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What is the origin of mass?Chapter 1

Introduction

1.1 Motivation

This Habilitationsschrift is about the search for Higgs bosons, as predicted by various

theoretical models, which try to explain the origin of mass. In this section I want to

give some arguments why the search for Higgs bosons is one of the most important

subjects of present experimental as well as theoretical particle physics.

In the standard model of elementary particle physics the Higgs particle naturally

arises as a result of spontaneous symmetry breaking, which allows to give masses to

particles in a gauge invariant way. This is what is generally understood by the term

Higgs mechanism. While symmetry breaking is an experimental fact in the context of

the standard model (given through the existence of massive particles), the mechanism

which causes the symmetry breaking is still speculation. The Higgs mechanism is one

possibility and convincing alternative models do not yet exist. The discovery of the

Higgs boson would be the ultimate triumph of the standard model. However, since

this could also mean the end of interesting new discoveries in high energy physics,

many people would be excited, if no Higgs boson is found in the mass range up to

1 TeV/c2 (see below). Therefore excluding the existence of the Higgs boson in certain

mass ranges is also important.

From a more mathematical point of view theorists do not like a light Higgs boson

(with a mass of the order of the electroweak scale). To make this look more natural they

have constructed the elaborate edifice of the supersymmetric standard model in which

all observed particles have (yet) unobserved superpartners. This model predicts one

Higgs boson to have a mass below ∼ 130 GeV/c2. Therefore, excluding the existence

of Higgs bosons in this mass range would signify the collapse of this model.

Clearly, experimental input is needed to guide the development of theoretical mod-

els. This is the main motivation for building the LHC. Moreover, the so-called no-lose

theorem (cf. Sec. 2.5) says that if no Higgs boson is found in the mass range up to
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1 TeV/c2, then the standard model is not correct and new physics processes are ex-

pected in the TeV energy range — which LHC is able to cover with its centre-of-mass

energy of 14 TeV.

1.2 Overview

This section shortly describes to contents of the individual chapters. The basics of

the working of this Higgs mechanism, where particles aquire mass through the inter-

action with a scalar field Φ pervading the vacuum, are detailed in Chapter 2 (cf. the

illustration in the upper right corner of the previous page).

Chapter 3 is devoted to a phenomenological description of the production and decay

modes of the standard model Higgs boson, which is the basis for an experimental search

for the Higgs particle. This chapter also contains the first paper to which I contributed,

entitled “Search for the Standard Model Higgs boson in e+e− collisions at
√
s = 161, 170

and 172 GeV.” This was just the beginning of the search for Higgs bosons at LEP2.

It was planned to increase the centre-of-mass energy of the LEP collider each year,

as more and more superconducting cavities were available to replace to conventional

ones. The paper describing the analyses of the data taken at
√
s = 183 GeV finishes

this chapter.

An overview over the whole LEP2 period — concerning the collider, the various

centre-of-mass energies, the amount of data collected with the ALEPH detector and the

question on the ultimate energy achievable at LEP2 — are presented at the beginning

of Chapter 4. This is followed by a more general description of the physics of the

ALEPH detector relevant for the Higgs search analyses.

Chapter 5 introduces extensions to the standard model. First it discusses general

two Higgs doublet models (2HDM), then it specializes to the minimal supersymmetric

standard model (MSSM). This is followed by the presentation of the paper “Search for

the neutral Higgs bosons of the MSSM in e+e− collisions at
√
s from 130 to 172 GeV.”

The next paper summarizes the results of all ALEPH Higgs boson searches obtained

from data taken at the LEP collider up to a centre-of-mass energy of 189 GeV. Besides

new results on the mass bounds of the neutral Higgs bosons of the standard model

and the MSSM, it includes results on the searches for charged Higgs bosons and an

invisibly decaying Higgs boson.

As the energy of the LEP collider was increased during the years it became more and

more important to combine the results of the individual LEP experiments. Therefore

a (to become) standard procedure had to be found which ideally was expected to have

the best discovery and exclusion potential for particle searches. Chapter 6 is devoted

to explaining the statistical method that was finally used at LEP.
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Complementary to the direct search for the standard model Higgs boson an indirect

method based on a fit of the standard model parameters to precision electroweak data

exists. The physics input to this method is discussed in Chapter 7.

The final Chapter 8 gives an outlook of what can be expected in this field of research

in the short term future.

In Appendix A a graphical display of a Higgs boson candidate event as seen with

the ALEPH detector is presented. Appendix B contains an amusing explanation of the

Higgs mechanism for the layman.

1.3 Final results at the end of LEP2

Though an excess of events compatible with the production of a standard model Higgs

boson is found in the data of the last year of LEP running, this is not sufficient to

claim a discovery. As the LEP collider has to give way to the new LHC machine,

future experiments have to answer the question on the existence of the Higgs boson.

Table 1.1 displays the final ALEPH and combined LEP results for the 95% confi-

dence level lower limits on the masses of Higgs bosons as obtained in the context of

various models. For the MSSM also the excluded range for the parameter tanβ is given

(for details see Chapter 5). It is interesting to note that the LEP combined exclusion

limit on the mass of the standard model Higgs boson (mH > 114.4 GeV/c2) is very close

to the kinematic limit 1 E −mZ = 206.7 − 91.2 = 115.5 GeV/c2 for Higgs production,

which is an indiction that the search analyses have really been pushed to their limits.

Higgs boson model ALEPH limit (GeV/c2) LEP limit (GeV/c2)
H standard model 111.5 114.4
h MSSM 89.8 91.0
A MSSM 90.1 91.9
H± 2HDM 79.3

invisible 2HDM 114.1
fermiophobic 2HDM 105.4 109.7

MSSM 0.7 < tanβ < 2.3 0.5 < tanβ < 2.4

Table 1.1: Final 95% confidence level lower limits on the Higgs boson masses from direct
searches with the ALEPH detector. The corresponding limits from the combination
of the results of the four LEP collaborations are also shown. The limit quoted for the
invisible Higgs is for the standard model cross section and 100% branching ratio to
invisible decays. Fermiophobic Higgs bosons are the physical states of the Higgs sector
in 2HDM of type I with couplings only to gauge bosons, e.g. h → γγ via W+W− loops.

1For the energy the highest value where still a substantial amount of data has been collected is
inserted (see Table 4.2).
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The Standard Model

2.1 History

The first theory of the weak interaction (in nuclear β-decay) was the Fermi model [1],

which described β-decay as an effective four-fermion interaction. However, it turned

out that high energy behavior of this theory was not well defined, i.e. the S-matrix was

not unitary. This was reminiscent of the ultraviolet catastrophe of the classical theory

of blackbody radiation. While the ultraviolet catastrophe went away by quantizing the

energy spectrum of the radiation, the S-matrix problem was tackled by introducing

massive vector bosons W and Z (see, for example, [2]). Further problems arose when

higher order corrections were calculated in this improved Fermi model. The results

turned out to be infinite. In quantum electrodynamics (QED) this problem had al-

ready been solved by the so-called renormalization procedure. A theory is called renor-

malizable if all infinities that occur in calculations (mainly of higher order processes)

can be absorbed in a finite number of constants 1 in each order of perturbation theory.

In other words, renormalizability of a field theory is important if the theory should

make sense beyond the Born level. QED was already known to be renormalizable since

the end of the 1940’s. By introducing the massive exchange particles, a theory with a

similar structure as QED was obtained, because in the high energy limit the exchanged

bosons can be regarded as being massless — like the photon. However, a detailed anal-

ysis showed that the intermediate vector boson theory of the weak interaction was not

renormalizable. For example [3], the amplitude of inelastic 2 → 2 scattering processes

violates unitarity at high energies through contributions from longitudinally polarized

vector bosons.

The reason for QED to be renormalizable was known to be its gauge invariance.

A consequence of the gauge symmetry is the masslessness of the gauge particles. On

1These constants are the parameters in the Lagrangian or associated with the fields, but also
certain operators need a renormalization constant.
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the other hand massive gauge particles (W,Z) were needed to explain the short range

of the weak interaction. Therefore, if the weak interaction was to be described by a

gauge theory the gauge symmetry had to be broken. Explicitly breaking the symmetry

via mass terms in the Lagrangian of a field theory destroys the renormalizability of the

theory. At the time (around 1960) another way of breaking the symmetry was found

by J. Goldstone, which came to be known under the term “spontaneous symmetry

breaking”, described in detail in Section 2.3. It was also found that in a field theory

with a spontaneously broken symmetry at least one massless spin 0 field must exist.

The particle associated with such a field is called a Goldstone boson. Since no massless

scalar particles were known at the time (the pion was and still is the spin 0 particle

with the lowest mass – more than 200 times heavier than the electron) gauge theories

with spontaneous symmetry breaking were not paid much attention.

It was only after the discovery of the so-called Higgs mechanism [4] that theorists 2

seriously tried to describe the electroweak interaction by models with a spontaneously

broken symmetry. The Higgs mechanism elegantly got rid of massless scalar particles by

putting these degrees of freedom into the longitudinal polarization states of the massive

gauge bosons, but it generated also at least one massive scalar particle, hereafter called

Higgs boson. One of the proposed models was the Glashow-Salam-Weinberg (GSW)

theory for leptons [5]. This unified theory of electromagnetic and weak interactions

became very popular when t’Hooft [6] demonstrated that spontaneously broken gauge

theories are renormalizable. Moreover, the Renormalizability of such theories requires

the existence of the Higgs boson. Referring to the above mentioned example of the

inelastic scattering process, it is found that with the addition of Feynman diagrams

with a Higgs boson the whole process is well behaved in the high energy limit.

After one of the predictions of the GSW theory, namely the existence of the weak

neutral current, had been verified by experiment (CERN, 1973), the three physicists

Glashow, Salam and Weinberg were awarded the nobel prize in 1979 “for their con-

tributions to the theory of the unified weak and electromagnetic interaction between

elementary particles.” This was 4 years before direct evidence for the existence of the

intermediate vector bosons W± and Z was found by the UA1 and UA2 collaborations

at the SPS proton-antiproton collider at CERN.

Together with quantum chromodynamics the GSW theory, extended to the hadronic

sector, forms today’s standard model of elementary particle physics.

2Higgs and Kibble extended the work of Goldstone to gauge theories. However, as mentioned in
the nobel lecture of S. Glashow, “these workers never thought to apply their work on formal field
theory to a phenomenologically relevant model.”
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2.2 The standard model is a gauge theory

At present, the standard model of elementary particle theory describes three of the

four known forces of nature (electromagnetism, weak and strong interaction, but not

gravitation). It is based on quantum fields that are generalizations of Yang-Mills [7]

gauge fields. Yang-Mills theories are based on the principle of local gauge symmetry,

that is, a symmetry believed to be present in a physical system is already built into

the Lagrangian density 3 of the system.

The electroweak part of the standard model is based on the gauge group SU(2)L

× U(1)Y , which consists of two independent sets of gauge transformations with gauge

couplings g and g′. U(1)Y is the gauge group of the weak hypercharge, and SU(2)L is

the gauge group of the weak isospin, where the index L reminds one that only the left

handed fields participate in the weak interaction (“parity violation”).

The gauge fields associated with the gauge groups are identified with the mediators

of the interactions between matter particles. These objects are called gauge bosons and

in order not to violate gauge invariance they should all be massless — in contradiction to

what is required by the experiment. The way massive gauge bosons can be introduced

into a gauge theory without spoiling the gauge symmetry will be explained in the next

section for the simple case of the U(1) gauge group 4. This can then be easily extended

to the SU(2) × U(1) group.

2.3 The Higgs mechanism

Let φ(x) = (φ1(x) + iφ2(x))/
√

2 be a complex scalar field and Aµ(x) be the massless

gauge field of the U(1) gauge group, where x denotes the 4-dimensional space-time

coordinates. The Lagrangian of the theory is taken to be 5

L = (Dµφ)∗(Dµφ) − V (|φ|) − 1

4
FµνF

µν, (2.1)

where Fµν = ∂µAν − ∂νAµ is the antisymmetric tensor of the gauge field and Dµ =

∂µ − igAµ is the covariant derivative that ensures invariance of the Lagrangian under

the local gauge transformation

φ → φ′ = eigχ(x)φ

Aµ → A′
µ = Aµ − ∂µχ(x) . (2.2)

An explicit mass term of the form m2/2 · AµA
µ, on the other hand, would break local

gauge invariance and is therefore not allowed in L. The potential V in (2.1) has the

3The Lagrangian density is the starting point of any field theory containing a symmetry.
4The non-Abelian nature of the gauge group of the electroweak theory is not relevant for the

working of the Higgs mechanism.
5The dependence of the fields on x in only shown the first time, i.e. when the field is introduced.
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V(|Φ|)

v/√2

h(x)

|Φ| = √Φ*Φ

Figure 2.1: A graphical illustration of the so-called Higgs potential. For a complex
scalar field φ there exist an infinite number of minima of the potential V, as indicated
by the dashed ellipse. The real field h(x) can be interpreted as an excitation of φ
around the value at its minimum.

form

V (|φ|) = −µ2(φ∗φ) + λ(φ∗φ)2, (2.3)

where the parameters µ2 and λ are chosen to be positive (this choice results in the

potential to have the form shown in Fig. 2.1). To find the ground state of the field

φ one has to calculate the minimum of the potential. The absolute value of φ at

the minimum is |φ| =
√

µ2/2λ =: v/
√

2. The constant v/
√

2 is called the vacuum

expectation value of the field φ. Since φ is complex the ground state is degenerate and

the set of minima is described by φ2
1 + φ2

2 = v2. One of these possible ground states

has to be selected as the true ground state (usually called the vacuum) of the theory.

Without loss of generality it will be taken as the real field φg.s. := v/
√

2. Whereas the

Lagrangian of the theory is invariant under the gauge transformation, the ground state

is not 6. This is commonly referred to as spontaneous symmetry breaking 7.

In the next step the fields are investigated in the vicinity of the ground state. Let

the field φ be expanded as follows:

φ(x) = φg.s. +
1√
2
[h(x) + iξ(x)]. (2.4)

When this is substituted into (2.1) one obtains the following expression

L =
1

2
(∂µ − igAµ)(v + h− iξ)(∂µ + igAµ)(v + h + iξ) − V (h, ξ) − 1

4
FµνF

µν, (2.5)

6Through a U(1) transformation the vacuum can end up anywhere on the circle of Fig. 2.1.
7The term spontaneous symmetry breaking was first used by Baker and Glashow in [8].
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with the potential

V (h, ξ) =
µ2

2

[

(v + h)2 + ξ2
]

− λ

4

[

(v + h)2 + ξ2
]2
. (2.6)

The masses of the field quanta (m2/2, to be precise) are given by the coefficients in

front of the quadratic terms of the fields. The first term on the right hand side of (2.5)

contains the expression g2v2/2 · AµA
µ, which can be interpreted as a massive gauge

boson with mass

mA = gv. (2.7)

To second order in the fields (2.6) can be written as V (2) = const + 2λv2/2 · h2, which

yields a scalar boson with mass

mh =
√

2λv. (2.8)

Since all terms proportional to ξ2 cancel this scalar particle is massless. To summarize:

for a simple parabolic potential V = µ2φ∗φ in (2.1) the theory contains two massive

scalar particles φ1 and φ2 and a massless gauge boson A. If the potential is deformed

(by whatever mechanism) to the form shown in Fig. 2.1 the mass of one of the scalar

particles shifts to the gauge boson. This is generalized in the Goldstone theorem [9,10]

which states that for each spontaneously broken dimension of the gauge symmetry

group there exists a massless scalar field, called a Goldstone boson.

Whereas the h field, called Higgs field after one of its inventors, is a real field and

should be observable in experiments, the ξ field (and the Goldstone bosons in general)

can be eliminated from the Lagrangian by a special gauge transformation [12]. In other

words, the Goldstone bosons are unphysical states corresponding to the gauge freedom

of the theory.

This section will be concluded by listing some important properties of the dynamical

Higgs field (not to be mixed up with the constant field v that pervades space-time) and

in the next section it will be discussed how the Higgs mechanism works in the context

of the gauge group of the unified electroweak theory.

• The Higgs field cannot be gauged away and should therefore be observable as a

physical particle H.

• The mass of the Higgs particle is given through the parameters v and λ. Whereas

v is determined by the gauge boson mass and the generalized charge quantum

number of the theory, the parameter λ of the Higgs potential is unknown. As a

consequence the Higgs boson mass is not predicted by the theory.

• The interaction terms of the Higgs boson with other particles only depend on v

which means that the production cross sections and the decay rates are known.

• There are self-interaction terms of the Higgs boson (e.g. four h fields with the

coupling λ).
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• The number of degrees of freedom of the fields is conserved. A massless gauge

boson has two degrees of freedom (the transverse polarization states) and a com-

plex scalar field also has two. When the Higgs mechanism comes into action we

are left with a massive gauge boson with three polarization states and one real

Higgs boson.

2.3.1 The Higgs mechanism for the SU(2) × U(1) gauge group

of the GSW model

The first attempts (Schwinger 1958) to unify the weak and the electromagnetic in-

teractions used the SU(2) gauge group. This group was chosen to accommodate the

three known gauge bosons, two vector bosons of the charged current of the weak in-

teraction and the photon. At the time parity violation of the weak interaction had

already been discovered and things had to be arranged so that the charged current,

but not the neutral (electromagnetic) current violated parity. This was not easily pos-

sible and it was concluded that a group of larger dimension was needed. Physicists

were led to the SU(2) × U(1) group in analogy to the approximate isospin-hypercharge

symmetry 8 which characterized the strong interaction. Having one dimension more

than the SU(2) group alone this gauge theory predicted another neutral gauge boson,

known as the neutral current of the weak interaction. Since all the gauge bosons of the

weak interaction had to be massive, in a theory with spontaneous symmetry breaking

three dimensions of the symmetry group must be broken, thereby introducing three

Goldstone bosons. In the GSW model this is achieved by breaking SU(2)L× U(1)Y

to U(1)em, where U(1)em is the gauge group of the electric charge (with the massless

photon as gauge boson). To obtain three Goldstone bosons one has to start out with

four degrees of freedom for the scalar fields. The four fields are arranged as an SU(2)

doublet Φ in the following way:

Φ =

(

φ+

φ0

)

=
1√
2

(

φ3 + iφ4

φ1 + iφ2

)

. (2.9)

The superscript of the complex field φ0 denotes that it is neutral, in contrast to φ+,

which is charged. The field φ+ must be charged in order to give masses to the charged

gauge bosons. Formally the Lagrangian of the theory is similar to (2.1), with the

additions of a kinetic energy term for the three SU(2) gauge fields W a(x) and terms

needed because the GSW model includes matter fermions 9 (Lfermion for the kinetic

8The SU(2) × U(1) isospin-hypercharge symmetry group was later extended to local SU(3)flavor

and then reinterpreted as SU(3)color.
9The original GSW model only described leptons, because the quark model only had been invented

three years before. The extension of the GSW model to the hadronic sector was straightforward after
more quarks had been discovered and when it became clear that the quarks could also be arranged in
weak isospin doublets.
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energy and the interaction with the gauge fields and LYukawa for generating masses for

the fermions):

L = (DµΦ)†(DµΦ) + µ2(Φ†Φ) − λ(Φ†Φ)2

− 1

4
BµνB

µν − 1

2
tr(WµνW

µν)

+ Lfermion + LYukawa . (2.10)

This is the full Lagrangian of the electroweak sector of the standard model. Invariance

of L under local SU(2) × U(1) gauge transformations requires the covariant derivative

to have the form

Dµ = ∂µ − igT τ aW a
µ − ig′

Y

2
Bµ, (2.11)

where τ a (a=1,2,3) are the Pauli matrices and (T ,Y ) are the weak isospin and hyper-

charge 10 quantum numbers of the field in question. For doublets T = 1/2 and for sin-

glets T = 0. The weak hypercharge Y has to be chosen such as to get the electric charges

correct for the fields. The electric charge is given by the relation Q = e(T 3 + Y/2),

where T 3 is quantum number of the z-component of the weak isospin. Since the Higgs

field is neutral and has T 3 = −1/2 it follows that Y = YΦ = 1. With the definition 11

