure 44. The sensitivity is given in terms
of

� � � � for the individual channels as well as for the combination of the various channels
assuming an integrated luminosity of 30 fb �

�

. A Standard Model Higgs boson can be discovered
in the ATLAS experiment over the full mass range up to � 1 TeV/c

�

with a high significance. A
discovery sensitivity of 5 � can already be reached over the full mass range after a few years of
running at low luminosity [115]. No K-factors have been included in the evaluation of the signal
significance. This is a conservative assumption, provided the K-factor for the signal process of
interest is larger than the square root of the K-factor for the corresponding background process.
Most of the decay channels studied in the mass range below 200 GeV/c

�

are challenging in
terms of detector performance. Even though the natural width of the Standard Model Higgs
boson in this mass range is narrow, the backgrounds are relatively large and thus, an excellent
detector performance in terms of energy resolution and background rejection is required. The� � ���

decay mode requires high performance of the electromagnetic calorimetry in terms
of photon energy resolution, photon direction measurements, and

� � � � � separation. Impact pa-
rameter measurements in the inner detector are crucial for the discovery of the

� � �
decay mode:

efficient tagging of
�
-jets with a high rejection against light quark and gluon jets allows a rather

clean and complete reconstruction of
� ��

final states together with the
� ��

mass peak from Higgs
boson decays. Finally, excellent performance in terms of the identification, reconstruction and
measurement of isolated leptons with � � � �

GeV is required to discover the Higgs boson in the��� � � � � ���
channel. For

� � � 	 ��
 , the dominant discovery channel is the four-lepton
channel. In this case the background is small and dominated by irreducible

� �
continuum pro-

duction. For
� � � � 	�	 GeV/c

�

the requirements on the detector performance are rather modest
in this channel, since the Higgs width is larger than the detector resolution. A high-significance
discovery of the Higgs boson can be achieved for Higgs boson masses up to 600 GeV/c

�

over
less than one year of data-taking at low luminosity.
By combining the two experiments ATLAS and CMS the minimum luminosity required to start
seeing a 115 GeV/c

�

Higgs boson at 5 � is � 10 fb �

�

(see Figure 45), which may be achieved
after two years of LHC running. Since at most a few weeks of very low luminosity collisions can
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Figure 44: Sensitivity for the discovery of a Standard Model Higgs boson. The sensitivity in
terms of

� � � � is plotted for individual channels and for a combination as a function of the
Higgs mass assuming an integrated luminosity of 30 fb �

�

at the ATLAS experiment.
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be envisaged in 2005, and only 1 or 2 fb �

�

is anticipated in 2006, this presumably means that the
LHC could hope to discover a 115 GeV/c

�

Higgs boson after the 2007 run. For higher masses,
i.e. for

�	� 	 � � � � �
	�	 GeV/c
�

, the discovery is expected to be much faster (a few months of
data-taking) thanks to the gold-plated and background-free

����� � 
 ��� �����
channel.

Figure 45: The combined sensitivity of the two LHC experiments ATLAS and CMS to a Standard
Model Higgs boson, as a function of its mass, for different accumulated luminosities.
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5.3 Determination of the Standard Model Higgs Boson Parameters

The determination of the Higgs boson parameters is a major goal once the Higgs boson will have
been discovered. Precision measurements of these parameters allow a deeper understanding
of the electroweak symmetry-breaking mechanism. They may also be useful to distinguish a
Standard Model Higgs boson from a MSSM Higgs boson. The ATLAS experiment provides
excellent tools to measure precisely the Higgs boson parameters like mass, production rates,
couplings to bosons and fermions and the total width. A detailed description can be found in
Ref. [141].
In most of the channels the Higgs boson appears as a resonant peak above the background (

���
���

,
��� � � � ���

), thus the background can be subtracted using control regions outside the
resonance. The error on the mass reconstruction includes the statistical error due to the limited
number of signal events and the error of the subtraction of the background. The uncertainty on
the absolute energy scale introduces a systematic error, which is assumed to be 0.1% for photons
and leptons and 1% for each jet. This is a conservative estimate since the ATLAS goal is to
determine the absolute energy scale for photons and leptons with a precision of 0.02%.
In the channel

� � ���
the fractional error is found to be 0.2-0.3% for 300 fb �

�

- this corre-
sponds to about ten years of operation at the LHC - in the mass range of 110 to 150 GeV/c

�

. The
channel

� � � � �����
offers the best possibility of determining the mass of the Higgs boson.

An accuracy of 0.1% is achievable over the whole mass range of 120 to 400 GeV/c
�

and an
integrated luminosity of

��� � � � � 	�	 fb �

�

. For larger masses the precision deteriorates because
the Higgs width becomes large and therefore the statistical error increases. However, even for
masses as large as 700 GeV/c

�

the Higgs mass can be measured with an accuracy of 1%.
Figure 46 shows the fractional errors in the channels considered for an integrated luminosity of� � � � � � 	�	 fb �

�

. For the combination of the channels an energy scale uncertainty of
� 	 � � � is

assumed. The goal is to reach an energy scale uncertainty of
� 	 � 	 	 � by determining the scale

from
� � � �

.
The determination of the rates in the various production and decay channels allows to set con-
straints on the couplings and the branching ratios. Using the

����� � �����
channel a differen-

tiation between Standard Model and MSSM may be feasible, since this channel is suppressed in
the MSSM. Furthermore the Higgs width differs from Standard Model to MSSM and thus can
also be used for the distinction.
The statistical error on the rate is expected to be smaller than 10% over the mass region 120
to 600 GeV/c

�

using the
���

,
� � �

and 4 lepton final states. The main systematic error comes
from the knowledge of the luminosity, a value of 5% has been considered for the luminosity
uncertainty. An additional systematic error of 10% for the

� � � � �
and 5% for the

� �
� �

has been included to take into account the uncertainty on the background subtraction for
channels where the background is not completely flat under the peak. Figure 47 shows the
expected experimental uncertainty on the Higgs boson rates, for various production and decay
channels. The left part displays the results from direct production. Over the mass region 120 to
600 GeV/c

�

, the Higgs boson production rate can be measured with a precision of 7%. The right
part gives the results from associated production. Over the mass range of 100 to 200 GeV/c

�

the
expected precision is between 6 and 30%. An integrated luminosity of

� � � � � � 	�	 fb �

�

per
experiment (ATLAS+CMS) is assumed.
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Figure 46: Relative precision � � � � � � of the Higgs mass reconstruction assuming an in-
tegrated luminosity of

� � � � � � 	�	 fb �

�

per experiment (ATLAS+CMS). The open symbols
correspond to the different channels. The combination of all channels with an uncertainty of
0.1% on the energy scale is represented by the dark triangles.
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Figure 47: Relative precision on the measurement of the Higgs boson rate ( �
�

BR for various
channels, as a function of

� � , assuming an integrated luminosity of 300 fb �

�

. The left figure
shows predictions using direct production, the right figure shows the predictions using associated
production.

Without any theoretical input only a measurement of coupling ratios will be possible at LHC.
From the direct measurement of �

� ��� � � � � � � � and �
� ��� � � � � ��� � . The ratio

of the HWW coupling to the HZZ coupling, " � 
 
 � " � 
 
 , can be measured with an accuracy
of 10–15%. In both channels the same production processes are involved. As long as exclusive
couplings can be considered , the QCD corrections cancel. Besides the direct measurement
in the mass range 150 �

� � � 180 GeV/c
�

also an indirect determination is feasible in the
mass range

� � � 150 GeV/c
�

by using the
� � � �

and
� � � � � �

4l channels. The
Higgs boson decay into two photons proceeds via a diagram, where the loop is dominated by a� �

pair. The indirect measurement allows to measure " � 
 
 � " � 
 
 with an accuracy of 10–
20% including an theoretical uncertainty of 10% because of higher order corrections. For both
measurements an integrated luminosity of 300 fb �

�

per experiment is assumed. Measurements
of the boson/fermion couplings are affected by more theoretical constraints and the measurement
is restricted at LHC. " � 
 
 � " � � �� , " � 
 
 � " � � � , " � 
 
 � " � � � � can be measured with an error
of 15–30%. At a future �

�
� � collider it will be possible to measure the ratio of fermion/boson

couplings with higher precision and to measure the ratio of fermion/fermion couplings [142].

The width of the Higgs, can be measured directly above the
���

decay threshold where the width
grows rapidly. ATLAS and CMS will be able to measure the Higgs width with a precision of 5 to
6% over the mass range 300-700 GeV/c

�

. The systematical error is dominated by the uncertainty
of radiative decays, assumed to be 1.5%. Below 300 GeV/c

�

the instrumental resolution is larger
than the Higgs width � � .

To determine the width of the Higgs boson for masses less than 300 GeV/c
�

, an indirect method,
which is proposed in [143], can be used. From rates of

� � � � � �
with

� � � �&��� � � � �
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decays assuming a branching ratio of less than 10% for
� � � �� and non-standard decays a

measurement of the Higgs width in the mass range of 120 to 150 GeV/c
�

is possible with an
expected precision of 6 to 20%. Figure 48 shows the relative precision � � � � � � of the Higgs

Figure 48: Relative precision � � � � � � of the Higgs width � � reconstruction assuming an inte-
grated luminosity of

� � � � � � 	�	 fb �

�

. The open channels correspond to the different channels.

width reconstruction assuming an integrated luminosity of
� � � � � � 	�	 fb �

�

.