Wµ := W a
µ τ

a/2 the fields Wµν := W a
µν τ

a/2 in (2.10) are given by

Wµν = ∂µWν − ∂νWµ − ig[Wµ,Wν], (2.12)

where the commutator is due to the non-Abelian character of SU(2). Spontaneous

symmetry breaking generates a 3-dimensional manifold of minima of the potential V

given by

Φ†Φ =
1

2
(φ2

1 + φ2
2 + φ2

3 + φ2
4) =

µ2

2λ
=:

v2

2
. (2.13)

The true vacuum is chosen as

Φg.s. =
1√
2

(

0
v

)

, (2.14)

i.e. φ1 = v and φ2 = φ3 = φ4 = 0. Expanding Φ around this particular vacuum,

Φ =
1√
2

(

0
v + h(x)

)

(2.15)

(where the unphysical Goldstone fields have already been gauged away), and inserting

this expression into the Lagrangian yields the masses for the Higgs boson and the gauge

bosons in the same way as before. Whereas the formula for mH in (2.8) is also valid

10In the literature sometimes Ỹ = Y/2 is defined as the hypercharge.
11The fields Wµ and Wµν are elements of the Lie algebra of SU(2) and the Pauli matrices are a

representation of the generators of this Lie algebra.
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here, the formula for the mass of the gauge boson is modified by a factor of 2 due to

the introduction of the quantum numbers in (2.11). (this is equivalent to a redefinition

of the couplings). By inspecting the quadratic term in the W fields one obtains

mW =
gv

2
(2.16)

for the mass of the charged gauge bosons. Together with the relation

GF√
2

=
g2

8m2
W

, (2.17)

which is obtained when muon decay is calculated in the context of the electroweak

theory, (2.16) can be used to calculate the vacuum expectation value from the Fermi

constant:

v = (
√

2GF )−1/2 ' 246 GeV. (2.18)

The Lagrangian also contains trilinear hW+W− and quadrilinear hhW+W− terms that

determine the Higgs boson coupling to W boson. The coefficients of these terms are

the so-called vertex factors and the results are

g
hW+W−

= igmW = i
2m2

W

v
(2.19)

and

g
hhW+W−

= i
g2

4
= i

m2
W

v2
. (2.20)

When calculating the masses of the neutral gauge bosons there is a complication be-

cause the neutral fields W 3
µ and Bµ mix. In this case the masses of the observable

particles can be found by diagonalizing the mass matrix. As expected, one linear

combination of the fields has zero mass (to be identified with the photon) and the

orthogonal combination (the neutral Z boson) has a mass given by

mZ =
v

2

√

g2 + g′2. (2.21)

Only the Z boson couples to the Higgs boson and the vertex factors g
hZZ

and g
hhZZ

are

obtained by replacing m2
W with m2

Z in (2.19) and (2.20). The electroweak mixing angle

is calculated to be tan θW = g′/g and by building the ratio of the gauge boson masses

one obtains the important relation

mW

mZ
= cos θW . (2.22)

Since alle quantities in this equation are independently measurable, it serves as an

experimental test of the theory. To good precision measurements confirm the above

equation, however, it turns out that the right hand side (sin2 θW , to be exact) is renor-

malization scheme dependent (as well as scale dependent), which makes the comparison

more difficult.
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Finally the question will be discussed, whether other multiplets than doublets could

have been chosen for the scalar field. For this purpose the above result is written in

the following form:

ρ :=
mW

mZ cos θW
= 1. (2.23)

It turns out [13] that doublets are the only case where ρ = 1 (triplets, for example, have

ρ = 1/2). This is another strong argument which supports the validity of the structure

of the GSW model and the Higgs mechanism. In particular, it says that extensions of

the standard model only should add doublets, as far as the Higgs sector is concerned.

2.3.2 Mass generation for fermions

A free fermion is described by the Dirac equation (iγµ∂µ − m)ψ = 0. In QED the

mass m was put in by hand but after the discovery of the Higgs mechanism it was

natural to try to generate masses for the fermions by using the non-vanishing vacuum

expectation value of the scalar field. In the GSW model fermions are embedded as left-

handed SU(2)L doublets and right-handed singlets, e.g. Ψe ≡
(

νeL

eL

)

and eR. Each

singlet or doublet Θ contributes a term

Θ iγµDµΘ (2.24)

to Lfermion of (2.10). For Dµ of (2.11) the weak hypercharge has to be chosen correctly,

e.g. Y = −1 for left-handed lepton doublets and Y = −2 for right-handed lepton

singlets. Explicit mass terms of the form −mψψ are not allowed in Lfermion because

they break the gauge symmetry 12. Inspection of the Lagrangian reveals that terms

with an even number of SU(2) doublets are gauge invariant. Therefore the following

combination, called Yukawa coupling 13, of the scalar doublet Φ with the fermionic

doublet Ψ and the corresponding right-handed fermion singlet as well as a coupling

constant (everything given for the case of the electron)

Le
Yukawa = −ge

(

ΨeΦeR + eRΦΨe

)

, (2.25)

is invariant under local SU(2) × U(1) gauge transformations. It will be shown that

this expression contains a mass term for fermion e. Thus for each massive fermion a

term of this type has to be added to the Lagrangian. With Ψe = (νeL
, eL) and (2.15)

12With a bit of algebra a mass term of the form −meee can be transformed into −me(eLeR +eReL).
Under an SU(2) transformation the right-handed fields are invariant, but the left-handed fields rotate
in SU(2) space, which means that an electron becomes a linear combination of a neutrino and an
electron.

13This expression is named after Yukawa, because he used a similar term to couple the pion to the
nucleon.
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one obtains

Le
Yukawa = −gev√

2
(eLeR + eReL) − ge√

2
(eLeR + eReL)h(x). (2.26)

The coupling constant ge is chosen such that the fermion mass is given by

me =
gev√

2
. (2.27)

Substituting this into (2.26) and using the identity eLeR + eReL = ee the final result is

Le
Yukawa = −meee−

me

v
eeh. (2.28)

Besides the mass term there is an interaction term eeh, coupling the Higgs scalar to the

fermion with a coupling strength proportional to the mass of the fermion. This is in

contrast to the coupling of the Higgs to the gauge bosons, (2.19), which is proportional

to the mass squared of the gauge boson. Whereas the usage of the Yukawa coupling

allows to introduce massive fermions into the GSW model in a consistent way, it does

not predict the masses. It just shifts the ignorance of the mass of a fermion to the

ignorance of the strength of the coupling to the Higgs boson. On the other hand, this

coupling is proportional to the fermion mass which is a prediction that can be well

tested when the Higgs boson is discovered.

With (2.25) a mass can only be generated for the lower member of a doublet. The

reason being (2.14), which shows that the vacuum expectation value v also sits at the

lower component of the doublet. This is sufficient for lepton doublets (with massless

neutrinos), but in order to give a mass to the upper member of a quark doublet a scalar

doublet is needed that after spontaneous symmetry breaking is equal to 1√
2

(

v
0

)

. The

field Φc = −iτ2Φ∗ has this property, and since it transforms identically to Φ it can be

used to construct a gauge invariant contribution to the Lagrangian.

Finally it is anticipated how the Higgs mechanism works in the context of a mini-

mal supersymmetric theory (cf. the first section of Chapter 5). The added symmetry

implies that two SU(2)L doublets with hypercharge Y = ±1 are required to give masses

to the fermions. Since there are no additional gauge bosons which need masses the

four new fields directly show up 14 as two charged and two neutral Higgs bosons, so

that there are five Higgs bosons altogether in such a theory.

14Actually it is a bit more complicated because the fields of the two doublets mix.
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2.4 Parameters and particles

For the case of massless neutrinos the standard model has 18 independent parameters:

3 gauge couplings for the 3 interactions (e, g, gS, or an equivalent set: α, sin2 θW , αS), 2

parameters in the Higgs sector (µ2, λ; or mH, v) and 13 parameters in the flavor sector

(6 quark masses, 3 lepton masses and 4 parameters from the CKM-matrix: 3 angles

and one phase). All but one parameter, namely the mass mH of the Higgs boson, have

been measured in experiments. For the values of the parameters see Ref. [15]. The

particle content of the standard model is displayed in Figure 2.2. Precise measurements

g
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Figure 2.2: This chart shows the particles of the standard model. The matter particles
consist of three families of fermions (quarks and leptons). The gauge particles are
arranged such as to show the hierarchy of interactions (by means of the dotted lines):
eight gluons, differing in the color quantum numbers, mediate the strong interaction
and couple only to quarks; the photon is responsible for the electromagnetic interaction
and couples to quarks and charged leptons; the W and Z particles mediate the weak
interaction and couple to all fermions. Bosons of the same row also couple among
themselves and the charged W’s couple to the photon in addition. By definition the
Higgs particle (shown in the lower right corner) couples directly only to particles which
have a nonzero mass.
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of electroweak observables (cf. Chapter 7) are used to check the validity of the standard

model and to constrain its parameters, especially the mass of the Higgs boson, which

is contained in the electroweak observables through loop corrections. Since it is the

logarithm of the Higgs mass which enters the corrections (see Eq. 7.7), the constraint

is rather weak.

The standard model makes no prediction for the mass mH of the Higgs boson.

In Section 2.5 it is shown that upper and lower limits for mH as a function of the

energy scale Λ up to which the standard model should be valid follow from theoretical

principles (validity of perturbation theory and stability of the effective potential).

2.5 Mass bounds

It should be pointed out that the standard model is neither final nor fundamental,

but it is commonly viewed as an “effective” scale-dependent theory, which is valid

up to some energy scale Λ < ΛPlanck, where ΛPlanck = 1019 GeV is the energy scale

when gravitation can no longer be neglected in quantum theories. Since the standard

model does not include gravitation at all it cannot describe the physics processes at

the Planck scale, or equivalently, the time up to 10−43 s after the big bang. However,

the breakdown of the standard model can already occur at some lower scale, defined as

Λ. In the following a relation between Λ and the upper bound on mH will be derived

from theoretical considerations.

In the same way as the running of the gauge couplings of the standard model is

determined by renormalization group equations (RGE), this is also true for the quartic

coupling λ of the Higgs potential (2.3), which is responsible for the self-coupling of the

Higgs field. The evolution of λ with the energy scale Q2 (starting from a fixed scale

Q2
0) is determined by the RGE [13]

dλ

dt
=

1

16π2
(12λ2 + 6λg2

t − 3g4
t ) + electroweak corr., (2.29)

where t = lnQ2/Q2
0 and gt is the top quark Yukawa coupling constant defined according

to (2.27), which accidentally gives gt ' 1. First (2.29) is investigated in the limit of

large λ, where λ is expected to increase 15 with Q2. Neglecting everything but the

leading term (which is equivalent to the pure φ4 theory) gives

dλ

λ2
=

3

4π2
d(lnQ2). (2.30)

Integrating between the scales v and Q yields

1

λ(v)
− 1

λ(Q)
=

3

4π2
ln
Q2

v2
. (2.31)

15This is in contrast to QCD, where the coupling αS decreases with increasing Q2 as a result of a
minus sign in front of the first term of the RGE.
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When the scale Λ is introduced, where λ diverges, i.e. λ(Λ) → ∞ (called the Landau

pole), the following result is obtained:

λ(v) =
2π2

3

(

ln
Λ

v

)−1

. (2.32)

This equation relates the coupling λ at the electroweak scale v to the scale Λ beyond

which the electroweak theory is no longer applicable (in the perturbative sense). It is

usually understood, that Λ is the scale of “new physics”, because the self-coupling of

the Higgs becomes so large when approaching the scale Λ that new physics phenomena

are unavoidable. Equation (2.32) implies that for all scales Λ′ > Λ one has λ′(v) <

λ(v) =: λmax
Λ . Therefore λmax

Λ is the maximum value allowed for the quartic coupling

if the standard model should be perturbatively valid at least up to Λ (cf. Fig. 2.3a).

(a) (b)

QΛ’ΛQ = v

λ(Q)

λmaxλΛ

QΛQ = v
0

λ(Q)

λminλΛ

Figure 2.3: Graphical illustration of the theoretical considerations on the evolution of
the quartic coupling leading to the mass bounds of the standard model Higgs boson as
a function of the energy scale Λ where λ (a) diverges (b) becomes negative.

Through (2.8) this can be directly translated into an upper bound on the Higgs boson

mass:

mmax
H (Λ) =

2πv√
3

(

ln
Λ

v

)−1/2

. (2.33)

An absolute upper bound of mH independent of Λ can be derived from the scenario

where mH itself approaches Λ. For mH > Λ new physics would appear before the

Higgs boson can manifest itself. This is in contradiction to the assumption. Setting

mmax
H (Λ) = Λ in (2.33) on obtains mmax

H = 815 GeV, where the value should be regarded

as a rough estimate. As shown in Figure 3.5b for mH = 1000 GeV the width is ΓH '
600 GeV, and it becomes experimentally very difficult (if not impossible) to separate

the Higgs resonance pole from the continuum of VV finale states (V=W,Z).

The result on mmax
H (Λ) from a calculation including higher orders [16] is shown in

Figure 2.4, together with bounds from direct (cf. Sec. 6.1.5) and indirect (see Sec. 7.3)
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searches and a lower bound from considerations of vacuum stability [17]. For the

vacuum to be stable the Higgs potential is required to have an absolute minimum.

This is fulfilled if λ > 0. But looking at (2.29) in the case of small λ one can see that

the top Yukawa coupling drives λ to negative values, thereby destabilizing the vacuum.

While λ was not allowed to diverge before the scale Λ is reached, here λ is not allowed

to be negative up to the scale Λ.

The stability bound on mH is defined (for a given value of the top quark mass) as

the lowest value of λ(v) (called λmin
Λ ) for which λ(Λ) ≥ 0 for any value of Q below the

scale Λ. For a graphical illustration of this definition see Fig. 2.3b. Again the lower

bound on mH is obtained through mmin
H (Λ) =

√

2λmin
Λ v. For mt = 175 GeV and αS =

0.118 the absolute lower bound is mmin
H = 52 GeV/c2.

Present 95% confidence limit bounds from direct and indirect searches for the Higgs

boson are fully compatible with the possibility that the standard model is valid up to

the Planck scale — as can be nicely seen in Figure 2.4. While the theoretical upper

bound is irrelevant for LEP energies the lower theoretical bound would give a hint for

new physics at Λ ' 100 TeV if mH ' 115 GeV/c2.

Figure 2.4: Bounds on the standard model Higgs boson mass as a function of the
scale Λ of new physics for perturbativity (upper curved band) and vacuum stability
(lower curved band) considerations. The width of the bands is an estimate of the
theoretical uncertainties. The region in between is theoretically allowed, but part
of it is experimentally excluded (upper and lower light shaded areas) by electroweak
precision measurements and direct searches. For 130 GeV/c2 <∼ mH <∼ 180 GeV/c2 no
new physics is needed up to the Planck scale.



Chapter 3

The Search for the Standard Model
Higgs Boson at LEP2

Following the review of electroweak theory in Chapter 2, this chapter presents some

of the basic physics behind the experimental search for the Higgs boson at the LEP

collider. The cross section plot below gives an idea of the relative number of background

and signal events expected. Not all background processes are listed.
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Figure 3.1: Cross sections (for the quark final states) of various processes in e+e− an-
nihilation as a function of (LEP) energy. On the right side the corresponding Feynman
diagrams are displayed. The cross section for the Higgs-strahlung process (diagram on
the next page) with mH = 114 GeV/c2 is the dashed curve in the lower right corner.
Here and in the following plots for the mass of the standard model Higgs boson a value
of 114 GeV/c2 is used which corresponds approximately to the present lower limit from
searches at LEP.
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3.1 Production processes in e+e− annihilation

As explained in Sec. 2.3 the couplings of the Higgs boson to fermions and gauge bosons

are known. The only unknown parameter in the production cross sections and decay

rates of the Higgs boson is the mass mH. The Feynman diagrams for the Higgs bo-

son production processes relevant at LEP2, called Higgs-strahlung and gauge boson

fusion, are shown in Figure 3.2a-c. For comparison, Figures 3.2d represents a typical

production process at a pp collider.
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Figure 3.2: Feynman diagrams for a) the Higgs–strahlung process, b) WW fusion and
c) ZZ fusion in e+e− collisions and d) HW production in pp collisions.

3.1.1 Higgs-strahlung

The cross section for Higgs-strahlung in e+e− annihilation can be written in compact

form as [18]

σ(e+e−→HZ) =
g4 (v2

e + a2
e)

322 3πcos4 θW

β

s

β2 + 12m2
Z/s

(1 −m2
Z/s)

2
, (3.1)

where ve = −1 + 4 sin2 θW and ae = −1 are the vector and axial-vector electroweak

couplings of the Z to the electron, s is the centre-of-mass energy squared and β =

[1 − (mH + mZ)2/s][1 − (mH − mZ)2/s] is the usual two-particle phase-space factor

(normalized to 1 for massless decay products).

This formula is only valid in lowest order and for
√
s ≥ mH + mZ. Moreover, it does

not include the width of the Z boson. Higher order corrections have been calculated

and are implemented in the event generator HZHA [23], which is also used for cross

section calculations. The effects of higher order corrections to (3.1) are displayed in

Figure 3.3. While photon radiation gives the largest correction to the cross section

(cf. the 30% reduction of σ(e+e−→ ff) at the Z peak due to initial state radiation),

the genuine electroweak corrections are small at LEP energies (less than 1.5% [20]).

Figure 3.3 also shows one of the main characteristics of the Higgs-strahlung process at

LEP2 energies, namely its threshold behavior. Whereas the threshold is sharp in (3.1),

the width of the Z boson (ΓZ ' 2.5 GeV) allows for the cross section to be non-zero

below the threshold, i.e. for
√
s < mZ +mH. The width of the Higgs boson, on the
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other hand, is negligible for masses mH < 150 GeV/c2 (cf. Fig. 3.5b). After reaching a

maximum about 25 GeV above threshold (at LEP2 energies) the cross section falls off

at high energies according to the scaling law ∼ g4/s asymptotically (as it should do

for this s-channel process of point-like particles).
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Figure 3.3: Cross section of the Higgs-strahlung process as a function of the centre-of-
mass energy for a Higgs boson of mass mH = 114 GeV/c2: the dotted line gives the
cross section according to (3.1); the dashed line includes the effect of the Z width and
all known QED, weak and QCD corrections, but without initial state radiation (ISR);
the full line, in addition, includes ISR to O(α2), called double ISR. The latter two
curves are obtained with the HZHA program.

3.1.2 The WW fusion process

The final state in which the Higgs particle is produced together with two neutrinos,

e+e− → Hνν (called the missing final state), consists of two different contributions:

Higgs-strahlung with the Z decaying into the three types of neutrinos and WW fusion

of the Higgs boson (cf. Fig. 3.2b). The cross section for the latter process is given

by [19]

σ(e+e−→Hνeνe) =
g6

322π3m2
W

∫ 1

xH

dx
∫ 1

x

F (x, y)dy

[1 + (y − x)/xW]2
(3.2)

F (x, y) = [
2x

y3
− 1 + 3x

y2
+

2 + x

y
− 1][

z

1 + z
− ln(1 + z)] +

x

y3

z2(1 − y)

1 + z
(3.3)

with xH = m2
H/s, xW = m2

W/s and z = y(x− xH)/(xxW).
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For the e+e− → Hνeνe process the two amplitudes of Higgs-strahlung and WW-

fusion interfere. The three individual contributions to the total cross section are de-

picted in Figure 3.4. At energies above the HZ threshold for on-shell Z production,

Higgs-strahlung is the dominant process, while below the threshold the fusion process

is dominant. Correspondingly, the interference term is most important near the thresh-

old were the cross-over between the two processes occurs. For moderate Higgs masses

(around 100 GeV/c2) and at LEP2 energies the WW-fusion process, being O(g6), is

suppressed with respect to Higgs-strahlung by the additional electroweak coupling.