The Higgs production rate can be measured with a precision of 12% (respectively 7%) if the
luminosity is known to 10% (respectively 5%). Several couplings and branching ratios can be
measured with precisions of the order of 25%

First studies have been performed to determine the spin of the Higgs boson [141]. A direct
measurement of the Higgs boson spin through the measurement of the angular distributions
between the decay planes of the two Z bosons coming from the

� � � � � �
4l channel will

be possible [144].
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5.4 Minimal Supersymmetric Standard Model Higgs

There are strong theoretical arguments suggesting that the theory of elementary particles should
obey supersymmetry. The most interesting choice for the SUSY model is the one with a mini-
mum number of Higgs fields, the Minimal Supersymmetric Standard Model, MSSM [21]. Ex-
tensive simulation work has been done to study the possibilities to search for the MSSM Higgs
bosons with the ATLAS detector [115]. The Higgs sector in the MSSM contains two CP-even
(h,H), one CP-odd (A) neutral states and one charged (H

�
) state.

At tree level there are two free parameters determining their masses and couplings. Usually
� 


and the ratio of the expectation values of the Higgs doublets,
�������

, are chosen. The investigation
of the Higgs sector of the MSSM is complex and one has to deal with a rich spectrum of possible
signals. For the benchmark sets of MSSM parameters [145], where � ����� � is fixed to 1 TeV,
an extreme configuration of stop mixing parameters (

� � � � �
) has been chosen, the so-called

minimal mixing scenario (
� � � ��� � ������� ). This scenario corresponds to the most pessimistic

discovery scenario at the LHC, since these choices for the additional MSSM parameters give the
lowest possible upper limit for

� �
. This reduces the LHC potential for � -boson discovery in the

� � ��� channel, and also suppresses the
� ��� � 

��� �����

channel.
The interest is focussed on the potential of various decay modes accessible also to the Standard
Model Higgs: � � � �

, � � � � �
,
� � ��� � � � �

�
� � �

� , and on modes strongly enhanced at
large

�������
:
� � � � � � �

� ,
� � � � � � �

� . Much attention is given also to other potentially
interesting channels such as

� � � � � ��
,
� ��� � ,

� � � � .

5.4.1 Overlap with Standard Model Searches

As an example for an MSSM decay channel we discuss the � � � ��
channel. In the MSSM

case the rates can be enhanced by 10-20% compared to the Standard Model rates [146]. The
sensitivity region in the MSSM plane has been determined from the numbers obtained for the
Standard Model analysis, after accounting for the different production and decay rates. The
5 � discovery contours in the (

� 
 � �������
) plane are shown in Figure 49. For an integrated

luminosity of 30 fb �

�

, the � boson could be discovered in this channel for
� 
 � � �
	 GeV/c

�

and
������� � � . For integrated luminosities above 100 fb �

�

, the observability of the � boson in
this channel extends to 90% of the (

� 
 � �������
) plane. For completeness, Figure 49 shows also

the 5 � discovery contour curve for the
� � , � ��� ��

channel for an integrated luminosity of 30
fb �

�

.
The expected MSSM rates for � � ���

and
� � ���

are generally suppressed with respect
to the Standard Model case. In order to evaluate the overall sensitivity to

���
decays of the

MSSM Higgs bosons, the results of the Standard Model searches have been used. A combined
5 � discovery is possible for all values of

�������
provided

� 

is larger than 180 GeV/c

�

(260
GeV/c

�

), for an integrated luminosity of 300 fb �

�

(100 fb �

�

). The heavy Higgs boson decay,� ��� �
, would be observable only as narrow strip for low

��

value (

� 
 ��� 	 � �
	 GeV/c
�

)
corresponding to

� � � ��� 	 � � 	 	 GeV/c
�

. This range of
� 


is already excluded by searches
at LEP [49].
As in the � ��� �

and � � � ��
channels, the observability of the

� � � � 

��� � ���
channel in

the MSSM is estimated by extrapolating the detailed studies performed in the Standard Model
case. In the MSSM, the rates of

��� � � 

��� � ���
are strongly suppressed with respect to the
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Figure 49: 5 � discovery contour curves for the
� �� � and

� � with � � � � �
channel in the

(
�"
 � �������

) plane for integrated luminosities of 30 fb �

�

and 100 fb �

�

.
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Standard Model case over the full
�������

range, except for values of
�������

smaller than one. This
is due to the suppression of the

� ���
coupling, to the opening of the

� � � � decay channel,
and to the enhancement of the

� � � ��
channel. These characteristics of the Higgs boson in the

MSSM case limit the observability in this channel to the range
	 � � � � � � 	 ��� and to low

values of
�������

.