However, at higher energies the WW-fusion process becomes leading due to the log-

arithmic rise of its cross section — as expected for this t-channel exchange process:

σ(e+e−→Hνeνe) ∼ log(s/m2
H).
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Figure 3.4: Individual cross sections for the Hνν final state as a function of the centre-
of-mass energy for a fixed value of mH = 114 GeV/c2: Higgs-strahlung (solid), WW-
fusion (dashed) and the interference term (dotted). Calculations were done with the
HZHA program.

3.1.3 The ZZ fusion process

The cross section for ZZ fusion is reduced by an order of magnitude with respect to

WW fusion since the leptonic neutral current couplings are considerably smaller than

the corresponding charged current couplings. Therefore this process gives only a minor

contribution to the H e+e− final state.
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3.2 Decay modes

The decay modes of the standard model Higgs boson at LEP2 energies are defined by

the couplings gf of the Higgs boson to fermions. From (2.27) and (2.16) it follows that

gf ∼
gmf

mW

. (3.4)

The decay width for H → ff is proportional to g2
f and in lowest order [20] is given by

Γ(H → ff) = N c
f

g2m2
f

32πm2
W

β3mH, (3.5)

where N f
c is the color factor (3 for quarks and 1 for leptons) and β = (1− 4m2

f /m
2
H)1/2

is the velocity of the fermion. When (3.5) is considered as a function of mH one finds

the following peculiar behavior: due to the quadratic dependence on the fermion mass

the decay rate into a specific fermion pair ff always dominates as soon as mH is raised

slightly above the threshold 2mf . When the Higgs boson was searched for at LEP1

in the mass range 0 < mH < mZ this effect resulted in numerous different search

strategies [22]. At the end of LEP1 all four LEP collaborations reported negative

search results, i.e. they quoted a lower limit of mH
>∼ 60 GeV/c2. Therefore the Higgs

boson mass range relevant at LEP2 is defined by 60 GeV/c2 < mH
<∼

√
s − mZ, where

the upper limit follows from the threshold behavior of the Higgs-strahlung process

(cf. Sec. 3.1.1).

The relevant decay modes of the Higgs boson at LEP2 are

• H → bb (86.2 – 81.7%)

• H → τ+τ− (7.5 – 7.8%)

• H → cc (3.9 – 3.6%)

• H → gg (2.3 – 5.5%),

where the two numbers in the brackets give the corresponding branching ratios at the

values of mH = 60 GeV/c2 and 100 GeV/c2 (cf. Fig. 3.5a, which shows the branching

ratios up to mH = 1 TeV/c2). The bb decays are by far the leading decay mode, followed

by τ , charm and gluon decays at the level of a few percent. In the calculation of the

above numbers (by means of the HZHA program) QCD radiative corrections have been

included for the decay into bb and cc quark pairs. The bulk of these corrections can

be absorbed by defining the quark masses mq to evolve with the scale of the process,

which is mH in this case. For quarks (3.5) is known to second order in αS and reads

Γ(H → qq) = 3
g2m2

q(mH)

32πm2
W

β3mH

[

1 +
17

3

(

αS

π

)

+ F ·
(

αS

π

)2
]

, (3.6)

where the expressions for mq(mH) and F can be found, for example, in Ref. [20].
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The total decay width of the Higgs boson ΓH is given by the sum of all individual

contributions and presented as a double-logarithmic plot in Figure 3.5b in order to

easily recognize the power laws

• ΓH ∼ mH for mH
<∼ 100 GeV/c2 and

• ΓH ∼ m3
H for mH

>∼ 200 GeV/c2,

with a transition region in between defined by the onset of the decays H → WW and

H → ZZ. The scaling ΓH ∼ mH
3 in the high mass region (accessible only to future

colliders) reflects that the coupling of the Higgs boson to the longitudinal components

of W and Z becomes strong.
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Figure 3.5: (a) Branching ratios of the standard model Higgs boson into fermions (solid
lines) and gauge bosons (dashed lines) and (b) the decay width as a function of the
Higgs boson mass (plots taken from [21]).
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3.3 P1: Search for the standard model Higgs boson

in e+e− collisions at
√
s = 161, 170 and 172 GeV

[24] The search for the standard model Higgs boson in the Higgs-strahlung process is

based on the study of four distinct topologies determined by the decay products of the

H and Z bosons (see also Fig. 3.6):

(a) HZ → (qq, τ+τ−) `+`− (leptonic final state, ` = e,µ),

(b) HZ → qqνν (missing energy final state),

(c) HZ → qqqq (four-jet final state),

(d) HZ → qqτ+τ− or τ+τ−qq (tau channel).

With the exception of the HZ → qq`+`− and HZ → τ+τ−qq channels, all analyses are

optimized for the decay mode H → bb which dominates in the mass range of interest.

Below each topology is characterized briefly and it is mentioned how the mass of

the Higgs boson is calculated. This reconstructed Higgs boson mass is used to define

the estimator that is needed for the calculation of the confidence levels for the search

hypotheses. In paper 1 a method different from the one described in Chapter 6 is

used. However, in the context of the statistical method detailed in Chapter 6 the

reconstructed Higgs boson mass would be called the discriminating variable.

The leptonic final state is searched for in events which contain two isolated and

oppositely charged high energetic electrons or muons as well as two hadronic jets. In

this case the tau decay channel of the Higgs boson is also included. The mass of the

Higgs boson is calculated as the mass recoiling to the lepton pair and the invariant

mass of the lepton pair is checked for its consistency with the Z boson mass.
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Figure 3.6: The standard model Higgs boson is searched for in these four characteristic
event topologies. The branching ratios of the HZ decay topologies are determined by
the Z decay branching ratios which are shown below the figures, with the small subtlety
that the 5.3% from (c) where H → τ+τ− have been moved to (d).
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The HZ → qqνν signal topology is characterized by large missing energy due to the

undetectable neutrinos and two acoplanar hadronic jets containing the decay products

of B-hadrons. While naively the mass of the Higgs boson would be calculated from all

reconstructed tracks, here one can do better by using the constraint that the missing

mass 1 should be equal to mZ.

The signature of the pure hadronic final state, HZ → qqqq, is four high multiplicity

hadronic jets and the presence of B-hadron decay products, in particular, in the jets

assigned to the Higgs boson. All combinations of jet pairings are tried and the one

is chosen where the invariant mass m12 on one di-jet system is closest to mZ. In this

channel the mass of the Higgs boson is defined as m12 + m34 - mZ, where m34 is the

invariant mass of the other two jets, assumed to come from the Higgs boson decay.

Finally, the tau channel is characterized by four jets, two of which have low multi-

plicity as expected for tau jets. Since the tau’s can originate either from the H or the

Z two subanalyses are used in this channel.

All the analyses presented in the paper extensively use Monte Carlo simulations

of the signal and the background processes, e.g. for setting cuts, for the training of

the b-tag neural net and for testing the performance of discriminating variables. The

analyses in the individual channels are optimized in order to get the best combined

analysis, i.e. the best Higgs mass exclusion limit in case there is no hint for a signal.

1The missing mass is defined as mmiss = sign(x)
√

|x| with x = E2
miss

− p2
miss

, where pmiss is the
momentum unbalance of the event and the missing energy Emiss is defined as

√
s − Evis, Evis being

the visible energy.
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3.4 P2 [25]: Search for the standard model Higgs

boson at the LEP2 collider near
√
s = 183 GeV

In the previous section a search for the standard model Higgs boson in LEP data taken

at centre-of-mass energies of 161, 170 and 172 GeV was presented. Since no candidate

events were found that matched the selection criteria of any of the HZ final states, a

lower limit of 70.7 GeV/c2 was set on the mass of the standard model Higgs boson. For

the analyses presented in this paper new data collected at the upgraded LEP collider

are used. For an overview of the centre-of-mass energies of the collider and the amount

of data that have been collected with the ALEPH detector at LEP see Sec. 4.1.

While the adaption of the analyses to the higher centre-of-mass energy is straight-

forward the new analyses contain several improvements. For example, the two final

states with the largest branching ratio (qqqq and qqνν) are each supplemented by an

additional analysis. While the original analyses are all cut based the new analyses are

mainly based on neural networks. These supplemental analyses are not complemen-

tary but overlap with the cut analyses. Therefore a more involved procedure is needed

for the combination of a cut analysis and a neural net analysis of the same final state,

which shortly can be described as follows: let A and B denote the sets of events selected

by the two overlapping analyses, then the three statistically independent sub-analyses

which select the events A∧B, A\B and B\A are combined, where the symbols have the

same meaning as in the theory of sets.

A comment is also due on background subtraction. In the previous as well as in this

paper no background subtraction is performed in deriving the final result. This means

that in the context of the confidence level calculation all candidate events selected

by the analyses are interpreted as signal events, even when the probability is high

that they are background events. In a simple event counting experiment this would

on the one hand degrade any exclusion limits that are set, and on the other hand

make a discovery impossible. However, here a more elaborate method is used for

setting limits. Confidence levels are calculated by using information on the number

of candidates and on the values of a discriminating variables for each candidate (the

reconstructed Higgs mass mrec
H is one of them). As long as the candidate events do not

cluster at a specific value of mrec
H the limits are only slightly degraded. Not performing

background subtraction means that the resulting limit is conservative and not affected

by systematic uncertainties related to the poor knowledge of the residual background.

In the analysis of 57 pb−1 of data collected at
√
s = 183 GeV seven candidate events

were found, equally distributed in mrec
H . Though the centre-of-mass energy was only

increased by 11 GeV compared to the previous year, the exclusion region for the Higgs

mass could be extended by 17 GeV/c2, namely from 70.7 up to 87.9 GeV/c2.
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Abstract

During 1997 the ALEPH experiment at LEP gathered 57 pby1 of data at centre-of-mass energies near 183 GeV. These
data are used to look for possible signals from the production of the Standard Model Higgs boson in the reaction
eqey™HZ. No evidence of a signal is found in the data; seven events are selected, in agreement with the expectation of 7.2
events from background processes. This observation results in an improved lower limit on the mass of the Higgs boson:
m )87.9 GeVrc2 at 95% confidence level. q 1999 Elsevier Science B.V. All rights reserved.H

1. Introduction

The Standard Model is very successful in describ-
ing the interactions of elementary particles. How-
ever, the origin of the particle masses remains an
open question. The Higgs mechanism directly ad-
dresses this problem, with the W" and Z gauge
bosons acquiring mass via spontaneous symmetry
breaking. A consequence of the Higgs mechanism is
the addition of a neutral scalar particle, the Higgs
boson, to the spectrum of elementary particles. While
the Higgs boson mass m is not predicted by theH

theory, recent results of fits to experimental elec-
w xtroweak data favour low mass values 1 .

At LEP2, the Higgs boson can be produced
through the Higgs-strahlung process, eqey™HZ,

q ywith smaller contributions to the Hnn and He e
channels from W- and Z-fusion processes. In the
Standard Model, the Higgs boson production rate

23 Supported by the Direction des Sciences de la Matiere, C.E.A.`
24 Supported by the US Department of Energy, grant DE-FG03-

92ER40689.
25 Supported by the US Department of Energy, grant DE-

FG0295-ER40896.

and decay branching ratios are calculable as a func-
w xtion of m 2 . In the mass region relevant to LEP2H

searches, the Higgs boson decays mostly into bb and,
to a lesser extent, into tqty. The searches described
in this paper cover most of the topologies arising
from the HZ process, with H™ hadrons or tqty,

q y q y q yand Z™e e ,m m ,t t ,nn , or qq.
The LEP Collider has been operating at centre-

of-mass energies above the WqWy production
threshold since 1996. The ALEPH Collaboration has
searched for the Higgs boson with ;20 pby1 of

'data accumulated at s s161 and 170–172 GeV: no
evidence of a signal was detected, and a lower limit
of 70.7 GeVrc2 at 95% confidence level was set on

w xthe Higgs boson mass 3 . The other three LEP
w xexperiments have reported similar results 4–6 .

A total integrated luminosity of 57 pby1 was
accumulated by ALEPH in 1997 at centre-of-mass
energies near 183 GeV: 0.2 pby1 at 180.8 GeV,
3.9 pby1 at 181.7 GeV, 51.0 pby1 at 182.7 GeV, and
1.9 pby1 at 183.8 GeV. In this letter, these data are
referred to as ‘‘the 183 GeV data’’. The higher
centre-of-mass energies and the larger total luminos-
ity increase the experimental detection sensitivity for
the Higgs boson to a mass around 85 GeVrc2.



3.4. PAPER 2 49

( )R. Barate et al.rPhysics Letters B 447 1999 336–351340

Therefore a reference signal with m s85 GeVrc2
H

'and s s183 GeV is used when optimizing the
event selections and quoting signal detection effi-
ciencies. The total production cross section for the
reference signal is 0.37 pb.

To improve the discriminating power between
signal and background processes, the previously pub-

w xlished selections 3 are updated, and new event
selections based on artificial neural networks are
introduced. Another new feature of Higgs boson

'searches at s ;183 GeV is the higher and partly
irreducible ZZ background; since these centre-of-
mass energies lie on the threshold for ZZ production,
a significant fraction of these events have only one
on-shell Z boson.

This letter is organized in the following manner.
Section 2 provides a brief description of the ALEPH
detector and the b-tagging scheme used in the
searches. An overview of the search strategy and of
the method used to combine the event selections in
all the channels is presented in Section 3. The event
selection criteria for each of the signal final states
are described in Section 4.1 through 4.4; new devel-
opments with respect to the previous publications
w x3,7 are emphasized and systematic uncertainties
specific to each channel are also summarized. In
Section 5 the combination of all search channels is
presented and the final result is derived. A summary
follows in Section 6.

2. The ALEPH detector

In this section the ALEPH detector parts which
are most relevant for the analyses that follow are
succinctly described. A more comprehensive descrip-
tion of the detector and its performance is given in

w x w xRefs. 8 and 9 .
Three coaxial tracking devices surround the beam

line. The innermost device is a silicon microstrip
Ž . w xvertex detector VDET 10 . It consists of two cylin-

drical layers of silicon wafers situated at average
radii of 6.3 and 11.0 cm. Charged particles with
polar angle in the range cosu - 0.88 traverse both
VDET layers. The VDET is surrounded by a 2 m

Ž .long inner tracking wire chamber ITC which pro-
vides up to eight hits between radii of 16 and 26 cm.
Outside of the ITC is the main tracking detector, a

Ž .large time projection chamber TPC which mea-
sures up to 21 three-dimensional coordinates per
charged particle. The TPC also measures up to 338
samples of the specific energy loss per track, allow-
ing charged particle identification. A superconduct-
ing solenoid immerses the central tracking volume in
a 1.5 T axial magnetic field.

In this letter, charged particle tracks reconstructed
with at least four hits in the TPC and which originate
from within a cylinder of 2 cm radius and 20 cm
length centred on the nominal interaction point are
called good tracks. The tracking ensemble achieves

Ž .a momentum resolution s p rp of 6 =t t
y4 Ž .y110 GeVrc p [0.005. The three-dimensionalt

resolution on the impact parameter of tracks can be
Ž . Ž 4 .parameterized as 34q70rp = 1q1.6cos u mm,

with p in GeVrc.
The precise measurement of track parameters

plays an essential role in the identification of jetsˆ
containing b hadrons. Weakly decaying b hadrons
are long-lived, typically flying several millimetres
before decaying. The tagging of b-quark jets relies
on six variables reflecting the impact parameter of
tracks in the jet, reconstructed secondary vertices,
identified electrons and muons with large transverse
momentum with respect to the jet axis, and jet shape
and multiplicity variables. A neural network is used
to combine this information into an output h for
each jet. The network is trained to have a response
near zero for light quark jets and near one for b

w xquark jets 7 .
A leadrproportional-chamber electromagnetic

Ž .calorimeter ECAL is also situated inside the super-
conducting coil. It is finely segmented into projective
towers of 0.98=0.98, allowing the identification of
electrons and photons within jets. Luminosity
calorimeters are installed between the ECAL end-
caps and the beam pipe. These calorimeters are of
similar construction to ECAL and are treated as an
extension of it. A relative energy resolution of

(0.18r E GeV q0.009 is achieved. A silicon-Ž .
tungsten sampling calorimeter completes the electro-
magnetic calorimeter coverage down to 34 mrad.

The ECAL is surrounded by a hadron calorimeter
Ž .HCAL consisting of 5 cm thick iron slabs instru-
mented with streamer tubes; this structure serves as
the return yoke for the magnetic field. The HCAL
has the dual purpose of measuring hadronic energy
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deposition as well as acting as a filter for the identi-
fication of muons. When used in conjunction with
the ECAL, a relative energy resolution of 0.85r
(E GeV is achieved for hadrons. The outermostŽ .
detectors are two double layers of muon chambers.
Muons are identified as charged particles which pen-
etrate the whole depth of the HCAL or which have
associated hits in the outer chambers.

The measurements of charged particle tracks and
of energy deposition in the calorimeters, combined
with the identification of photons, electrons, and
muons, are used to produce a list of charged and
neutral energy flow particles which are used in all
the analyses which follow. Hadronic jets are clus-
tered from these objects with a resolution approxi-

'Ž . Ž .mately described as s E s 0.60 E q0.6 GeV=
Ž 2 .1qcos u , where E is the jet energy in GeV and u

is its polar angle. The resolution on the jet angles is
approximately 20 mrad in both u and f.

The total uncertainty on the integrated luminosity
of the accumulated data is less than 0.6%.

3. Search strategy

Event selections have been previously developed
w x3 for the various topologies arising from the HZ
process. These selections address the H ll

q
ll
y chan-

Žnel here and in the following, ll denotes an electron
.or a muon, collectively referred to as ‘‘leptons’’ , the
q yHnn channel, the Hqq channel where H™t t

decays are not included, the Htqty channel, and
q ythe t t qq channel which complements the Hqq

channel when H decays to a tqty pair. These
selections are reoptimized for the increased centre-
of-mass energy and integrated luminosity and are
supplemented with new event selections. In the
H ll

q
ll
y final state the selection is improved to

extend the acceptance into an angular region not
considered previously. In final states with t leptons,
the previous track-based t candidate selection is
replaced by a minijet-based selection, and the previ-
ous cut-based event selection algorithms are replaced

Ž .with new selections based upon neural network NN
combinations of discriminating variables. In the Hnn

and the Hqq channels, new NN-based event selec-
tions complement the published cut-based selections
w x3 .

The various selections are optimized to maximize
the sensitivity to a Higgs boson signal with mass 85
GeVrc2, which is near the expected experimental
sensitivity. The expected combined confidence level
on the signal hypothesis that would be obtained on

w xaverage if no signal were present 11 is minimized
with respect to the position of the cuts on the most
relevant selection variables:
Ø the reconstructed Z mass in the H ll

q
ll
y selec-

tion;
Ø the b-quark content of the event and the event

acoplanarity in the Hnn cut-based selection;
Ø the b-quark content of the jets from a candidate

Higgs boson and the invariant mass of jets from
the Z boson in the Hqq cut-based selection;

Ø the neural network outputs in the Hnn and the
q yHqq neural network selections, and in the Ht t

q yand t t qq selections.
The confidence level for each channel is com-

puted without performing any background subtrac-
tion. All channels are subsequently combined using

w xthe elitist prescription described in Ref. 11 . This
combination prescription assigns different weights to
the various search channels in an optimal manner
according to their sensitivities to the signal hypothe-
sis.