5.4.2 New Decay Channels

Despite rather optimistic recent theoretical estimates [138], the
� � � �

decay mode is not
expected to be observable at the LHC in the Standard Model case, because the expected signal
rates are too low compared to the large backgrounds from various Standard Model processes.
However, in the MSSM case, the

� � � �
and

� � � �
rates are strongly enhanced over a large

region of the parameter space. For low values of
�������

, the "�" � �
,
� � � �

rates are dominant
and significantly larger than in the Standard Model case for a Higgs boson of the same mass. For
large values of

�������
, the production is dominated by the strongly enhanced associated

� � ���
and� � � �

production and the
� � � � � �

ratio is about 10% in the mass range 200–500 GeV/c
�

. The
relative contribution from the associated production is roughly 50% for

������� � � and about
90% for

������� � 	 	 . The backgrounds are a mixture of irreducible
� � � �

background and of� ��
,
����

and
� � � � � production, where a jet is misidentified as a

�
lepton. The signal significances

combined for the direct and the associated production for an integrated luminosity of 30 fb �

�

and for
������� � � 	 are 5.7 � for

� 

=150 GeV/c

�

and 1.2 � for
� 


=300 GeV/c
�

. The inclusion
of the direct production increases the signal significance by 10%.
The

� � � � � �
decay channel cannot be observed for a Standard Model Higgs boson because

of both the very small signal rate and the large backgrounds from several Standard Model pro-
cesses. However, because of the large enhancement of rates through

� ����
and

� �� �
production

and of some enhancement of the branching ratio, which both present at large
�������

, it can be
observed in the MSSM case. The rates for this channel are governed by the same couplings as
for the

� �
channel, but the branching ratio scales as � � � � � � � �

. This huge reduction in signal
rates with respect to the

� �
channel is compensated to some extent by the much better identi-

fication efficiency and experimental resolution, which can be achieved in the
� �

channel. The
background in this channel is dominated by irreducible

� � � � � � �
Drell-Yan production and

reducible
� ��

production with both top-quarks decaying into muons,
� � � ���

. The signal will
be observed above the background as a narrow peak in the invariant di-muon mass distribution,
� � � [147].
Due to the strong coupling of the Standard Model Higgs boson to gauge boson pairs, the

��� � ��

branching ratio is too small for this channel to be observable in the Standard Model case. In
the MSSM case, however, the

� � � ��
and

� � � ��
branching ratios are close to 100% for� � � �"
 � 	 ��� and for

������� � �
. As discussed in [148, 149], a signal from

� � � � � ��
would

appear as a peak in the
� ��

invariant mass spectrum above the
� ��

continuum background for values
of
� � smaller than 500 GeV/c

�

. For
� � �

500 GeV/c
�

the total cross section differs very little
from the cross section with no Higgs boson present. The signal is extracted by searching for� �	����

final states, with one
� � ���

and one
� � ���

decay. The signal significance varies
between 8.2 and 4.3 over the mass range from 370 to 450 GeV/c

�

for an integrated luminosity
of 30 fb �

�

and
������� � � � � .
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The charged Higgs bosons have masses which are almost degenerate with the masses of the
�

and
�

bosons. Several mechanisms can be potential sources for production:


 If the charged Higgs boson is lighter than the top quark decays represent a copious source
of charged Higgs boson production, via the channel

� � � � �
. Since top quarks are

produced with very large rates at LHC, � ���� � 600 pb a charged Higgs boson can be
searched for in this channel for masses up to the kinematic limit imposed by the top quark
mass.


 If the charged Higgs boson is heavier than the top quark, it can be produced via the " � and"�" fusion processes, ��� � � � �
and ��� � � ��� �

respectively, in which the Higgs boson
is emitted from the heavy quark.

The main decay channels of the charged Higgs bosons are the fermionic decays
� � � � �

below the
� �

threshold and
� � � � �

above.

5.4.3 Overall Sensitivity

The 5 � discovery contour as determined for the various channels in the (
� 


,
�������

) plane are
superimposed in Figure 50 for an integrated luminosity of 10 fb �

�

and in Figure 51 for an
integrated luminosity of 30 fb �

�

per experiment (ATLAS+CMS). From Figure 50 it can be
seen that a large part of the (

� 

,
�������

) plane can be explored in the year 2007. The region
between 3

� ������� �
10 and 100

� � 
��
250 GeV/c

�

can not be covered with 10 fb �

�

integrated
luminosity. For a region 3

� ������� �
15 and

� 
��
100 GeV/c

�

only the lightest Higgs boson
� is accessible. The figure also displays the LEP limit [49] which excludes the region below������� � 2.4 and