When two selections are available for a given
final state, their results are combined instead of

Žkeeping only the selection leading to the often
.marginally better expected confidence level. The

gain from this combination procedure is significant
since, when two analyses are aimed at selecting the
same signal and have similar performance, they often
have a large overlap in signal efficiency but not so
large an overlap in terms of background. Signal
events are, unlike reducible background events, sig-
nal-like in many variables. The selection of a back-
ground event by both selections is therefore less
probable, as it depends on the specific choice of
variables in each of the selections. The two four-jet
final state selections illustrate this point, as is sum-
marized in Table 1. The two original selections are
therefore separated into three statistically indepen-
dent and thus easily combinable sub-selections. The
first sub-selection, corresponding to the overlap of
the two original analyses, is very pure. The two less
pure exclusive selections contain additional informa-
tion and are combined with the first, decreasing
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Table 1
Signal efficiency and the number of signal and background events
expected to be selected by each of two four-jet event selections
Ž .cuts and neural network , by the two selections simultaneously,
and by each of the two exclusively. In this table the selection
criteria of the cut-based and neural network selections are opti-
mized independently of one another, and together with all other
channels

Ž .Selection Efficiency % Signal Background

NN 25.7 3.53 1.50
Cuts 24.1 3.31 1.48
Cuts and NN 19.8 2.72 0.88
Cuts only 4.3 0.59 0.60
NN only 5.9 0.81 0.62
Total 30.0 4.12 2.10

further the overall expected confidence level. The
combination of the three sub-selections is also done
with the elitist prescription. As a result, the events
selected by both original analyses receive a larger

Ž .weight being more signal-like than those selected
Žexclusively by one of the two being more back-

.ground-like .
Systematic uncertainties related to the knowledge

of the residual background shape and normalization
do not affect the results presented in this letter since
no background subtraction is performed. As is also

w xthe case in Ref. 3 , the reconstructed Higgs boson
mass for all final states is a discriminating variable
entering the calculation of the confidence levels.
Here, the power of the confidence levels determined
from the various searches is improved by including
more discriminating variables in the test statistic.
These new variables are
Ø the b content of the event in the Hnn channel for

the cut-based selection;
Ø the neural network output in the Hnn channel for

the NN selection;
Ø the b content of the hadronic jets for the H ll

q
ll
y

channel.
A global optimization is performed in the manner

described above with the criteria of the two Hqq, the
q y q y q ytwo Hnn , the H ll ll , and the t t qq and Ht t

selections varied simultaneously. The final sets of
selection cuts, leading to the overall smallest ex-
pected combined confidence level for m s85H

GeVrc2, are described in the following section.

4. Event selections

In addition to the cut-based analyses described
below, NN-based analyses are introduced for the

q y q yHqq, Hnn , Ht t and t t qq channels to en-
hance the event selection performance. Variables
which alone show marginal separation between sig-
nal and background and would be difficult to incor-
porate into a cut-based analysis can be effectively

w xused in the neural network framework 12 .
In the following subsections, the distributions of

simulated background processes are normalized to
the collected integrated luminosity, and the distribu-
tions of the simulated signal are for a Higgs boson
mass of 85 GeVrc2. The background processes were

w xsimulated as described in Ref. 3 , with sample sizes
typically exceeding the collected data luminosity by
a factor ;100. Samples of 10 000 signal events are
simulated at several Higgs boson mass values using

w xthe HZHA program 13 . In the case of the Hnn final
state, the W-fusion process as well as its interference
with the Higgs-strahlung process are taken into ac-
count. Independent training and performance evalua-
tion samples are used for the neural network selec-
tions.

The selection efficiencies quoted in this letter are
always calculated as the fraction of events in the
given channel that pass the selection cuts. Table 2
shows, for each event selection, the variation of
efficiency for several Higgs boson masses as well as
the expected number of signal events for m s85H

GeVrc2, the expected number of background events
and the number of events selected in the data.

Although the selections differ between the various
analyses, they share common systematic uncertain-

q yties. For the Hqq, Hnn , and Ht t analyses these
common systematic effects relate to the tagging of
b-quark jets. Systematic effects related to the simula-
tion of track reconstruction and to the modelling of
b-hadron physics are the dominant source of uncer-
tainty in both the cut-based and NN-based analyses.
The systematic effect arising from the uncertainty on

Žthe b-quark fragmentation hardness modelled with
w x.the Peterson function 14 is determined by

reweighting signal events to cover the experimental
uncertainty on the parameter e s0.0045"0.0014b
w x15 . Differences in the b-hadron lifetimes and decay
multiplicities between the simulation and the world
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Table 2
Ž .Signal detection efficiencies in percent for different Higgs boson mass values. For the Hqq and Hnn channels three independent

sub-selections are used: events selected by both the cut-based and the neural network-based selections, and events selected exclusively by
Ž . Ž .either of them. The number of expected background events n , the number of events selected in the data n , and the number ofb obs

2 Ž .expected signal events for m s85 GeVrc n are also givenH s

q y q y q ym H ll ll Hnn Hqq Ht t t t qqH

2Ž .GeVrc CutsqNN Cuts NN CutsqNN Cuts NN

60 79.6 8.8 8.7 4.7 9.3 5.4 8.1 18.1 0.93
70 77.8 15.8 4.4 7.9 12.4 8.6 9.0 22.9 2.9
80 78.3 20.9 2.8 10.9 23.5 7.4 5.2 22.7 9.8
85 76.2 17.9 4.0 12.2 26.1 7.8 5.2 20.7 12.6
90 71.9 11.1 5.2 7.0 24.6 9.4 4.6 17.4 13.6
95 31.1 9.5 2.6 7.2 19.1 7.6 6.0 12.7 11.6
100 4.0 6.0 1.7 5.7 14.2 6.6 6.9 6.8 5.7
Numbers of events
n 2.0 0.16 0.08 0.18 1.4 2.1 1.00 0.17 0.16b

n 3 0 0 0 1 2 1 0 0obs

n 1.1 0.82 0.18 0.56 3.6 1.1 0.71 0.14 0.16s

averages are also incorporated in the systematic un-
certainty. The uncertainty due to the modelling of the
detector tracking is estimated by varying track pa-
rameters in accordance with the experimentally mea-
sured resolution.

Systematic effects from possible uncertainties in
the simulation of the non-b-tagging selection vari-
ables are estimated by recomputing the detection
efficiency with reweighted signal event samples. The
weights are determined from a direct comparison of
data and simulated background event distributions at
a preselection level with suitably large statistics.
Further studies of systematic uncertainties specific to
each selection are given below in the corresponding
sections.

4.1. The leptonic final states

The H ll
q
ll
y channel represents 6.7% of the

Higgs-strahlung cross section. The signal events are
characterized by two leptons with an invariant mass
close to m and a recoil mass equal to the HiggsZ

boson mass. Although the branching ratio of this
channel is small, the experimental signature is very
clear and the Higgs boson mass can be reconstructed
with high resolution.

The event selection follows closely that of Ref.
w x3 . To be considered as lepton candidates charged

particles must either be identified as electrons or
muons, or else must be isolated from other particles
by more than 108. All accepted combinations of
oppositely charged lepton candidates must have at
least one identified lepton. Mixed e-m pairs are not
considered. Final state radiation photons from the Z
boson decay products are identified and added to
isolated lepton candidates to improve the Higgs bo-
son mass resolution.

The analysis algorithm has been simplified with
w xrespect to 3 regarding the treatment of events with

only one identified lepton. In such cases, the require-
ment on the angles of the tracks closest to the lepton
candidates as well as the requirement that both lep-
ton candidates be isolated have been dropped.

The definition of lepton candidates has been im-
w xproved with respect to 3 to include leptons below

the main tracking acceptance of cosu F0.95. Low
angle muons are identified down to 7.58 from the
beam line by finding hit patterns in the hadronic
calorimeter consistent with a muon. The momentum
of such a low angle muon is calculated from an
over-constrained fit to the event using energy and
momentum conservation. Low angle electrons are
identified down to 12.48 from the beam line by
finding large isolated energy deposits in the electro-
magnetic calorimeters. To separate these electrons
from photons, an electron candidate must have at
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least two consistent hits in the ITC. The new defini-
tion of lepton candidates improves the H ll

q
ll
y sig-

nal efficiency by approximately 4% for the same
purity.

The selection criteria remain unchanged with re-
w xspect to those published in Ref. 3 with the sole

exception of the requirement on the reconstructed Z
boson mass which is reoptimized from m q

y )
ll ll Žg .

80 GeVrc2 to m q y )82.75 GeVrc2.
ll ll Žg .

4.1.1. Systematic uncertainties
Several potential sources of systematic uncer-

tainty are investigated. These include the identifica-
tion of electrons and muons, the isolation criterion,
and the simulation of the energy and momentum

w xresolution of jets and leptons 3 . Some limitations
are found in the simulation of the background to low
angle electrons which, however, do not contribute
any systematic effect. The total relative systematic
uncertainty in the signal detection efficiency is 0.4%.

4.2. The missing energy final state

The HZ signal where the Z boson decays invisibly
to two neutrinos constitutes 20% of the total Higgs-
strahlung cross section. A large missing mass and
two b jets from the Higgs boson decay characterize
this final state. Two independent analyses are used to
search for a signal in this final state: a cut-based

w xanalysis modelled on the previous selection 3 and
an analysis based on a neural network.

Both analyses share a common hadronic event
preselection. The plane perpendicular to the thrust
axis is used to divide the event into two hemispheres.
All energy flow particles in a hemisphere are consid-
ered to belong to a jet, and both jets are required to
have nonzero energy. To reduce background from
gg interactions, the preselection requires either P )t
' '5% s or m )30% s , where P is the total trans-vis t

verse momentum of the event and m is the visiblevis

mass. Finally, the missing mass of the event must be
larger than 80 GeVrc2.

4.2.1. EÕent selection with cuts
In order to reject radiative returns to the Z, the

missing momentum vector is required to point into

Ž .the apparatus u )208 , and its component alongpu
Žthe beam line is not allowed to be large p -26z

. w xGeVrc . The event acoplanarity 3 is used to reduce
further the contamination from radiative return events

˜Ž .A)0.13 . The energy deposited within a 128 cone
Žaround the beam axis is required to be small E -12

' .1.2% s to reject Wen and Zee events with an
energetic electron deflected at a low angle into the
detector. In order to suppress background from

Xq yW W ™qqtn decays, the whole event is reclus-
w xtered into t minijets 3 , and the most isolated jet is

Ž .required to have a low energy E -7 GeV . Finally,t

Ž .b-tagging information from the jets Fig. 1a is used
Žto enhance the signal-to-background ratio h qh1 2

.)1.1 .

4.2.2. EÕent selection with a neural network
The analysis described above is complemented

with a neural network selection using the six vari-
ables of the cut selection and five additional ones.
The new variables include the fraction of the energy
deposited beyond 308 of the beam line, the total
energy within a 308 azimuthal wedge around the
missing momentum direction, the acollinearity of the
jets, and an additional combination of the b-tagging

Ž .variables, log 1yh h r2 . Finally, the isolation10 1 2
Ž .angle of the most isolated track with p)1 GeVrc

provides additional discriminating power against
Xq yW W ™qqtn background.

Further details of the Hnn neural network are
discussed in the Appendix. Fig. 1b shows the neural
network output. Events are selected if the neural
network response exceeds 0.983.

4.2.3. Systematic uncertainties
Based on deviations between data and Monte

Carlo simulation of the kinematic variable distribu-
tions, a relative systematic uncertainty of 2.4% on
the signal efficiency is determined. The events from
Monte Carlo simulation of the HZ signal are
reweighted to simulate changes in b fragmentation,
lifetime, and decay multiplicity, giving a relative
systematic uncertainty of 3.0%. The relative system-
atic uncertainty from discrepancies between the
tracking in the simulated data and real data is 6.1%.
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Ž . Ž .Fig. 1. The distributions in the missing energy channel of a the sum of the two neural network b-tag outputs and b the output of the
Ž . Ž .neural network used for event selection. The distributions are shown for the data points , the total simulated background solid histogram

Ž .and the reference signal sample dashed histogram after the preselection cuts. The signal distributions have an arbitrary normalization.

The total relative systematic uncertainty on the sig-
nal selection efficiency is 7.2%.

4.3. The four-jet final state

Although the bbqq final state is not as distinctive
as the leptonic and missing energy final states, its
large branching ratio, 64.4%, compensates for this
drawback. The dominant background processes
q y q ye e ™qq, W W , ZZ are reduced using event

topology, kinematic criteria, and b-tagging informa-
tion. Two analyses are used to search for this final

w xstate: a cut-based analysis 3 and a neural network
based analysis.

Common event preselection criteria are used for
both the cut-based and neural network analyses.
Events are required to have at least eight good tracks
satisfying cosu F0.95. Radiative returns to the Z
resonance are rejected when the initial state photon
is observed in the apparatus as well as when it
escapes down the beam pipe. The events are then
forced to form four jets with the Durham jet-cluster-

w xing algorithm 16 . The y value where the transi-cut
Ž .tion from four to three jets occurs y must be34

larger than 0.004. Each jet is required to contain at
least one good track. The energies and masses of the
four jets are then rescaled in accordance with energy

and momentum conservation. The measured jet ve-
locities are preserved in this process.

4.3.1. EÕent selection with cuts
The analysis algorithm and the selection criteria

w xare identical to those found in Ref. 3 except where
explicitly stated otherwise.

The sum Q of the four smallest interjet angles in
Ž .the event Fig. 2a must be larger than 3508; this

significantly reduces the background contribution
from qq events where an energetic jet recoils against
three softer jets. Since the sensitivity of this analysis
approaches the HZ kinematic limit, signal events are
expected to have two nearly back-to-back pairs of
jets. This event topology is selected by requiring

Ž .gsmin cosu qcosu -y1.30, where the mini-i j k l

mum is over all possible ijkl jet permutations.
Further event selection criteria are based upon the

six possible jet-pairing combinations. An event is
selected if at least one of the jet-pairing combina-
tions conforms to either one of the two following

Ž .sets of criteria labelled a and b .
For the first case, events with four well-isolated

jets are required. One di-jet system is required to
have an invariant mass consistent with the Z mass.
The other di-jet is required to have an invariant mass
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q yŽ . Ž . Ž .Fig. 2. The four-jet channel distributions for preselected events of a Q , and of the outputs of b the anti-qq and c anti-W W neural
networks. The points are the data and the solid histogram is the simulated total background normalized to the data integrated luminosity.

Ž .The signal distributions dashed histograms are shown with an arbitrary normalization.

within the Higgs boson mass range of interest and
also to have well b-tagged jets. Hence the selection
criteria are the following:
Ž .a Ø y )0.008;34

2 Ž .Ø m )78 GeVrc Z candidate jets ;12
2 Ž .Ø m )55 GeVrc Higgs candidate jets ;34

Ž . Ž .Ø min h ,h )0.30 Higgs candidate jets ;3 4
Ž .Ž . y3 ŽØ 1yh 1yh -6=10 Higgs candi-3 4

.date jets .
Selection criteria for the second case are designed

for the HZ™bbbb final state. These events are
almost background free and are selected by requiring
that the event as a whole has a high b-quark content
and a clear four-jet structure:
Ž . 4b 9.5 y qÝ h )2.90.34 is1 i

4.3.2. EÕent selection with neural networks
Two neural networks are trained to identify the

q yHZ™bbqq signal while rejecting the qq and W W
backgrounds: one network is specifically designed to
reject qq events, while the other is designed to reject
WqWy events. Details related to the training of the
neural networks are discussed in the Appendix.

The input patterns to the neural networks consist
of the different di-jet pairing combinations within
each event. Only pairings that survive the preselec-

tion criteria described in Section 4.3 as well as the
requirements Ý4 h )1.0 and m )45 GeVrc2 areis1 i 34

input to the neural networks.
The inputs for both neural networks include sev-

eral of the selection variables used in the cut-based
Ž . Ž .Ž .selection: y , g , m , min h ,h , 1yh 1yh ,34 12 3 4 3 4

and Ý4 h . The invariant mass of the Higgs candi-is1 i

date jets m is not included to avoid biasing the34

selection efficiency towards the signal mass hypothe-
ses used for training.

The average QCD four-jet matrix element squared
w x17 and Q are especially powerful discriminating
variables for eliminating qq background events and
hence are also used as inputs to the anti-qq neural
network. A vast majority of four-jet events from
q ye e ™qq are qqgg. The following observables of-

fer additional discriminating power between light
quark and gluon jets and are included as inputs to the
anti-qq neural network: the boosted aplanarity and

Žthe boosted sphericity both calculated in the rest
.frame of the jet , and the multiplicity of tracks with

large rapidity with respect to the jet axis, for the two
Z candidate jets. Additional kinematic variables
Ž e.g., jet energies and di-jet masses, smallest interjet
angle and angle of the missing momentum with

.respect to the beam axis are also included to im-
prove the overall discriminating power. The com-



56 CHAPTER 3. SEARCH FOR THE STANDARD MODEL HIGGS BOSON

( )R. Barate et al.rPhysics Letters B 447 1999 336–351 347

plete list of input variables for the anti-qq neural
network is given in the Appendix.

Important characteristics of WqWy events com-
pared to HZ™bbqq signal events include the lack of
b jet production and the comparative abundance of c
jets. In order to exploit these differences, the com-
mon neural network input variables listed above are
complemented with the b-tagging information from

Ž .the two Z candidate jets h and h and with charm1 2
Žrejection variables for the Higgs candidate jets m3

.and m . The charm rejection variables are computed4

in a similar way to the track impact-parameter-based
w xuds-jet probability P 7 but using only tracks withjet

Ž .low rapidity with respect to the jet axis y-4.9
w x18 . This rapidity criterion is effective since charmed
meson decays result in particles with transverse mo-
mentum lower than those from b-hadron decays. The
lowest di-jet mass, the lowest jet energy in the event,

Žand the event broadening variable defined in the
.Appendix are also used. The complete list of input

variables for the anti-WqWy neural network is given
in the Appendix.

The neural network output distributions are shown
in Fig. 2b and Fig. 2c for signal, background, and
data. An event is selected when at least one of its jet
pairing combinations has neural network outputs

q ywhich satisfy both NN )0.940 and NN )qq W W

0.964.

4.3.3. Systematic uncertainties
The systematic uncertainties affecting the signal

detection efficiency are determined using the method
outlined in Section 4. The relative uncertainty from b
tagging is 6.5%. The systematic uncertainty corre-
sponding to possible limitations in the description of
the most important non-b-tagging selection variables
Ž .q yy ,g ,Q ,m ,m ,NN , and NN is deter-34 12 34 qq W W

mined to be 2.5%. Conservatively increasing the jet
angular resolution in u and f by 10% in the Monte
Carlo simulation results in an additional uncertainty
of 0.8%. The correlations between all pairs of vari-
ables used in each of the neural networks are com-
pared between the data and the simulated back-
ground event sample used for training; no significant
discrepancies are observed.

Adding the above contributions in quadrature, the
total relative systematic uncertainty assigned to the
signal detection efficiency is 7.0%.

4.4. The final states with t leptons

Two signal channels contribute to final states with
at least one tqty pair. The process HZ™Htqty

corresponds to 3.4% of the total Higgs-strahlung
q yprocess, and H™t t ,Z™qq corresponds to an

additional 5.5%. These events are expected to have
two oppositely charged low multiplicity jets in asso-
ciation with missing energy from the t decays. The
main background processes are ZZ and WqWy.

Multihadronic events are selected by requiring at
least eight good tracks. The total charged track en-
ergy in the event is required to exceed 20% of the
centre-of-mass energy.

Ž .Events from radiative returns to the Z peak, qq g ,
< <are rejected with the requirement P qE -z miss

1.8g . Here, P and E are the total longitudinalpeak z miss

momentum of the event and its missing energy. The
Ž .mean of the initial state radiation ISR photon spec-

trum peak is denoted as g and is defined aspeak
2' ' < <g s s r2ym r2 s . In addition, P is re-peak Z z

quired not to exceed 0.6g . In order to exploit thepeak

missing energy expected in this final state, the total
missing transverse momentum of the event is re-

'quired to be at least 2.5% s .
A new method for identifying t lepton candidates

replaces the previously published track-based ap-
w xproach 3 . The event is clustered into a large number

of jets, referred to as minijets, with mass consistent
with m . The t candidates are then selected fromt

these minijets according to the procedure described
w xin detail in Ref. 19 . This minijet method offers a

performance similar to the track-based selection but
is simpler.

Events with at least two oppositely charged t

candidates are selected. At least one of the candi-
dates must be single-prong. The remainder of the
event is forced to form two jets using the Durham
clustering algorithm. Events which have more than

q yone t-pair candidate yield multiple t t qq combina-
tions. A x 2 is determined for each event combina-

w xtion with a kinematic consistency fit 19 . This fit
requires energy-momentum conservation while keep-
ing the four jet directions fixed. In the fit, the mass
of the candidate t jets is fixed to the nominal t

lepton mass, and the energy resolution of the two
non-t jets is taken into account. The invariant mass

q yof either the t t or the qq pair is constrained to be
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compatible with the Z mass, depending on the chan-
nel. In addition, the non-t jet momenta are con-
strained to be larger than 75% of the measured value.
The combination with the lowest x 2 is chosen and
presented to the neural networks described below.

4.4.1. The HZ™Ht qt y channel
To discriminate between Htqty and background

events, a neural network is used with five input
variables: the total missing transverse momentum of
the event, the sum of the two t jet isolation angles,
the sum of the fitted transverse momenta of the t

jets with respect to their nearest hadronic jet, the
2 Ž .kinematic consistency x , and h qh . The jet1 2

isolation angle definition for the second variable is
q y w xthe same as for the H ll ll selection 3 . The last

variable reflects the b-quark content of the two non-t
jets. Details of the neural network are discussed in
the Appendix.

Fig. 3a shows the response of the Htqty neural
network in the data and in simulated signal and
background events. The optimal point for this selec-
tion corresponds to neural network output values
larger than 0.979.

q y4.4.2. The HZ™t t qq channel
A neural network is also used to select HZ™

q yt t qq events. The input variables are identical to

those described in the previous subsection except
that the b-tagging variable is not used. This is a
limiting factor in the performance of the selection.
Fig. 3b shows the neural network output in the data
and simulated signal and background events. Events
which have a neural network output larger than
0.980 are selected.

4.4.3. Systematic uncertainties
The main sources of systematic uncertainty in the

final states with t leptons are the reconstruction of
the kinematic variables, the clustering of jets and the
tagging of jets containing b quarks.

From a comparison of multihadronic events with
an identified lepton, in the data and in simulated
events, a slight discrepancy in the total transverse
momentum distribution is observed which translates

Ž .into an absolute uncertainty of 0.3% 0.2% in the
q y q yŽ .signal detection efficiency for the Ht t t t qq

channel. The effects from jet reconstruction are eval-
uated by smearing the reconstructed jet angles and
energies according to the expected measurement er-
rors. The systematic effect on the detection effi-

Ž .ciency is 0.4% 0.1% from the jet directions and
Ž .0.1% 0.1% from the jet energies, in absolute terms.

Uncertainties arising from the tagging of b-quark jets
affect only the Htqty selection and are evaluated,
as is described in Section 4, to be 0.9%. Therefore,

q y q yŽ . Ž .Fig. 3. The distributions of the neural network outputs for a the Ht t channel and b the t t qq channel. The distributions are shown
Ž . Ž . Ž .for the data points , the total simulated background solid histogram , and the reference signal sample dashed histogram after the

preselection cuts. The signal distributions have an arbitrary normalization.
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total relative systematic uncertainties of 5.0% and
1.9% are respectively assigned to the Htqty and
q yt t qq signal detection efficiencies.

5. Combined result

Seven events are selected in the data by the
various selections, in agreement with the 7.2 events
expected from all Standard Model background pro-
cesses. Four of these events are selected in the
four-jet final state. One event, selected by both the
selection with cuts and the selection with neural
networks, has a reconstructed Higgs boson mass of
71.5 GeVrc2 while the other events selected with

Ž .cuts neural networks only, have mass values of
2 Ž 2 .76.1 and 85.0 GeVrc 85.2 GeVrc . The other

three candidate events are found in the leptonic final
state, with masses of 67.0, 82.2, and 96.5 GeVrc2.
Fig. 4 shows the reconstructed Higgs boson mass
distribution for the selected events in all channels.

The result obtained when all sub-selections are
combined is displayed in Fig. 5. This result includes

w xthe lower energy ALEPH data taken at LEP1 20

Fig. 4. The distribution of the reconstructed Higgs boson mass of
the selected events in all search channels. The histogram shows
the expected distribution, with the contribution from background

Ž . Žprocesses shaded and from the reference signal m s85H
2 .GeVrc , normalized to the collected data luminosity. The data

events are indicated with arrows. The selected events do not have
equal weights in the combination procedure but have been plotted
here with unit weight for convenience.

Ž . Ž .Fig. 5. The observed solid line and expected dashed line
confidence level curves after all channels are combined, using the
183 GeV data as well as the results obtained at lower energies.

' w xand at s s161,170, and 172 GeV 3 . The lower
energy data has an impact on the confidence level
only for mass values lower than ;75 GeVrc2. The
HZ searches exclude all Higgs boson masses below
88.0 GeVrc2 at the 95% confidence level. The aver-
age limit expected in the absence of signal is
85.3 GeVrc2. With this expected limit, the probabil-
ity to observe a limit at least as high as 88.0 GeVrc2

is 22%.
As explained in the previous sections, a number

of possible systematic effects are studied and their
impacts evaluated. The uncertainties related to the
selection procedure and to the inadequacies of the
Monte Carlo dominate, translating into uncertainties
on the selection efficiencies ranging from ;0.5% to
7%, depending on the final state. Following the

w xmethod of Ref. 21 , a small increase of the confi-
dence level results, corresponding to a change in the
mass limit of y0.1 GeVrc2.

The mass of the Standard Model Higgs boson
therefore exceeds 87.9 GeVrc2 at the 95% confi-
dence level. Had background subtraction been per-
formed — with the same set of selection criteria and
ignoring the related systematic uncertainties — a
95% confidence level limit of 88.3 GeVrc2 would
have been derived, with 88.3 GeVrc2 expected.
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Table 3
A summary of the architecture and the HZ signal and background process training samples used for the neural networks described in the text

Final Network m in signal BackgroundH
2Ž .state architecture training samples GeVrc training samples

Ž . Ž .Hqq anti-qq 22-10-10-1 70, 80, 85 qq g
q y q yŽ .Hqq anti-W W 14-12-10-2 80 W W

q y Ž .Hnn 11-20-3 80, 85 W W , qq g
q y q yHt t 5-10-1 80, 85, 90 W W , ZZ

q y q yt t qq 4-10-1 80, 85, 90 W W , ZZ

6. Summary

A search for evidence of the production of Higgs
bosons in eqey collisions at centre-of-mass energies
between 181 and 184 GeV has been performed with
the ALEPH detector. The major event topologies
have been covered: the leptonic and missing energy
final states as well as the final states with four
hadronic jets and those including t leptons. The
previously published search algorithms have been
improved and new selections using artificial neural
networks were introduced.

In the collected data sample, corresponding to a
total of 57 pby1, seven events were selected, in

Table 4
The complete list of inputs to the anti-qq neural network

Variable

1. y †34

2. g †
3. m †12

Ž .4. min h ,h †3 4
Ž .Ž .5. 1yh 1yh †3 4

46. Ý h †is1 i

7. Q †
² :8. MM , average four-jet QCD matrix element.

9–10. Boosted aplanarity of Z candidate jets.
11–12. Boosted sphericity of Z candidate jets.
13–14. Multiplicity of tracks with rapidity larger

than 1.6, in the Z candidate jets.
Ž .15. min u , lowest interjet angle.i j

16. cosu , cosine of the polar angle of thepu
event missing momentum vector.

Ž .17. min m qm , lowest di-jet mass sum.i j k l

18–19. m ,m , the two lowest jet masses.min min2

20–21. E , E , the two lowest jet energies.min min2

22. E , largest jet energy.max

The variables marked with † are common to the NN-based and
cut-based selections and are described in Sections 4.3 and 4.3.1.

agreement with 7.2 events expected from Standard
Model background processes. From this observation,
a 95% confidence level lower limit on the mass of
the Higgs boson is set at 87.9 GeVrc2. A similar
result has been reported by the L3 experiment at

w xLEP 22 .
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Appendix A

This Appendix offers more details on the neural
q ynetworks used for the Hnn , Hqq, Ht t , and

Table 5
The complete list of inputs to the anti-Wq Wy neural network

Variable

1. y †34

2. g †
3. m †12

Ž . Ž .4–5. min h ,h ,max h ,h †3 4 3 4
Ž .Ž .6. 1yh 1yh †3 4

47. Ý h †is1 i
Ž . Ž .8–9. min h ,h ,max h ,h1 2 1 2
Ž . Ž .10–11. min m ,m ,max m ,m3 4 3 4

12. B, event broadening.
13. E , lowest jet energy.min

Ž .14. min m , lowest di-jet mass.i j

The variables marked with † are common to the NN-based and
cut-based selections and are described in Sections 4.3 and 4.3.1.
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q yt t qq selections. All of the neural networks are
fully-connected multi-layer feed-forward networks
trained with back-propagation algorithms using exist-

w xing programs 23 . During an initial training phase,
patterns composed of sets of discriminating variables
are presented to the neural network, and the network
weights are optimized to produce an output near one
for signal patterns and near zero for background
patterns.

The architecture and training details of the neural
networks are summarized in Table 3. These parame-
ters are chosen based upon optimal performance in
Monte Carlo simulation. Each network is trained
with Monte Carlo simulation of HZ signal samples
as well as samples of background processes.

For the four-jet final state, only the correct pairing
in HZ™bbqq events is presented to the neural
network as the signal pattern during the training
phase.

The input variables used for the anti-qq neural
network in the Hqq channel are listed in Table 4.

The input variables used for the anti-WqWyneu-
ral network in the Hqq channel are listed in Table 5.
The event broadening is computed using the two
event hemispheres defined by the plane perpendicu-
lar to the event thrust axis; the quantity B ishemi

computed for each hemisphere:
Ntracks

Np NÝ t i
is1B s ,hemi Ntracks

Np NÝ i
is1

where N is the number of tracks in the hemi-tracks

sphere, p is the momentum of the ith track, and pi t i

is the transverse momentum of the ith track with
respect to the thrust axis. The event broadening B is
the smaller of the two B values.hemi
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Chapter 4

The ALEPH Experiment

4.1 LEP

LEP (1989-2000), the Large Electron–Positron storage ring at CERN, has been built

in order to make precision studies of the electroweak interaction and, if possible, to

discover new physics phenomena. It can be looked upon as a factory for the production

of the electroweak gauge bosons Z and W± through e+e− annihilation. LEP was

operated in two phases. During phase 1, also called LEP1 (1989-1995), when LEP

was mainly 1 running at a centre-of-mass energy of 91.2 GeV (≈ mZ), the Z boson was

mass-produced with up to about ten thousand Z particles created per day. During

phase 2, also called LEP2 (1996-2000), when the centre-of-mass energy was increased

beyond the threshold for the pair production of the W boson, of the order of ten W±

pairs were produced per day. For the cross sections of these and other processes see

Figure 3.1. Because electrons and positrons have opposite charges they can circulate in

opposite directions in the same arrangement of focusing and bending magnets. Hence,

LEP consisted of a single ring, with the shape of an octagon with rounded corners

(eight straight sections of about 500 m each and eight arcs alternating around the

circumference of 27 km). The 3368 dipole magnets in the arcs bend the e+ and e−

beams, whereas the focusing is done with 808 quadrupole and 504 sextupole magnets

installed both in the straight sections and in the arcs. The e+ and e− beams are

concentrated in 4 bunches 2, where a bunch of particles is about 1 cm long, has a width

of ∼ 350 µm and a height of ∼ 10 µm. For counterpropagating beams this gives 8

collision points which are arranged in the centers of the straight sections. Detectors

measuring the products of the collisions were installed at every second collision point

(see Fig. 4.1).

1In the years 1989, 1990 and 1991 energy scans were performed at 1 GeV intervals over a 7 GeV
range centred at the Z peak, whereas in the years 1993 and 1995 the scans were limited to running at
energies of 91.2 and 91.2±2 GeV.

2Also other schemes have been tried, like using bunch trains.
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Figure 4.1: The layout of the CERN LEP collider at the French-Swiss border near
Geneva. The ALEPH experiment was situated near the Jura mountains, 140 meters
below surface.

During phase 1 the acceleration was performed using a copper radio-frequency (RF)

system working at room temperature and consisting of 128 five-cell RF cavities with

a potential voltage of 400 MV. In parallel with the successful operation at the Z peak

until 1995, research and development was being carried out to provide the technology

and production techniques for high gradient superconducting (SC) cavities. In 1995

few test modules of SC cavities were installed which allowed the energy to be raised to

70 GeV/beam (LEP1.5).

Phase 2 officially began in 1996 when the energy reached the threshold for the

production of W± pairs for the first time, after about half of the SC cavities forseen

had been installed. Physics data was taken at centre-of-mass energies of 161 and

172 GeV. During the winter shutdowns of the next two years most of the remaining

superconducting cavities were installed, raising the total number to 272. In the year

1998 LEP was operated at the single energy of 94.5 GeV per beam and delivered

a record integrated luminosity of almost 200 pb−1 per experiment. One year later,

in August 1999, LEP achieved its unofficial design energy for phase 2 when it was

running at 100 GeV per beam, i.e. at a collision energy of 200 GeV. At this energy

LEP operated at the limit on many fronts; in particular the radio-frequency system

which, optimistically designed for accelerating gradients of 6 MV/m, had to operate all
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Figure 4.2: The integrated luminosity collected with the ALEPH detector at LEP in
the years 1989-2000 as a function of the centre-of-mass energy (the histogram is in
bins of 1 GeV). The total integrated luminosity is ∼ 179 pb−1 around the Z peak and
∼ 715 pb−1 at LEP2 energies. The increase of the centre-of-mass energy during the
LEP2 phase is indicated by the year numbers.

288 cavities at an average gradient of 7 MV/m. The total RF voltage per turn needed

was 3400 MV, and the synchrotron radiation beam power at this energy was 18 MW.

An overview of the various energies, the number of SC cavities installed and the total

RF voltage available is given in Table 4.1. The steps of increase in energy during the

years can also be seen in Figure 4.2, which shows the integrated luminosity collected

by the ALEPH experiment as a function of
√
s.

In the final year of LEP running, i.e. the year 2000, with the utmost effort 3 more

than 200 pb−1 of data were collected at centre-of-mass energies greater than 205 GeV

and the highest energy achieved for a short time was 209.2 GeV. Despite a request from

the physics community to continue in 2001, CERN’s Director General decided to shut

down LEP forever on November 17th, 2000.

4.2 The cavity story

A significant increase in energy in the year 2001 would not have been possible (though

there was space for putting more cavities), because the production of SC cavities was

stopped 4 already in 1997, and no spare ones were available. It was estimated that an

energy of 220 GeV could have been reached, if all the space available would have been

3For example, the nominal radio-frequency of 352 MHz was reduced by about 100 Hz to benefit
from the dipolar magnetic field seen by the beams in the focusing quadrupoles, effectively increasing
the bending radius of LEP (cf. next section). Using (otherwise unused) orbit correctors to act as
magnetic dipoles had a similar effect.

4The production was stopped mainly as a result of the pressure on getting LHC approved and
because it was claimed (cf. Chapter 7 on indirect searches) that the Higgs boson would most probably
be lighter than 100 GeV anyway. To get new SC cavities produced would have taken more than a
year, as stated by the CERN accelerator director [28].
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filled with SC cavities. Since for the discovery of the Higgs boson at LEP it is crucial

to run at the highest possible energy, in the remaining part of this section the theory

behind the question on the maximum energy of a collider is briefly discussed.

A relativistic charged particle with energy E moving on a circle with radius r loses

energy by synchrotron radiation according to the formula [29]

δE =
1

4πε0

4π

3

e2β3γ4

r
≈ 8.85 · 10−2 (E[GeV])4

r[m]
, (4.1)

where δE is the energy loss per turn (in units of MeV for the term on the right hand

side). Using the bending radius r = 3.1 km in the dipole magnets at LEP, the relative

energy loss δE/E for typical beam energies at the two LEP phases is given in the

following table:

LEP 1: 45.6 GeV 0.27%
Ebeam = δEbeam/Ebeam =

LEP 2: 100 GeV 2.85%.

This means, for example, that in order to maintain stable beams at
√
s = 200 GeV in

theory a minimum RF voltage of 2850 MV is necessary to compensate for the energy

losses. In reality, with this RF voltage the LEP accelerator was only operated at an

energy of
√
s = 189 GeV (cf. Table 4.1), with a safety margin of 200 MV (allowing two

klystrons to trip without losing the beams). In the final year of LEP running the beam

energy was increased slightly by reducing this safety margin to 100 MV, with only a

moderate reduction of the average fill duration.

Year
√
s (GeV) # Cu cavities # SC cavities RF (MV)

1989-1995 mZ 128 none 400
1996 161, 172 128 144, 176 1600, 2000
1997 183 52 240 2500
1998 189 52 272 2850
1999 192 → 202 48 288 3000 → 3550
2000 205 → 209.2 56 288 3650

Table 4.1: Number of copper and superconducting cavities installed in the LEP tunnel
in various years of running at the energies given in column two. The last column shows
the total RF voltage available.
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4.3 The ALEPH detector

The papers presented in this Habilitationsschrift are based on data taken with the

ALEPH detector 5. This general-purpose detector for measuring particles created in

e+e− collisions is shown in Fig. 4.3 and described in detail in [30–32]. It can briefly be

characterized as a universal detector fitted with a very large-diameter track chamber,

a high magnetic field from a superconducting coil and gas calorimeters.

Interesting physics events are selected using a flexible three stage trigger system.

The Level-1 trigger makes a decision within 5 µs based on analog signals from the main

detector components (energy deposition in the calorimeters, track segments from the

tracking devices). Since the time between two successive beam crossings is 22 µs (with

four bunches per beam), this trigger level operates with no dead time. If the Level-1

answer is positive, the Level-2 trigger, based on hard-wired processors, looks for tracks

in the time projection chamber (TPC) coming from the beam interaction region. It

has to make a decision whether the event should be thrown away or kept for further

Figure 4.3: The ALEPH detector: 1. silicon vertex detector, 2. drift chamber, 3. time
projection chamber, 4. electromagnetic calorimeter, 5. superconducting magnet coil,
6. hadron calorimeter, 7. muon chambers, 8. luminosity monitors.

5By the time of this writing the ALEPH detector has already been dismantled and parts of it have
been distributed to various institutes that have participated in the ALEPH experiment.



66 CHAPTER 4. THE ALEPH EXPERIMENT

inspection by the Level-3 trigger system within 50 µs. Finally, the Level-3 trigger tries

to identify genuine e+e− interactions with the help of information from all detector

components. If positive, the event is read out and written on a storage medium, where

is it then available for offline reconstruction.

Event rates were already low at LEP1 (with a rate of ∼ 0.5 Hz for Z events at the

peak), but they are even lower at LEP2. Therefore the trigger system just has to reduce

the background, mainly coming from beam gas interactions and off momentum beam

particles hitting the vacuum pipe or the collimators somewhere close to the detector,

to a manageable level. The trigger efficiency for hadronic Z decays was measured [31]

to be practically 100%. As a consequence at LEP2 the efficiency for triggering events

which contain a standard model Higgs boson of a mass comparable to mZ is also

close to 100%, mainly because in about 92% of these events the Higgs boson decays

hadronically (cf. Sec. 3.2) and because for the majority of the remaining events (where

H → τ+τ−) there is a Z particle that decays hadronically. These are practically the

only topologies that the standard model Higgs boson is searched for at LEP2 anyway

(except for HZ → τ+τ−`+`−; for details see Sec. 3.3).