� 
 � ��� � ��
 � � �

. The details of the contour curves can be affected by changes
in some of the parameters in the MSSM model. These studies have selected sets of parameters,
for which SUSY particle masses are large, so that Higgs-boson decay to SUSY particles are
kinematically forbidden.
With a modest integrated luminosity of 30 fb �

�

, the ATLAS discovery potential covers a large
fraction of the parameter space. In most of the parameter space more than one Higgs boson
would be discovered thus allowing a clean distinction between the Standard Model and the
MSSM case. At the very high integrated luminosity of 300 fb �

�

, the ATLAS discovery po-
tential covers the whole parameter space. The overall discovery potential in the (

� 
 � �������
)

plane relies heavily on the
� � � � � �

channel and on the
� �� � with � � � ��

and on the � � � �
channels. From Figure 52 it can be seen that over a large range of the parameter space more
than one Higgs boson is observable and the experiment would be able to distinguish between
Standard Model and MSSM. In this Figure an integrated luminosity of 300 fb �

�

for the ATLAS
experiment is assumed. At small

�������
a large number of channels are accessible allowing a

measurement of many couplings including
� � � and

� � � . For almost all cases, the experiment
would be able to distinguish between the Standard Model and the MSSM case. The region with� 
 � 	 �
	 GeV/c

�

and
� � ������� � � � � 	 is only covered by the � � ���

and � � � ��

channels thus making the distinction very difficult. Over large regions for
��
 � 160 GeV/c

�

, all
three neutral Higgs bosons, and in some cases also the charged Higgs boson would be discovered
with ATLAS. Over most of this region, the

�
and

�
bosons are degenerate in mass and would
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Figure 50: For an integrated luminosity of 10 fb �

�

per experiment (ATLAS+CMS), 5 � discovery
contour curves in the (

� 
 � �������
) plane for all Higgs boson signals are shown.
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Figure 51: For an integrated luminosity of 30 fb �

�

per experiment (ATLAS+CMS), 5 � discovery
contour curves in the (

� 
 � �������
) plane for all Higgs boson signals are shown.
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be very difficult to distinguish. For � 10% of the parameter space, i.e. for
������� � 2 and 90

GeV/c
� � �"
 � 130 GeV/c

�

, the two neutral Higgs bosons and the charged Higgs boson would
be discovered with ATLAS.
The interplay between SUSY particles and the Higgs sector has also been addressed in the AT-
LAS studies. SUSY scenarios have an impact on the discovery potential through the opening of
Higgs boson decays to SUSY particles (mostly for

�
and

�
) and through the presence of SUSY

particles in loops.

5.5 Determination of the MSSM Higgs Parameters

The theoretical motivation for precision measurements in the MSSM is even stronger than in the
Standard Model. In the MSSM, the Higgs sector constrains strongly the predicted relations be-
tween Higgs boson masses,

�������
and other parameters of SUSY models. If no SUSY particles

are found, measurements of the Higgs boson parameters should allow in some cases to distin-
guish between the Standard Model and the MSSM models and to check the consistency with the
relations between Higgs boson masses predicted by the model. If, for example, the signal were
to be observed in the

� � ��� 

����� ���
channel, the measured signal rate would provide the

best tool to understand its origin, since the MSSM rates are suppressed by an order of magnitude
with respect to the Standard Model case over most of the parameter space. The Higgs boson
couplings will be measured, but most likely with an accuracy not better than 10-20%, since in
most cases these measurements will be based on signal rates.
The expected precisions on the masses of the MSSM Higgs bosons over the complete set of
possible discovery channels and over the full parameter space for an integrated luminosity of
300 fb �

�

are in the range of 0.1 to 3%. The � Boson mass can be measured with an accuracy
of 0.1 to 0.5% if the � � ���

channel is accessible. Over the region where only the � � � ��

is observable the expected precision is 1 to 3%. For the inclusive
�

or
�

to
� �

channel a
measurement with a precision of 0.1 to 0.5% is possible. For other

�
or
�

decay channels like
the

� � �
� or 4 lepton decay the precision is 0.1 to 2%.

The strong
�������

dependence of the "�" � � � � discovery modes will provide an opportunity to
determine the

�������
parameter. The method proposed in [150] was followed for the evaluation

of �
�

BR. The systematic error is dominated by the luminosity and is taken conservatively to be
10%. The expected precision depends on the decay channel and ranges from 10 to 25% in the����� � 
 ��� ���

lepton channel to 10 to 15% in the
� � �

� and
� � �

� channels.