4.3.1 Energy flow

Offline reconstruction of an event yields the 4-momenta of charged and neutral particles

that best fit the signals registered with the detector. Charged particles reconstructed in

the tracking devices are assumed to be pions if they are not identified as electrons (by

their shower profile in the electromagnetic calorimeter) or muons (with the help of the

hadron calorimeter and the muon chambers). Neutral particles are reconstructed from

energy deposits in the calorimeters. However, also charged particles lose energy in the

calorimeters. To solve this problem, but also in order to calculate the total energy of an

event (which ideally should be 2Ebeam), the so-called energy flow algorithm [31] has been

developed. It subtracts the energy that the charged particles are expected to deposit in

the calorimeters from the energy of the measured calorimeter objects. The remaining

energy in the calorimeters is used to identify photons (neutral electromagnetic energy)

and neutral hadrons.

The output of the energy flow algorithm is a set of energy flow objects (electrons,

muons, photons, charged and neutral hadrons). These energy flow objects in turn are

the input to the Higgs search analyses, e.g. they are used to define jets, calculate event

shape variables and invariant masses, or any other event characteristic. In the context

of the energy flow algorithm the ALEPH detector as a whole effectively behaves like a

single big calorimeter with a relative energy resolution of [31]

σ(E)

E
=

0.60√
E

+
0.6

E
(E in GeV) (4.2)
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as obtained for well contained 6 hadronic Z decays (cf. Fig. 4.4). This lies in between

the ideal performances (particles at normal incidence) of the electromagnetic and the

hadron calorimeters, where the corresponding coefficients in front of the 1/
√
E term

are 0.18 and 0.85, respectively, but is a factor of two better then the energy resolution

obtained by simply summing up all the energy deposits in the calorimeters.
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Figure 4.4: Distribution of the total energy for hadronic Z decays as calculated with the
energy flow algorithm in the context of an analysis [33] of ALEPH data taken in 1992 at
the Z peak. A Gaussian fit (shown on top of the histogram) has been performed in the
range 86 GeV < E < 100 GeV, giving a mean value 7 of 90.14 GeV (vertical line) and a
width of 6.3 GeV, in agreement with Eq. (4.2). This range has been chosen because for
E <∼ 86 GeV the distribution quickly gets asymmetric due to energy losses, not due to
the detector or the algorithm, but due to physics processes like initial state radiation
or neutrinos from heavy quark decays. This distribution is nicely reproduced [31] with
the Monte Carlo simulation of the ALEPH experiment by using events from an event
generator.

6Well contained means: no energy deposit within a cone of 12◦ around the beam axis and less than
10% of the total energy within a cone of 30◦ around the beam axis.

7The mean value of the fit is lower than the nominal centre-of-mass energy used in 1992 by about
1 GeV. A Monte Carlo study shows that half of this is due to the neutrinos and the other half is due
to energy escaping undetected at very low angles to the beam axis. The latter can be improved by
requesting well contained events (which was not done in [33]).
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4.3.2 b-tagging

For masses 10 <∼ mH
<∼ 130 GeV/c2 the standard model Higgs boson decays predom-

inantly into a pair of b-quarks. Therefore a key element for finding the Higgs boson

at LEP2 is a tool (hardware and software) that allows the detection of B-hadrons,

i.e. particles containing a b-quark. B-hadrons can manifest themselves in several ways.

Their mean lifetime of about 1.5 ps, for example, allows them to travel (on average) a

few mm away from the interaction point before they decay at a separate vertex. An-

other indication for the presence of a B-hadron in an event is a lepton with a relatively

high transverse momentum with respect to the jet axis (as a result of a semileptonic

B-decay).

On the hardware side a so-called vertex detector (VDET) serves the purpose of

detecting B-hadrons by very precisely 8 measuring charged tracks near the interaction

point, which allows to reconstruct the displaced vertices of the B-decays. Motivated

Figure 4.5: VDET2, the upgraded ALEPH silicon vertex detector.
Left: The cylindrical detector consists of two concentric shells of so-called VDET faces,
with average radii of 6.3 cm (9 faces) and 11 cm (15 faces). Right: Two views of a
VDET face. Each face consists of 6 double sided silicon strip detectors with dimensions
52.6 × 65.4 × 0.3 mm.

8The hit resolution of the upgraded VDET is 12 µm in the azimuthal direction and 15-50 µm in
the z-direction (along the beam line) for incident angles between 0◦ and 70◦.
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by the desire to increase the efficiency for the detection of the Higgs boson decay

into pairs of b-quarks, the ALEPH collaboration decided to upgrade the previously

installed VDET for the LEP2 data taking. The new silicon vertex detector, called

VDET2 (see Fig. 4.5), was installed during the spring of 1996. VDET2 extended the

angular coverage up to | cos θ | ≤ 0.95 (being twice as long as before) and reduced the

material present in the tracking volume by about a factor of two.

On the software side so-called b-tagging algorithms have been developed that give

a measure of the probability that a jet originates from a primary b-quark. They use

information available through special detector components (like the VDET), but also

global event information (like the multiplicity and the transverse momenta of particles

in a jet) available through the energy flow objects. To benefit from all the information

simultaneously, in the searches for the Higgs bosons up to six variables discriminating

between b-jets and light quark jets are combined into one global variable. The task

of deciding how much weight to give to each discriminating variable is performed by

a so-called Neural Network on an event by event basis. Details of this procedure are

given in the paper of Sec 5.4.



Chapter 5

General Two Higgs Doublet Models

One Higgs doublet is the minimum number needed for the Higgs mechanism to work,

but there is no strong theoretical argument which favors this minimal choice. On the

other hand, given the fact that at the moment there is no experimental information

concerning the Higgs sector, it is difficult to judge how the standard model should

be extended. To be clear: from an experimental point of view at the moment there

is no reason to be unhappy with the standard model since it successfully describes

all measurements within the statistical scatter. Arguments that try to “discredit” the

standard model are mainly of a theoretical nature. As a consequence, in deciding which

options are worthy of discussion theoretical arguments must be a guideline.

As mentioned earlier, doublets are the only SU(2) representations of the Higgs fields

that lead to mW = mZ cos θW at tree level, as favored by the experiment. Therefore

this chapter will be restricted to the discussion of the implications of models with

just one more Higgs doublet, called two Higgs doublet models (2HDM). A special case

of a 2HDM is the so-called minimal supersymmetric extension of the standard model

(MSSM), which explicitly requires two doublets of scalar Higgs fields (cf. next section).

Two Higgs doublet models are usually built in such a way as to guarantee the

absence of tree level flavor-changing neutral currents, which have not been observed

experimentally. This is achieved by requiring that all fermions of a given charge couple

to no more than one Higgs doublet. With this restriction there are basically four

different ways [13] in which the Higgs doublets can couple to fermions in the framework

of 2HDM. The most common choice, called type II models (which is also the structure

assumed in the MSSM), is where one of the Higgs doublets couples both to down type

quarks and to leptons, and the other doublet couples to up type quarks. Another

choice is the type I models, where only one of the Higgs doublets is allowed to couple

to fermions (a special case of such a model leads to a so-called fermiophobic Higgs

boson, which is also searched for in the ALEPH experiment). The remaining two types

are of minor importance.
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Given the two complex SU(2) doublet scalar fields Φ1 and Φ2 one has to define the

Higgs potential, which in the most general gauge invariant form is given by [13]

V (Φ1,Φ2) = λ1(Φ
†
1Φ1 − v2

1)
2 + λ2(Φ

†
2Φ2 − v2

2)
2

+λ3

[

(Φ†
1Φ1 − v2

1) + (Φ†
2Φ2 − v2

2)
]2

+λ4

[

(Φ†
1Φ1)(Φ

†
2Φ2) − (Φ†

1Φ2)(Φ
†
2Φ1)

]

+λ5

[

Re(Φ†
1Φ2) − v1v2 cos ξ

]2

+λ6

[

Im(Φ†
1Φ2) − v1v2 sin ξ

]2
. (5.1)

Here the λi are real parameters and the vi are the vacuum expectation values of the two

doublets. The phase ξ has to be introduced if the Higgs sector should accommodate CP-

violation, which is not considered further here. To have a non-trivial absolute minimum

of the Higgs potential the λi are required to be non-negative. At this minimum the

two doublet fields are given by

Φ1, g.s. =

(

0
v1

)

and Φ2, g.s. =

(

0
v2

)

, (5.2)

where there are no factors of
√

2 compared to (2.14) because of the special parametriza-

tion of the potential V in terms of the vi. The Higgs and Goldstone fields are obtained

by expanding the fields Φi around the minima. One of the most important parameters

in the phenomenology of 2HDM (especially in the MSSM) is the ratio of the vacuum

expectation values for the two scalar fields, defined as

tanβ :=
v2

v1
. (5.3)

It is also convenient to define

v :=
√

v2
1 + v2

2 , (5.4)

where v has the same meaning and the same value as in the standard model, i.e. it

is fixed by the W mass through (2.16). The next step, namely extracting the masses

and the couplings of the fields, closely follows the procedure outlined in Sec. 2.3.1 for

the standard model, though in the case of two doublets it is more complicated. For

details see Ref. [13]. Here only the most important results are quoted. Spontaneous

symmetry breaking puts three out of the eight degrees of freedom of the scalar fields

into the longitudinal polarization states of the W and Z bosons. The remaining five

give rise to the following scalar particles:

– a pair of charged Higgs bosons H±,

– a CP-odd neutral Higgs boson A

– and two CP-even neutral Higgs bosons h and H, with the usual convention that

h is the lighter of the two.
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The physical Higgs mass eigenstates h and H are orthogonal linear combinations of the

neutral CP-even Higgs fields (Reφ0
1 − v1) and (Reφ0

2 − v2), where φ0
i is defined as the

lower component of the scalar doublet Φi (cf. Eq. 2.15):

H =
√

2
[

(Reφ0
1 − v1) cosα + (Reφ0

2 − v2) sinα
]

,

h =
√

2
[

−(Reφ0
1 − v1) sinα+ (Reφ0

2 − v2) cosα
]

. (5.5)

Whereas the standard model has only one unknown parameter, CP-conserving 2HDM

have six free parameters in the Higgs sector, which are

• the four Higgs boson masses mh, mH, mA and mH± ,

• the ratio of the vacuum expectation values tanβ

• and the mixing angle α of (5.5).

The angles α and β are chosen such that −π/2 ≤ α ≤ 0 ≤ β ≤ π/2. Fermion masses

arise due to Yukawa coupling. Equations similar to (2.27) hold, where v has to be

replaced by either v1 or v2, depending on which Higgs doublet couples to the fermion

in question. As mentioned above, the CP-even neutral Higgs fields mix. Rotating

the weak eigenstates to the mass eigenstates one obtains the dependence of the Higgs

boson couplings to the fermions and gauge bosons on the parameters α and β. In the

case of the gauge bosons the Higgs couplings follow from gauge invariance and thus are

model independent. Here we are interested in the hZZ vertex (cf. Fig. 5.1a), which is

the relevant one for the experimental Higgs boson searches at LEP2 (the Higgs boson

H is too heavy to be produced at LEP2). The vertex factor is given by (leaving out

possible factors of i)

g
hZZ

=
gmZ

cos θW
sin(β − α). (5.6)

There are no tree level couplings of A or H± to WW or ZZ. However, trilinear couplings

of two different Higgs bosons to one gauge boson exist. At LEP2 the hAZ vertex is

relevant (cf. Fig. 5.1b). Also in this case gauge invariance determines the strength of
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Figure 5.1: Tree level Feynman diagrams for Higgs boson production in 2HDM: a) the
Higgs–strahlung process, b) associated production and c) pair production of charged
Higgs bosons.
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the coupling:

g
hAZ

=
g

2 cos θW
cos(β − α). (5.7)

In (5.6) and (5.7) one of the couplings can be suppressed if either sin(β−α) or cos(β−α)

is small, but they cannot both vanish simultaneously. This feature is exploited in the

search for the neutral Higgs bosons h and A. The tree level Feynman diagram for the

production of charged Higgs bosons in given in Fig. 5.1c.

5.1 Supersymmetry and the MSSM

As shown above, it is relatively straightforward to extend the minimal (one-doublet)

Higgs sector of the standard model. However, there are a number of theoretical reasons

to suppose that the standard model itself is only part of a more general theory. Indeed,

it is some deep-rooted problems in the Higgs sector of the standard model, referred to as

naturalness, fine tuning and hierarchy problems (reviewed e.g. in [34,35]), that have led

people to look beyond the standard model. Another shortcoming of the standard model

comes from its inability to include in a consistent way gravity. Attempts to include

gravity within the framework of quantum field theories lead to a non-renormalizable

theory. Radiative corrections become more and more divergent in higher orders of

perturbation theory, which is also at the heart of the problems mentioned above.

Symmetries have proven to be very useful in physics. As mentioned in Chapter 2,

the symmetry of gauge theories allowed to get rid of divergencies when calculating

higher order processes (“renormalization procedure”). Below it will be shown that

introducing a new symmetry can solve the hierarchy problem, thereby restoring natu-

ralness.

5.1.1 The hierarchy problem of the standard model

In the standard model, the calculation of first order corrections to the Higgs boson mass

squared yields the following quadratically divergent expression arising from standard

model particle loop graphs (cf. Fig. 5.2):

δm2
H ∼ g2

∫ Λ d4k

k2
∼ g2Λ2 (5.8)

Here g is the coupling between the Higgs boson and the fermion and Λ acts as a

cut-off parameter for the effective standard model theory, which is assumed to be

embedded in a more complete theory at scale Λ. As mentioned in Sec. 2.5, Λ can be

smaller than the Planck scale. For example, calculations using renormalization group

equations show [36] that the three gauge couplings approach each other at the energy



74 CHAPTER 5. GENERAL TWO HIGGS DOUBLET MODELS
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Figure 5.2: Feynman diagrams of loop graphs contributing to quantum corrections to
the Higgs boson mass.

scale ΛGUT ∼ 1014−1016 GeV (cf. Fig. 5.3-left), therefore it is tempting to assume that

a so-called grand unifying theory (GUT) sets in there.

GUTs (including the standard model) have two energy scales:

• the electroweak scale v ∼ 102 GeV, which is also the scale where the mass of the

Higgs boson is expected (cf. Sec. 2.5 on mass bounds),

• and the GUT scale ΛGUT ∼ 1016 GeV,

but radiative correction destabilize the Higgs mass, trying to make it of the order of

ΛGUT. Keeping the radiative corrections small with respect to much larger energy

scales requires a procedure known as “fine-tuning”, which implies iterative adjustment

of the model parameters when going to higher order in perturbation theory. Of course

Figure 5.3: Running of the three gauge couplings in the standard model (left) and the
MSSM (right). In the MSSM gauge coupling unification is possible due to threshold
corrections from supersymmetric particles.
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renormalization could be applied here. However, in each order of perturbation theory

a fine tuning of O(10−14) would be needed, which is assumed to be “unnatural”.

These consideration have led to the invention of supersymmetry 1 (SUSY) [14],

which says that for each standard model particle there exists a so-called superpartner

with the same mass and couplings, but with half a unit of spin less (or more, as in

the case of scalar particles like the Higgs bosons). Table 5.1 displays the relationship

between ordinary particles and their superpartners. Obviously this symmetry can not

be exact since no scalar electron is known. Breaking the symmetry can be achieved by

introducing additional terms, called soft supersymmetry breaking terms, into the La-

grangian of the theory. For the phenomenology of supersymmetry breaking (mSUGRA,

GMSB) see Refs. [40, 41].

Anyway, a theory based on supersymmetry has to be structured in such a way as

to maintain the success of the standard model in describing precision electroweak data.

Consequently, this model is called the supersymmetric extension of the standard model

(MSSM).

Among others, the MSSM has the following properties:

• gauge coupling unification becomes exact (cf. Fig. 5.3-right);

• it can be extrapolated up to the large energy scales in a well defined way;

• the Higgs mass is stabilized by the introduction of superpartners; fermion and

boson contributions to δm2
H cancel in exact SUSY and naturalness is recovered.

In broken SUSY the correction to the Higgs mass is given by

δm2
H ∼ g2

(

m̃2 −m2
)

, (5.9)

where m̃ is the mass of the supersymmetric particle f̃ (see Fig. 5.4). Therefore, for

m̃ <∼ O(1 TeV) any fine tuning is avoided.

The conclusion is that it is natural to have a light Higgs boson in the MSSM

(mH ∼ v) because of the presence of a higher symmetry that cures the fine-tuning and

hierarchy problems. Moreover, the Higgs sector is stable at the electroweak scale even

in the context of high energy GUT scales.

H

f̃

Figure 5.4: Feynman diagram in SUSY canceling the quadratic divergent contribution
to δm2

H from the first diagram of Fig. 5.2 (the sfermion f̃ is a boson).

1Very elementary, supersymmetry is defined as a symmetry that connects bosons and fermions.
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5.2 The MSSM — its parameters and particles

As there is a section on the parameters and particles of the standard model (Sec. 2.4),

the equivalent section for the MSSM is given here. Not counting the standard model

paramters, the MSSM has 105 free parameters. With the assumption of universal

masses 2 for superparticles of the same spin, the 105 parameters can be reduced to

five free parameters. Usually they are chosen as the gaugino mass m1/2 (unifying the

mass parameters for the three types of gauginos — corresponding to the three gauge

couplings), the scalar mass m0 (unifying all squark and slepton masses), the (unified)

trilinear Higgs-sfermion coupling A0, tanβ and the sign of the Higgs mixing parameter

µ. In the literature this model is referred to as the constrained MSSM. The particle

content of the MSSM is displayed in Table 5.1.

particles spin superpartners spin

quarks q 1
2

squarks q̃L,q̃R 0

leptons ` 1
2

sleptons ˜̀
L,˜̀R 0

gauge bosons γ,Z,W±,g 1 gauginos 1
2

Higgs bosons h,H,A,H± 0 higgsinos 1
2

Table 5.1: Particle content of the MSSM. Since SU(2)×U(1) gauginos (photino, bino,
winos) and higgsinos of the same electric charge have the same quantum numbers they
can mix. The linear combinations forming the mass eigenstates are called neutralinos
(χ̃0

i , i = 1,4) and charginos (χ̃±
i , i = 1,2).

5.3 The Higgs sector of the MSSM

The minimal supersymmetric extension of the standard model requires 3 two doublets

of scalar Higgs fields to provide masses for the charged fermions. The first doublet

Φ1 (with hypercharge Y = −1) exclusively couples to charged leptons and down type

quarks, whereas the second doublet Φ2 (Y = +1) couples only to up-type quarks.

Therefore the MSSM is a 2HDM of type II. Furthermore, supersymmetry imposes

constraints on the Higgs sector of this model. For example, the terms of order four in

the Higgs potential have to respect supersymmetry. This imposes relations between

the λi of (5.1). Also the quartic couplings are not free but identical to the electroweak

gauge couplings (in contrast to the quartic coupling λ of the Higgs potential in the

2Most models assume the masses of the particles to be identical (unified) at high energies (GUT)
and only to differ at low energies.

3This requirement arises from a technical property of supersymmetric models.
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standard model, which is a free parameter). As a consequence of the new symmetry

two parameters are sufficient to parameterize the Higgs sector of the MSSM at tree

level, e.g. mA and tan β (also the combination mh and tanβ is used). Consequently,

the other four parameters mh, mH, mH± and α are calculable as a function of mA and

tan β [13]:

m2
h,H =

1

2

(

m2
A +m2

Z ∓
√

(m2
A +m2

Z)2 − 4m2
Am

2
Z cos2 2β

)

(5.10)

m2
H± = m2

A +m2
W (5.11)

sin 2α = − sin 2β

(

m2
H +m2

h

m2
H −m2

h

)

(5.12)

The mixing angle α is uniquely defined through (5.12), because by construction it lies

in the range −π/2 ≤ α ≤ 0.