5.6 Comparison: TeVatron and LHC

In comparing TeVatron and LHC a particular interesting situation is the existence of a Higgs
boson in the mass range about 115–120 GeV/

� �

.
The TeVatron sensitivity arises mainly from the associated production:

� � � ����� ��
,
� � �

� � � ��
and

� � � � � ����
. At LHC the region � � � ��� � GeV/c

�

is mainly covered by two
different and complementary channels:

� �����
and

� �� �
with

� � � ��
,
� � �����

and
� ��� ���

.
The availability of two channels should give robustness to the discovery and should allow the
interpretation of the observed signal as indeed coming from a Higgs boson. Both channels cannot
be used at the TeVatron because of the much smaller expected signal rate.
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The signal cross-sections are � 10 times larger at LHC for
� �� � � � � � �

and � 70 times
larger for "�" ���

production, because there is a large gluon contribution to the parton density
functions at LHC. In Table 5 the cross-sections for different processes at LHC and TeVatron are
summarized.

Process �
�

BR (fb) �
�

BR (fb) LHC/TeVatron
� �� 2 TeV ��� 14 TeV

� �� ��� � � ��� � �� 20 210 10� � =120 GeV/c
�

"�" ��� � � � 0.6 35 58� � =120 GeV/c
�

"�" ������� � � � ��� ��� 15 1150 77� � =150 GeV/c
�

"�" � ����� � � 4l 0.07 5.5 78� � =150 GeV/c
�

Table 5: Cross-sections for different Higgs production and decay processes at LHC and TeVa-
tron. Cross sections are calculated using the PYTHIA [125] event generator.

The cross-sections for the most important backgrounds are given in Table 6. At LHC the elec-
troweak cross-sections are � 10 times larger and the QCD cross sections more than 100 times
larger compared to TeVatron because the "�" and

� " contributions are strongly enhanced.

Process �
�

BR (fb) �
�

BR (fb) LHC/TeVatron
� �� 2 TeV ��� 14 TeV� �

2.5 26 10� � �
� 8.5 71 8.5

� �� ���	� � � ��
0.5 5 10� ��
6.4 600 95

QCD jets (�
�'& � (� � 30 GeV) 10

�
10
�

100

Table 6: Cross-sections for different background processes at LHC and TeVatron. Cross sections
are calculated using the PYTHIA [125] event generator.

The channel
� � ����� � � �

has not been included in the LHC results because the expected back-
ground is higher by a factor of � 25 at LHC, the signal-to-background ratio is in the order of
a few percent and the uncertainty on the background is larger than 10% [151, 152]. The

� �

channels have a smaller sensitivity and/or even higher backgrounds then the
� �

channels and
are also not included in the LHC results.
Figure 53 and 54 [152] show the

�
� � � distribution for signal and background assuming an inte-

grated luminosity of 30 fb �

�

in the
� �

channel with
� � ���

and
��� � ��

. For both figures
the parameters of the ATLAS detector have been used. By comparing the two figures the dif-
ferences in the expected signal and background rates and compositions of the backgrounds are
clearly visible.
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Figure 53: The expected
�

� � � distributions for signal and background for a Higgs boson mass of
120 GeV/c

�

at LHC. The plots are normalized to the expected number of events for an integrated
luminosity of 30 fb �

�

. The continuum background (dashed), the resonant signal+background
(dotted) and the signal alone (hatched) are also shown.
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Figure 54: The expected
�

� � � distributions for signal and background for a Higgs boson mass
of 120 GeV/c

�

at TeVatron. The plots are normalized to the expected number of events for
an integrated luminosity of 30 fb �

�

. The continuum background (dashed), the resonant sig-
nal+background (dotted) and the signal alone (hatched) are also shown.
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A direct comparison of studies performed at LHC [151, 152] with studies performed at TeVa-
tron [104] show different results. The LHC studies are on the conservative side, the TeVatron
studies are more optimistic. TeVatron has used K-factors to determine the cross-section for the
Higgs signal. On the other hand, leading order cross-sections were used for some of the back-
grounds (

� �
,
� ���

), which leads to an overestimate of the signal significance. The efficiency
for reconstructing and tagging both

�
-jets in the final state in the TeVatron study is larger by

almost a factor of two than in the ATLAS study. But this can in part be attributed to the use of
a three-dimensional

�
-tagging algorithm in the TeVatron study. The pseudorapidity coverage is

smaller and a softer jet veto is used. Finally the TeVatron studies are based on fast (parametrized)
simulations of the detector performance, in contrast to the full GEANT-based simulation used
by ATLAS.
The acceptance of cuts assuming the same detector and the same analysis is two times larger
at TeVatron because the physics is more central, i.e. the efficiency of

� � �
cuts is higher. At

TeVatron the initial state radiation is less because of the smaller centre-of-mass energy, i.e. a
jet veto is less harmful [153]. For the same integrated luminosity, same detector and the same
analysis [151, 152] after kinematic cuts both experiments have a similar potential for the

� �

and
� �

channel. The signal rate is five times larger at LHC. The background is about a factor
25 larger compared to TeVatron, but the resulting

� � � � is similar.
For the

� � �	� �
the potential at

� �
=14 TeV is larger because the production is dominated

by "�" � � . The signal rate is about a factor 30 larger at
� � � � �

TeV whereas the background
rate is only a factor six higher at

� � � � �
TeV.