5.3.1 Tree level mass bounds

A number of important inequalities can be derived from the expressions for the tree

level Higgs boson masses given in (5.10) and (5.11):

• mh < mZ (mh < min{mZ,mA})
• mH > mZ (mH > max{mZ,mA})
• mH± > mW (mH± > max{mW,mA}).

From the first line it follows that at least one light Higgs boson should exist in the

MSSM. An interesting limiting case occurs when mA gets large (mA � mZ at fixed

tan β), then from the above relations it follows that also mH and mH± get large and

the three Higgs bosons A, H and H± effectively decouple from the theory. Only the

single CP-even scalar h is left in the Higgs sector, and it is found to be identical to

the Higgs boson of the minimal standard model 4. This scenario [38], referred to as the

decoupling limit, is not restricted to the MSSM but also exists in general 2HDM.

The non-discovery of a Higgs boson at LEP would almost have ruled out the MSSM

according to the tree level mass relation mh < mZ (cf. the combined LEP limit mh >

91.0 GeV/c2 given in Table 1.1). However, when radiative corrections are included the

upper bound on mH is increased significantly, as shown in the next section.

5.3.2 Radiative corrections to the Higgs boson mass mh

In lowest order the mass of a Higgs boson depends only on the masses of the gauge

bosons as well as on the masses of the other Higgs bosons. Only in higher order

corrections from the interactions with fermions come in. As the coupling to a fermion

4This follows because it can be shown that in this limit the couplings of the h boson to fermions
and gauge boson are equivalent to those of the Higgs boson of the standard model.
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is proportional to the mass of the fermion, the largest effect is expected from the top

quark. Again, we are not interested in the value of the mass mh itself but in the upper

bound which, in one-loop 5 leading logarithmic approximation (LLA), is given by [39]

m2
h ≤ m2

Z cos2 β +
3g2m4

t

8π2m2
W

ln
mt̃1mt̃2

m2
t

, (5.13)

where t̃1 and t̃2 are the two top squark mass eigenstates. For cos β = 1, mt = 175

GeV/c2 and mt̃1 = mt̃2 = 1 (2) TeV one obtains

mh
<∼ 125 (136) GeV/c2. (5.14)

Actually this represents the strongest experimentally testable prediction of the MSSM.

This limit is very sensitive to the top quark mass, but also the mixing in the stop

sector, represented by the masses of the two top squarks, is important. Since the

experimental results refer to this mixing when quoting exclusion limits in the two-

dimensional [mh, tanβ] parameter space, more details are given here. The masses

of the physical top squarks are calculated by diagonalizing their mass matrix. The

off-diagonal elements of this 2×2 matrix are given by mt(At − µ cotβ), where the

parameters in the bracket have been mentioned in section 5.2 (At is the low energy

value of A0 for the case of the top squark). The scenario where the off-diagonal elements

are small compared to the diagonal elements is called “no-mixing”. On the other

hand “maximal mixing” occurs when the off-diagonal elements are of comparable size

to the diagonal elements. The definition used in paper 3 for “maximal mixing” is

(At −µ cot β) =
√

6MSUSY (and |µ| �MSUSY), MSUSY ∼ 1 TeV being the typical mass

scale of the SUSY particles.

5.3.3 Mass bounds in the [mh, tanβ] plane

In the preceding section an absolute upper bound on the mass of the lightest Higgs

boson of the MSSM has been given. However, for certain sets of parameters of the

model more restrictive bounds can be obtained (cf. Figure 2.4 for the case of the stan-

dard model, where the allowed range for mH is shown as a function of the parameter

Λ). While on tree level the bounds on mh depend only on tanβ, more parameters are

involved when higher order mass corrections are calculated. Usually the theoretically

excluded region in the [mh, tanβ] plane is shown for certain configurations of the addi-

tional parameters, called benchmarks sets. For example, the set of parameters which,

for each value of tan β, gives the largest possible upper bound on mh is referred to as

the mmax
h scenario. Three important scenarios [37] used in the Higgs searches at LEP2

are shown in Figure 5.5. Looking at these figures one finds that the range shown for

5The two-loop corrections to mh are typically O(20%) of the one-loop corrections and they are
negative.
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Figure 5.5: Theoretically disallowed regions in the [mh, tan β] plane for three MSSM
benchmark scenarios. Left: In the mmax

h scenario the parameters are chosen such as to
obtain the maximum possible value for mh as a function of tanβ. Middle: Same as be-
fore, but with no mixing in the stop sector. Right: This benchmark set is characterized
by a relativ large value for |µ|, the Higgsino mass parameter (from the superpotential).

tan β is not including zero, the reason being that theoretical considerations disfavor

values of tanβ smaller than 1. If tanβ becomes too small then the Higgs coupling to

top quarks gt ∼ mt/v2 becomes too strong, ultimately violating unitarity. Arguments

similar to those of Sec. 2.5, namely the requirement that the Higgs-fermion Yukawa

coupling remains finite when evolved (by means of the RGE) from the electroweak

scale to some large scale Λ [39,42], lead to 1.5 <∼ tan β <∼ 65 (for Λ = ΛGUT and mt =

170 GeV/c2).

It is the task of experimental physicists to compare their results with the perdictions

of theorists. In the case of the searches for neutral Higgs boson of the MSSM this

is usually achieved by adding the experimentally excluded regions in the [mh, tanβ]

plane to the plots of Figs. 5.5 (or vice versa). This way of presenting the results is

preferred because it can be shown that the experimental results are largely parameter

independent when displayed in the [mh, tanβ] plane.

5.3.4 Production and decay modes of neutral Higgs bosons in
2HDM and the MSSM

In two Higgs doublet models the production of the two neutral CP-even Higgs bosons

h and H through the Higgs-strahlung process

e+e− → Z∗→ hZ (HZ) (5.15)

is complemented by the so-called associated production of Higg bosons (cf. Fig. 5.1b)

e+e− → Z∗→ hA (HA). (5.16)
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The cross sections for these processes are given by

σ(e+e−→hZ) = sin2(β − α) σSM
HZ (5.17)

σ(e+e−→hA) = cos2(β − α) σSM
HZ · x , (5.18)

where σSM
HZ is the standard model cross section for Higgs-strahlung (given in Eq.3.1)

and the factor x = f
3/2
hA /[f

1/2
hZ (12m2

Z/s + fhZ)] accounts for the correct suppression

of the P-wave cross section near the kinematic threshold. The quantity fij = [1 −
(mi + mj)

2/s)][1 − (mi − mj)
2/s)] is the usual momentum factor of the two particle

phase space. Here and in the following the corresponding formulae for the heavy Higgs

boson H, which is to heavy to be produced at LEP2, can be obtained by making the

substitution sin ↔ cos in all trigonometric functions of the angles α and β that occur

in the formulae for the light Higgs boson h. The factors sin2(β−α) and cos2(β−α) in

(5.17) and (5.18) are a direct consequence of (5.6) and (5.7). Finally it is mentioned

that the cross section for WW fusion of the h is reduced by the same factor sin2(β−α)

as the cross section for Higgs-strahlung.

For the decay of the 2HDM Higgs bosons only decays into particles of the standard

model are considered. Moreover, at LEP2 only decays into fermion pairs are rele-

vant. The coupling of the standard model Higgs boson to fermions is given by mf/v

(cf. Eq. 2.28). As mentioned on page 72, v has to be replaced by v1 for the coupling

of the 2HDM Higgs bosons of type II to down type quarks and leptons, and by v2 for

the coupling to up type quarks. For example, the coupling to b quarks is given by

ghbb ∼ mb

v1
. (5.19)

From (5.3) and (5.4) we have v = v1/ cos β = v2/ sin β. Using this in (5.19) yields

ghbb ∼ mb

v cos β
. (5.20)

Down-type quarks exclusively couple to Φ1, therefore their coupling to h includes a

factor sinα, as can be seen from the definition of h in (5.5). Altogether, the decay

width for 2HDM is given by

Γhbb =
sin2 α

cos2 β
ΓSM

Hqq , (5.21)

where the standard model decay width ΓSM
Hqq is defined in (3.6). The same result is

obtained for the decay width into a lepton pair, but for up type quarks the substitution

sin ↔ cos has to be applied. If sin2 α is small in (5.21) the otherwise dominant decay

mode into bb can be highly suppressed. This is also true in the MSSM, where α and

β are not independent but related through (5.12).

For 2HDM of type I an equation similar to (5.21) holds for all fermions. Then, for

α = 0 the lightest Higgs boson h cannot decay into fermions. This feature is commonly

referred to as fermiophobic.
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5.4 P3 [26]: Search for the neutral Higgs bosons of

the MSSM in e+e− collisions at
√
s from 130 to

172 GeV

In the search for the neutral Higgs bosons of the MSSM, signal topologies associated

with the Higgs-strahlung process (cf. Fig. 3.6) are complemented with the hA → bbbb

and hA → bbτ+τ− search channels (cf. Fig. 5.6).

By taking into account the factor sin2(β−α) from (5.17) the results of the standard

model Higgs boson searches can be directly combined with the results of the hA search

analyses. The two hA search analyses are optimized for equal masses of the two neutral

Higgs bosons, i.e. mh = mA, in which case they have similar branching ratios. It turns

out 6 that for values of tanβ � 1 the neutral Higgs bosons h and A exclusively decay

into b-quarks (branching ratio ∼ 92%) and τ -leptons (branching ratio ∼ 7.6%). The

probability of having four b-jets in the final state therefore is 0.922 = 0.84.6. Clearly

b-tagging is very important for these analyses.

(a) (b)

hA → bb
–
bb

–
hA → bb

–
τ+τ–

84.6% 14.0%

Figure 5.6: The neutral Higgs bosons h and A of the MSSM are searched for in these
two event topologies (in addition to the Higgs-strahlung process). The branching ratios
of the hA decay topologies are given below the figures for the case where tanβ is large.

6For example, when the coupling of the h boson to down type fermions is large, the coupling to up
type fermions is small, as explained in the previous section. The same holds for the A boson.
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5.5 P4 [27]: Higgs searches at LEP2 with the ALEPH

detector

In the year 1998 ALEPH has taken 176 pb−1 of data at the single energy of 189 GeV.

The results of the Higgs search analyses of this data sample are combined with results

obtained at lower energies and presented in this paper.

Since the centre-of-mass energy is above the threshold of Z pair production, irre-

ducible background from ZZ → bbZ is expected in the search for the standard model

Higgs boson. As a consequence, full background subtraction is performed.

This paper also presents the results of the searches for charged Higgs bosons in the

context of two Higgs doublet models. The three characteristic final state topologies

are shown in Fig. 5.7.

H+H– → τ+ν
–

ττ
–ντ H+H– → cs

–
τ–ντ H+H– → cs

–
sc

–

Figure 5.7: Graphical illustration of the three event topologies in which the charged
Higgs bosons H± are searched for.

While the Z boson is invisible if it decays into neutrinos, the Higgs boson is invisible

to the detector if it decays into, e.g. neutralinos, which it can do in certain extensions

of the standard model. Figure 5.8 shows the dominant decay modes used in the search

for an invisibly decaying Higgs boson when produced through the Higgs-strahlung

process. The “acoplanar jets” final state is similar to the missing energy final state,

and for 100% branching ratio into invisible decays a similar limit as in the standard

model Higgs search is obtained.

h Z

e,µ

e,µ

χ

χ

h Z

q

q
–

χ

χ

Figure 5.8: Signal topologies of invisible Higgs boson decays. The signatures are an
acoplanar charged lepton pair (left) and an acoplanar pair of jets.
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HIGGS SEARCHES AT LEP2 WITH THE ALEPH DETECTOR

E. KNERINGER

Institut für Experimentalphysik, Universität Innsbruck, 6020 Innsbruck, AUSTRIA

ALEPH Collaboration

E-mail: Emmerich.Kneringer@uibk.ac.at

Data collected with the ALEPH detector at centre-of-mass energies between 130
and 189 GeV are used to search for Higgs bosons of the standard model and its
supersymmetric extensions. No evidence for a Higgs particle has been found in
256 pb−1 of LEP2 data. Mass exclusion limits were set.

1 Introduction

A neutral Higgs boson is required to complete the particle spectrum of the
standard model. Fits to electroweak data 1 from LEP, SLC and Tevatron
indicate that if the Higgs particle exists it has most probably a mass around
100 GeV/c2. The situation at LEP, which is summarized in Fig. 1 (left), shows
that we are getting more and more sensitive to this mass range.
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 (

pb
)

Signal cross-sections at 91,

161, 172, 183, 189 and 200 GeV
e

b-jet
b-jet

e

Figure 1: Left: cross section for the Higgs-strahlung process at the various LEP energies.
For a given energy the point on the curve indicates the standard model Higgs boson mass
exclusion limit obtained by a typical LEP experiment with the data taken at that energy.
Right: Higgs boson candidate event in the H`` channel (as seen by the ALEPH detector).

All mass exclusion limits given in this report are at 95% confidence level.
To get an idea of the sensitivity of a specific analysis the expected mass exclu-
sion limit 2 from gedanken experiments usually is also quoted. All the search
analyses use cut-based selections and/or neural network methods. We make
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extensive use of Monte Carlo simulations for the neural net training and the
setting of the selection cuts. No details of the preliminary analyses are given,
however, the references always point to the corresponding latest published
analysis.

2 The Standard Model Higgs Boson

At LEP2, the dominant Higgs production mechanism is the so-called Higgs-
strahlung process e+e−→ Z∗→ HZ. There are also minor contributions from
processes where the Higgs boson is generated through the fusion of two elec-
troweak gauge bosons. In the mass range accessible at LEP2, the Higgs boson
decays in 92% of the cases into two quark jets (91% of which are bb) and in
about 8% of the cases into τ+τ−. Combining these numbers with the branch-
ing fractions of the Z boson we obtain the branching fractions of HZ into the
following four characteristic event topologies:

• four jet channel: q′q′qq (64.6%)

• missing energy channel: Hνν (20.0%)

• lepton channel: H`+`−, ` = e or µ (6.7%)

• τ–channel: either H or Z decays to τ+τ− (8.7%)

Except for the lepton channel, a high b-quark content is required for the quark
jets coming from Higgs boson decay. In all channels the invariant mass of the
decay products of the Z must be compatible with mZ. The results of the HZ
analyses 3 applied to data taken with the ALEPH detector 4,5 at 189 GeV are
summarized in Table 1.

Table 1: Signal efficiencies ε, expected number of signal events Nexp
95

for mH = 95 GeV/c2,
background expectation from standard model processes Nexp

bkg
, background from ZZ events

Nexp

ZZ
(dominant background source; irreducible) and number of observed events in 170 pb−1

of ALEPH data taken at
√

s = 189 GeV for the HZ decay topologies.

Selection ε Nexp
95

Nexp

bkg
Nexp

ZZ
Nobs

bbqq 39.3% 7.7 18.5 10.1 20

bbνν 24.3% 1.6 3.7 3.1 7

bb`+`− 72.9% 1.5 13.2 11.8 13

bbτ+τ− 20.1% 0.2 0.8 0.6 2
τ+τ−qq 18.9% 0.3 1.8 1.2 0

total 11.3 38.0 26.8 42
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The analyses for the four individual channels are optimized in such a way
that the combination of these analyses gives the best global HZ searches analy-
sis. The definition used here for ‘best analysis’ is: the analysis which gives the
highest expected Higgs mass exclusion limit under the hypothesis that there
is no signal 2.

No signal is observed in 250 pb−1 of data (cf. mh distribution in Fig. 2)
which allows to exclude a standard model Higgs boson with a mass less than
90.4 GeV/c2, as shown in Fig. 2 (right). The expected limit is 93.4 GeV/c2.
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Figure 2: Left: distribution of mH of the selected events (points) and the expectation from
the standard model background processes (histogram) in HZ searches at

√
s = 189 GeV.

Right: observed (full line) and expected (dashed line) combined confidence levels for the
standard model Higgs search.

3 Neutral Higgs Bosons of the MSSM

The particle spectrum of the Higgs sector of the minimal supersymmetric ex-
tension of the standard model (MSSM) consists of five physical states, two
CP-even neutral bosons h and H (with mixing angle α and masses mh < mH),
one CP-odd neutral boson A and two charged bosons H±. At tree level, the
Higgs sector can be parameterized by two independent parameters, e.g. mh and
tan β = v2/v1, the ratio of the vacuum expectation values of the two Higgs
doublets. Only the h and A bosons are within the reach of LEP2. They are
expected to be produced in Z decays via the Higgs-strahlung process Z∗→ hZ,
with a cross section proportional to sin2(β − α), and via the associated pair
production Z∗→ hA, with a cross section proportional to cos2(β − α).
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These two processes are complementary, in the sense that if one cross section
is maximal the other is minimal and vice versa. Thus both processes must be
searched for. For the first process, the results from the hZ searches (Sec. 2)
can be used. The second process is searched for in the following two decay
channels:

• hA → bbbb (85%)

• hA → bbτ+τ−, τ+τ−bb (15%)

The performance of the two analyses 6 is reported in Table 2.

Table 2: Performance of the hA analyses at
√

s = 189 GeV: signal efficiencies, expected
number of signal events for mh = mA = 85 GeV/c2, background expectation and number of
observed events.

Selection ε Nexp
85

Nexp

bkg
Nobs

bbbb 58.3% 3.4 9.0 13

bbτ+τ− 24.0% 0.2 0.6 0

ALEPH preliminary

mA+mh (GeV/c2)

E
nt

rie
s/

(4
 G

eV
/c

2 )

0

1

2

3

60 80 100 120 140 160 180 200

mh (GeV/c2)

ta
nβ mtop = 175 GeV/c2

MSUSY=1 TeV/c2

Maximal mixing

Excluded at 95% C.L.

ALEPH
preliminary

1

2

3

4
5
6
7
8
910

20

30

40
50

0 20 40 60 80 100 120 140

Figure 3: Left: distribution of mA+mh of the selected events (points) and the expectation
from the standard model background processes (histogram) in hA searches at

√
s = 189 GeV.

Right: experimentally excluded region in the [mh,tan β] plane (after combination with the
hZ searches). The dark area represents the theoretically forbidden region for the case of
‘maximal stop mixing’ (dashed-dotted curve for the ‘no stop mixing’ case).

No signal is observed in the data, as can be seen in Fig. 3 (left). This allows
to set an upper limit on the cross section for hA production as a function of
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mh, which implies an upper limit on cos2(β − α) as a function of mh. On the
other hand, the hZ searches interpreted in this way result in an upper limit
on sin2(β − α) as a function of mh. Combining the hZ and hA searches in an
optimal way 2 leads to an excluded region in the two-dimensional parameter
space [mh, sin2(β−α)], which usually is translated to the [mh, tan β] plane, as
shown in Fig. 3 (right). For tanβ ≥ 1 we find that ALEPH data up to centre-
of-mass energies of 189 GeV exclude the h and A Higgs bosons of the MSSM
with masses less than 80.8 and 81.2 GeV/c2, respectively, i.e. the neutral Higgs
bosons must be heavier than the W boson if tanβ ≥ 1.

4 Charged Higgs Bosons

In the MSSM charged Higgs bosons are heavier than W bosons. This restric-
tion does not hold for general two doublet models, which are very attractive
theoretically because of the absence of flavor changing neutral currents and the
relation mW = mZ cos θW holding at tree level. The H± has the same decay
modes as the W±, but since its coupling is proportional to the charged fermion
masses, it dominantly decays into the heaviest energetically allowed fermion
pair of the quark and lepton families. Whether H± decay preferentially into
quarks or leptons depends on other parameters of the model. Therefore, the
search for pair-produced H+H− is performed in the following three channels:

• leptonic channel: τ+ντ τ−ν̄τ

• mixed channel: cs̄τ−ν̄τ

• hadronic or four jet channel: cs̄sc̄

The performance of these analyses 7 is summarized in Table 3.