Assuming an integrated luminosity of 10 fb �

�

and a Higgs boson mass of �
��� � GeV, a total

signal significance of � 3–4 (Figure 32) is expected at TeVatron [104] combining the
� �

and� �
channels. This has to be compared to a total signal significance of � 4–5 (Figure 45) at

the LHC combining the
��� � �

and the
� �� �

with
� ��� ��

channels. By using the weak gauge
boson fusion channels [137, 140] the significance at LHC might be increased.
It is possible that the TeVatron experiments discover a Higgs boson signal in the mass region
around 115 GeV before the LHC experiments start assuming TeVatron is collecting 15 fb �

�

of
data per experiment.
Because at TeVatron the sensitivity relies on the

� � � � � � � � � � � � � � channel the experi-
ments are only sensitive to MSSM Higgs bosons with a similar

� ��� ��
branching ratio as in the

Standard Model and a similar production cross section (
��# � � � � � � � � � � � � ) [154]. The LHC

experiments are using the � � ���
channel in addition. The studies done by the ATLAS col-

laboration [115] show that this channel together with the
� �� � channel cover wide regions of the

(
�"
 � �������

) plane of the MSSM, with the small
� 


region (
� 
 � 250 GeV/c

�

) being the most
difficult (Figure 50). In conclusion the LHC experiments are most sensitive to large

� 

, where�"�

approaches its upper bound. As
� 


decreases, the
� � � � � � � � � � � � � coupling increases, so

that BR(
� � ���

) decreases. At the TeVatron, the region of large
� 


and large
�������

(Figure
34 and 35) is harder to cover, because the

� � � �
coupling decreases towards the Standard Model

value. Simultaneously, the lightest Higgs boson ( � ) approaches its upper bound (
��� � 135

GeV/c
�

), so that more luminosity would be needed to probe this region.
If there is a Higgs boson around 115 GeV/c

�

TeVatron has very good chances to discover the
only missing particle in the Standard Model before LHC starts in the year 2006. For LHC such
a discovery has to wait for the year 2007 but will then be based on a more robust analysis using
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two different channels. The discrimination between a Standard Model Higgs boson or a MSSM
Higgs boson will only be possible at LHC.

6 Summary and Conclusions

The increase of the centre-of-mass energy at LEP2 up to
� � � 	 	 � GeV and the very successful

running of the accelerator allowed a search for Higgs bosons up to masses of 115 GeV/c
�

. The
last year of data-taking at LEP has given us first exciting evidence for a Higgs boson with a
mass of 115 GeV/c

�

. In the summer 2000 the ALEPH collaboration reported an excess of Higgs
boson like events with a mass around 115 GeV/c

�

. It was decided to continue the LEP running
for an other period of 4 weeks. Finally all four experiments saw signal-like events with a signal-
to-background ratio larger than 0.3 in two different channels, in the four-jet and in the missing
energy channel. Unfortunately the amount of data was not sufficient for a 5 � discovery. The
upper bound for the Higgs boson mass has been set to

���	� � � � ��� � � �

at the 95% confidence level with an expected limit of 115.3 GeV/c
�

. The excess of events
observed can be interpreted as an indication for the production of a Standard Model Higgs boson
with a mass of 115 GeV/c

�

.
The cross section is compatible with a Standard Model Higgs boson at a mass of

� � � ��� � � 	 � ���
�

�
� � � � ��� � � � �

This excess is concentrated mainly in the data sets with centre-of-mass energies higher than 206
GeV. It has a probability of 4.2

�
10 � � to be due to a local statistical fluctuation of the Standard

Model background, corresponding to a significance of 2.9 � .
The sensitivity to electroweak radiative corrections at LEP, SLC and TeVatron predicted the
Higgs boson mass to be � � � � � �����

� �
� � ��� � � � �

Translated into an upper limit at the 95% confidence level that yields to
� � � 	 � 	 GeV/c

�

. The
possible existence of a light Higgs boson at around 115 GeV/c

�

implies that the Standard Model
remains valid at most up to scales limited by about 10

�
GeV.

LEP has extended the Standard Model searches into the framework of the Minimal Supersym-
metric Standard Model and Two Higgs Doublet Models in general. In a scenario which is de-
signed to yield the maximal value of the lightest Higgs boson � values of

�������
between

	 � � � � ������� � 	 � � �
are excluded. The observed Higgs mass limits are

�"� � � � � 	 � ��� � � �

and �"
 � � 	 � � � ��� � � � �
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The combined lower 95% confidence level bound for charged Higgs bosons decaying only into� � � � �� and
� � �

is � � �
� � � � � � ��� � � � �

An excess of events at L3 around
� � � =68 GeV/c

�

is compatible with a 4.4 � fluctuation in the
background. For many other extensions of the Standard Model limits have been set using the
LEP data.
Both - the direct search and the prediction from indirect measurements at LEP - prefer a low
Higgs boson mass. At TeVatron the search for the Higgs boson continues. With an integrated
luminosity of 2 fb �

�

per experiment in the next two years the experiments CDF and DØ can
exclude Higgs boson masses up to 115 GeV/c

�

.
After an upgrade of the detectors TeVatron can collect 15 fb �

�

integrated luminosity per experi-
ment until the year 2006. With this data TeVatron has the unique chance to detect a Higgs boson
with a mass up to 120 GeV/c

�

or exclude a Higgs boson with a mass up to 180 GeV/c
�

. The
amount of data will not allow to measure the properties of the Higgs bosons with high precision
or to distinguish between a Standard Model or a MSSM Higgs boson.
This will be done at the next generation of hadron colliders. The LHC will most probably
allow to solve one of the most interesting remaining questions in particle physics: whether one
or more Higgs bosons exist or not. By combining the two experiments ATLAS and CMS the
minimum luminosity required to observe a 115 GeV/c

�

Higgs boson with 5 � significance is
� 10 fb �

�

, which may be achieved after two years of LHC running. The availability of two
channels,

��� ���
and

��� � ��
, should give robustness to the discovery and should allow the

interpretation of the observed signal as indeed coming from a Higgs boson. For higher masses,
i.e. for 130 �

� � � 500 GeV/c
�

, the discovery is expected to be much faster (a few months of
data-taking) thanks to the gold-plated and background-free

����� � 
 ��� �
4l channel.

With a modest integrated luminosity of 30 fb �

�

, the ATLAS discovery potential covers a large
fraction of the MSSM parameter space in the (

��

,
�������

) plane. In most of the MSSM parameter
space more than one Higgs boson would be discovered thus allowing a clean distinction between
the Standard Model and the MSSM case. If only one Higgs boson can be detected LHC has to
measure the properties of the Higgs boson to disentangle Standard Model and MSSM.
The experimental precision with which the Higgs boson mass will be measured assuming 300
fb �

�

integrated luminosity for the ATLAS and CMS detector will be 0.1% up to masses of
400 GeV/c

�

. The Higgs boson width can be obtained from a measurement of the width of
the reconstructed Higgs peak, over the mass range 300 �

� � � 700 GeV the precision of the
measurement is of the order of 6%. The statistical error on the measurement of the cross section
times the branching ratio is expected to be smaller than 10% over the mass region 120–600
GeV/c

�

. By combining these measurements for several channels, one can obtain constraints on
the Higgs boson couplings.

Note added: September 2001

Since the time of submitting this review article the LEP collaborations have released a new pre-
liminary LEP combined result [155]. The results are based on the recent publications published
by the LEP collaborations [50, 54, 58, 156]. Only the L3 publication [156] is final. The ALEPH
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and L3 excesses have decreased since the beginning of November 2000. Combining the data
from the four LEP experiments, a new lower bound for the mass of the Standard Model Higgs
boson of 114.1 GeV/c

�

at the 95% confidence level has been derived. The current combined
result corresponds to an excess over the background at the 2 � level. The excess still can be
interpreted as production of a Standard Model Higgs boson with a mass higher than the quoted
limit. The maximum consistency with an eventual signal occurs at

� � =115.6 GeV/c
�

as the
preferred mass.
The main differences in the inputs with respect to the combined result presented in this review
article are due to improvements to the four-jet search and a revision of the missing energy search
by the L3 collaboration which reduced the overall significance of the L3 observation with re-
spect to the Standard Model background processes from 1.7 � to 1 � . The ALEPH collaboration
updated its inputs to include a 2D correlation correction in the four-jet channel. The overall sig-
nificance of the ALEPH observation with respect to the Standard Model background processes
was reduced from 3.4 � to 3.2 � . Finally all four experiments have included the data collected
during the last days of LEP running at

� � � 206 GeV and which had not been included in the
November 2000 result. The data added amounts to � ��� pb �

�

.
Towards the end of the year 2001 the final combination from LEP is expected, after the final
results of ALEPH, DELPHI and OPAL will be published.
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