Table 3: Efficiencies ε, number of standard model background events expected Nexp

bkg
and

number of observed candidates Nobs for the three charged Higgs boson analyses at a centre-
of-mass energy of 189 GeV, as functions of the charged Higgs mass. For the four jet channel,
numbers are quoted within a ±3 GeV/c2 window around the assumed Higgs boson mass.

mH± τ+νττ−ν̄τ cs̄τ−ν̄τ cs̄sc̄

(GeV/c2) ε (%) Nexp

bkg
Nobs ε (%) Nexp

bkg
Nobs ε (%) Nexp

bkg
Nobs

50 33.5 15.5 20 35.6 9.4 11 40.1 15.1 18
55 35.2 15.5 20 37.2 9.4 11 38.4 22.8 23
60 38.2 15.5 20 37.4 9.4 11 37.6 28.0 19
65 35.2 15.5 20 34.8 9.4 11 37.2 30.6 28
70 39.9 15.5 20 28.1 9.4 11 36.4 32.7 35
75 40.8 15.5 20 19.1 9.4 11 34.6 55.1 40
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Figure 4: Left: distribution of the dijet mass distribution as obtained after applying all
cuts of the cs̄sc̄ selection; shown are 189 GeV data (dots), background Monte Carlo (his-
togram) and the polynomial parameterization of the background (full line). Also shown is
the Monte Carlo expectation for a signal with mH±= 70 GeV/c2 (dashed line) with arbi-
trary normalization. Right: limit on the mass of charged Higgs bosons as a function of
B(H+→ τ+ντ ). Shown are the expected (dash-dotted) and observed (full) exclusion curves
for the combination of the three charged Higgs boson analyses. The shaded area is excluded
at 95% C.L.

The search for charged Higgs bosons in the three final states τ+ντ τ−ν̄τ ,
cs̄τ−ν̄τ and cs̄sc̄ has been performed using 175 pb−1 of ALEPH data col-
lected at

√
s = 189 GeV. No evidence of Higgs boson production was found

(Fig. 4 left) and mass limits were set as a function of the branching ratio
B(H+→ τ+ντ ). The result of the combination of the three analyses is dis-
played in Fig. 4 (right) where the curves corresponding to expected and ob-
served confidence levels of 95% exclusion are drawn. As can be seen from this
figure, charged Higgs bosons with masses below 62.5 GeV/c2 are excluded at
95% C.L. independently of B(H+→ τ+ντ ), where the expected mass exclusion
limit is 68.5 GeV/c2.

5 Invisible Higgs Boson Decays

Many extensions of the standard model allow for the Higgs boson to decay
invisibly, e.g. into a pair of lightest neutralinos when the neutralino χ is light
enough. Since the Higgs boson is produced through the Higgs-strahlung pro-
cess hZ, this leads to the following two event topologies:

• a pair of acoplanar leptons, when Z → e+e− or Z → µ+µ−
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• a pair of acoplanar jets, when the Z decays hadronically

where the acoplanarity is defined as the azimuthal angle between the two lepton
or jet directions. Two analyses 8 are designed for the two channels. When
they are applied to ALEPH data taken at

√
s = 189 GeV, 33 candidates are

found, in agreement with 33.6 events expected from all background processes
(cf. Table 4). The distributions of the reconstructed Higgs boson masses are
shown in Fig. 5 (left).

Table 4: Performance of the acoplanar lepton and acoplanar jet pair analyses.

Selection Nexp

bkg
Nobs

h`+`− 4.3 5
hqq 29.3 28
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Figure 5: Left: distribution of the reconstructed Higgs boson mass of the selected events
compared to the Monte Carlo expectation, for the acoplanar lepton and jet pair searches.
Right: region in the [mh, ξ2] plane excluded at 95% C.L. using only the hadronic channel
at 189 GeV.

Quite generally, the production cross section for invisible Higgs boson de-
cay can be parameterized as ξ2·σSM(e+e−→ hZ), where ξ2 is a model dependent
factor ranging from 0 to 1. One way of presenting the result of the negative
searches is to calculate the 95% C.L. level upper limit on the production cross
section of the invisibly decaying Higgs boson in units of σSM(e+e−→ hZ) as a
function of mh, which is shown in Fig. 5 (right).
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6 Summary

In this report, an overview has been given of the present status of Higgs boson
searches with the ALEPH detector. The results are mainly based on the anal-
ysis of data taken at 189 GeV centre-of-mass energy. When the data taken at
lower energies are included in the analyses the 95% confidence level exclusion
limits improve slightly.

For the standard model Higgs boson we find mH > 90.4 GeV/c2 at 95%
C.L. using 250 pb−1 of data taken at

√
s = 161, 172, 183 and 189 GeV. This

means that a Higgs boson with a mass equal to the Z mass just cannot be
excluded at 95% C.L. with ALEPH data taken up to the year 1998.

Including all lower energy data, for the neutral Higgs bosons of the MSSM
we obtain the limits mh > 80.8 GeV/c2 and mA > 81.2 GeV/c2 (valid for all
values of tan β ≥ 1).

From the analysis of 175 pb−1 of ALEPH data collected in 1998, the
charged Higgs bosons of general two doublet models are excluded below 62.5
GeV/c2 independent of their decay mode.

Finally, using the same data, invisibly decaying Higgs bosons are searched
for. For a production cross section equal to that of the standard model Higgs
boson, i.e. ξ2 = 1, masses below 92.8 GeV/c2 are excluded.
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Is there a Higgs signal or not?Chapter 6

Higgs Statistics

When an experiment is searching for a new particle several outcomes are possible. The

main scenarios are:

(a) Nothing is found because the experiment is not sensitive enough.

(b) Nothing is found where an effect should be seen. This rules out the theory which

predicts the particle.

(c) There is convincing evidence in the data for a new particle, which allows to claim

its discovery. If this occurs, the next step is to check that the particle has all the

properties predicted by the theory.

(d) The controversial case: there is an excess of events of a certain type, but this

could also be due to a “background fluctuation”. In this case the experiment has

to be redone if possible, or even better, an independent experiment should be

done.

In the search for the Higgs boson scenario (d) is actually the case at the end of

LEP2. Pessimists rather say that scenario (a) is true. Optimists, on the other hand,

vote for scenario (b) and say that all theories with mH < 114.4 GeV/c2 [43] are ruled

out (at the 95% confidence level), mH being the mass of the standard model Higgs

boson.

When an experiment is just at the limit of discovering a new particle the degree

of belief that there is evidence for the particle in the data as well as the degree of

belief that the data exclude the existence of the particle has to be quantified. Several

statistical procedures have been developed to solve this problem in various contexts.

Depending on the level of the expected background, for example, different methods

seem to be optimal. Therefore it is not surprising that at the beginning of LEP2 all

four LEP experiments used a different statistical method in their Higgs boson analyses

(see Table 6.1). This was not an issue as long as the collaborations only published their

own results. However, this became a problem when a combined result was requested.

In the same way as the Higgs boson is searched for in various subchannels in a single
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method type experiment
A frequentist likelihood method DELPHI
B Bayesian likelihood method L3
C event weighting method OPAL
D confidence level combination ALEPH

Table 6.1: Statistical methods used by the four LEP experiments to extract confidence
limits from the findings of the Higgs boson searches. For a description of these methods,
see Ref. [45]. Method A was finally chosen by the LHWG for combining the LEP results.

experiment, on a higher level, it can be seen as being searched for in sub-experiments of

a global experiment i.e. the four LEP experiments together. Therefore it was obvious

to apply the same techniques that were developed for combining subchannel results also

to the task of producing a LEP-combined result. For this purpose the LEP working

group for Higgs boson searches (LHWG) was established. When it compared the

performances 1 of the four statistical methods in use it found them to be similar [46].

However, the LHWG wanted to converge to one single method (and maybe just another

one, to be used for cross checks). In a meeting of the LHWG it was stated that the

method to be selected should have certain properties. The method should

• be statistically correct (which is, of course, true for all methods);

• provide limits and discovery indicators;

• be applicable in the same way also for the various searches for other Higgs bosons

(e.g. h, A or H±);

• allow a detailed error handling to be implemented;

• be fairly easy to understand and use;

• allow a certain degree of “insight” into the experiments inputs (in case of any

doubt on the result).

Finally, in February 2000 the LHWG decided to use method A (which fulfilled all the

requirements) for producing the then future combined results. Since in the papers

included in this Habilitationsschrift the statistical methods used are only briefly men-

tioned, the method preferred by the LHWG is described in more detail in the following

section. This should allow to better understand the numbers and plots shown when

the final LEP results on Higgs boson searches are quoted. It also gives credit to the

huge amount of work that has been put into optimizing the individual analyses with

respect to the statistical method used in order to obtain the best expected exclusion

limit.

1The performance of a method was defined as the 95% confidence level mass exclusion limits
(observed and expected on average) obtained, when combining the results of the four collaborations
(higher numbers = better performance).
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6.1 A statistical method for calculating confidence

levels — the CLs method

In this section the procedure, called the CLs method [47], which was used to derive

the final results of the Higgs boson searches at LEP2 is discussed. The emphasis is on

the clarity and not on the complexity of the task. Often the question is raised, what

is meant when somebody says: “We are 95% sure that mH > 114.4 GeV/c2.” A more

correct statement would be: “The 95% confidence level lower limit on the mass of the

standard model Higgs boson is 114.4 GeV/c2.” This section is aimed at gaining a better

understanding of what is behind this statement.

6.1.1 The discriminating variable

The starting point for calculating confidence levels is some data, usually available in the

form of events. While originally an event is described by thousands of numbers (“raw

data”), in the case of Higgs boson searches this information is condensed into a few

(up to about 20) numbers, called event characteristics 2, which allow to discriminate

in a statistical sense between signal events (events where a Higgs boson is produced at

some intermediate step), and background events (events from known standard model

processes). Candidates for signal events are selected by applying selection criteria,

based on the event characteristics, to the data. In the next step so-called discriminating

variables have to be defined. The distributions of these variables for the selected events

should reveal whether signal events are present in the data, as described below. In the

ALEPH analyses up to two such discriminating variables are used, namely the so-called

reconstructed Higgs boson mass mrec
H and a variable related to the b-quark contents 3

of the event. For simplicity, here only one variable is used, namely mrec
H , which is

the canonical discriminating variable for calculating confidence levels for the existence

(or the non-existence) of the Higgs boson. It is obtained in the following way. First

an event has to be selected by one of the analyses that differ mainly in the topology

of the events they are looking for. Since for each topology a prescription exists on

how to calculate mrec
H (an example of such prescriptions is given in the introduction

to the first paper in Sec. 3.3), this yields mrec
H . When repeated for several events, a

distribution like the one shown in Figure 6.1 is obtained. With the help of Monte

Carlo simulations, the same distribution is calculated for signal and background events

according to the standard model. Simulated signal and background events are also

needed to optimize the selection criteria. This is achieved by maximizing the signal

2Mainly topological variables, like event shapes, and b-tagging information.
3In the mass range accessible at LEP2 the standard model Higgs boson decays predominantly into

a bb-pair — as shown in Sec. sec:decay-modes.
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Figure 6.1: Distribution of the reconstructed Higgs boson mass (i.e. the discriminating
variable) for the data collected by the ALEPH experiment in the year 2000 (dots
with error bars) and the expected background (histogram) for the so-called cut stream
analyses, after all cuts are applied. For the data n = 95 events are selected, where
the expectation from the background distribution is b = 87.6 ± 2.4, as obtained from
Monte Carlo simulations.

efficiency and simultaneously reducing the background as much as possible for a given

hypothesis on the mass of the Higgs boson. While this allows one to discriminate

between competing analyses by selecting the analysis which has the highest efficiency

for the same number of background events, still a working point on this efficiency vs.

background curve has to be chosen. In other words, it has to be decided whether it

is better to have the selection criteria very stringent (with moderate signal efficiency,

but negligible background), or to have them rather loose (with high signal efficiency

and a lot of background events in the selected event sample). A standard procedure

is to choose the working point such as to obtain the best expected 95% exclusion

limit for the signal under the hypothesis that there are no signal events in the data.

What this means in the context of the CLs method will be explained at the end of the
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section on confidence levels on page 116. The optimization of the analysis should be

finished before the analysis is applied to the data, because otherwise there is the risk

of introducing a bias by changing the selection criteria to “better suit the data”.

6.1.2 Hypothesis testing

From the point of view of the theory of statistics [48], searches for new particles have

to deal with the following problem: a test of a simple null hypothesis H0 against a

composite alternative hypothesis H1 has to be performed, where a hypothesis consists

of an assumption on the probability density function (p.d.f.) of some random variable

(mrec
H in this case). A hypothesis is called simple if all the parameters of the p.d.f.

are specified. A hypothesis is called composite if the general mathematical form of

the p.d.f. is known, but the exact value of at least one parameter is not determined

(m̂H in this case, where the caret is used to denote a specific hypothesis for the mass

of the Higgs boson). The p.d.f. of the simple null hypothesis is shown in Figure 6.1

as the histogram 4. The p.d.f. of the alternative hypothesis is obtained by adding the

m̂H-dependent number of signal events to the background analysis chain. Finally these

events show up as a small peak 5 above the background around m̂H in the distribution

of mrec
H . Examples of such peaks are shown in Figs. 8.5 and 8.6. Concerning the “excess

of ALEPH events” (cf. Fig. 6.1) one notes that a signal peak at mrec
H ≈ 116 GeV/c2

would fit nicely in between the background expectation and the data.

Next a method has to be found, that allows to quantify the (dis)agreement of the

data with either hypothesis. The well known Neyman-Pearson theorem (explained

in [48] and [49]) states that the so-called likelihood ratio gives the most powerful test

between two hypotheses H and H ′. As a consequence, this test-statistic maximizes the

discovery potential as well as the exclusion potential of a search for new particles.

H0 = simple null hypothesis = background-only = index b
H1 = composite alternative hyp. = signal+background = index s+b

Table 6.2: Notation used for the two hypotheses in the context of Higgs boson searches.
All the terms in one row are used synonymously.

4In this histogram the p.d.f. is not normalized to unity but to the number of events corresponding
to the integrated luminosity collected.

5The number of events in the peak is given by the usual formula N = εσLint and the width of the
peak is determined by the mass resolution of the analysis.
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6.1.3 The likelihood ratio

After the distribution of the discriminating variable is obtained for the data (Fig. 6.1),

the probability Pi to observe ni events in the data, where bi events are expected from

background processes, is calculated for each bin i. Since the number of entries in a bin

of a histogram is distributed according to Poisson statistics, we have Pi ≡ P (ni|bi) =

exp(−bi)bni

i /ni!. Thus the combined a posteriori probability P (data|H0) for obtaining

the observed distribution of data events, under the hypothesis that it is a sample drawn

from the background distribution, is

P (data|H0) =
Nbins
∏

i=1

P (ni|bi) = e−b
Nbins
∏

i=1

bni

i

ni!
, (6.1)

where b =
∑

bi is the total number of background events and i runs over all analysis

bins. The same probability is then calculated for the signal+background hypothesis

H1:

P (data|H1) = e−(s+b)
Nbins
∏

i=1

(si + bi)
ni

ni!
, (6.2)

where si is the number of signal events expected in bin i for the mass hypothesis m̂H,

i.e. si(m̂H), and s =
∑

si is the total number of signal events.

If a “yes-or-no” decision has to be made on whether the observed histogram is more

consistent with H0 (background-only) or with H1 (signal+background), the hypothesis

which gives the higher probability should be chosen. Since the absolute value of the

probability is irrelevant, it is more convenient to calculate the ratio Q of probabilities,

Q :=
P (data|H1)

P (data|H0)
= e−s

Nbins
∏

i=1

(

1 +
si

bi

)ni

, (6.3)

and decide on whether this is larger or smaller than 1. With this definition an experi-

ment is more signal+background-like than background-like if Q > 1.

Equation (6.3) is the definition of the likelihood 6 ratio estimator, which is the ratio

of the probabilities of observing an event, an ensemble of events or an experimental

outcome in general under the two search hypotheses H1 and H0. Q is multiplicative,

which means that the estimator of an ensemble of events can be formed by multiplying

the individual event estimators. This property is very useful for combining search

analyses from subchannels and from different experiments.

Here only the binned version of the likelihood ratio is described, for which the

distributions of the discriminating variable need to be available only as histograms.

For the more general case of continuous distributions see Ref. [47].

6The term likelihood is used in the context of a posteriori probabilities — as compared to a priori
probabilities.
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For theoretical 7 and numerical reasons instead of Q its logarithm is used in practice:

X(m̂H) := −2 lnQ = 2s(m̂H) − 2
Nbins
∑

i=1

ni ln

(

1 +
si(m̂H)

bi

)

, (6.4)

where it is stressed that s and therefore X are functions of m̂H. In the following the

dependence of X on m̂H is not explicitly shown. X is called log-likelihood estimator or

test-statistic and can be interpreted as a weighted sum over all selected events, where

the weight of an event in bin i is defined as ln(1 + si/bi). The event weight is always

positive and can be thought of as being proportional to the signal to background ratio

si/bi, i.e. larger signal to background ratio means larger event weight.

Since the logarithm is a monotonic function, alsoX indicates how much the outcome

of an experiment is signal-like, but because of the minus sign in the definition of X,

an experiment favors the signal+background hypothesis if X < 0. Given a mass

hypothesis m̂H for the Higgs boson, X starts out with the positive value 2s(m̂H) and

is decreased whenever an event passes all the selection criteria of the analysis, thereby

changing from favoring H0 to favoring H1, as more and more candidate events are

observed.

The result obtained for the test-statistic of an experiment is called Xobs and it can

be viewed as a random variable. To evaluate the statistical significance of Xobs, a

common method is to do Gedanken experiments. Therefore in the next step a large

number of Monte Carlo experiments is performed to obtain random distributions of the

discriminating variable under the hypotheses H0 and H1. In these random experiments

the number of events in each bin i of the distribution is generated assuming Poisson

statistics with mean value bi and si(m̂H)+ bi for the two hypotheses, respectively. The

outcome of the Monte Carlo experiments is two distributions of X (= −2 lnQ) for

each mass hypothesis m̂H, as shown in Figure 6.2. These two distributions are well

separated for low values of m̂H, mainly as a consequence of the higher cross section

for Higgs boson production. This follows from ( 6.4), but quite general it can be

said that selecting more events makes an experiment more signal-like. When the cross

section decreases with increasing m̂H, the distributions begin to overlap. For very large

values of m̂H the two distributions coincide since si(m̂H) ∼ 0. This means that the

two hypotheses are practically indistinguishable. In other words, from an experimental

point of view “no Higgs boson” is equivalent to a very heavy Higgs boson.

7In the high statistics limit the distribution of −2 lnQ is expected to converge to a ∆χ2 distribution,
where ∆χ2 = χ2(data|H1) − χ2(data|H0). For more information, see Ref. [50].
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Figure 6.2: Distributions from Monte Carlo simulations of the test-statistic X.
Left: Construction of the p.d.f. for the background-only hypothesis H0. The result of
the first five experiments and the final distribution is shown. Because of the statistical
nature of the experiments a fraction of the background-only experiments favor the
signal+background hypothesis H1 (e.g. Monte Carlo experiment number 4, the reason
being a downward fluctuation of the number of background events generated in the
signal region of mrec

H ). Right: Comparison of the distributions for the two hypotheses
H1 (left histogram) and H0 (right histogram), for various values of the test mass m̂H.
The separation between the distributions decreases with increasing m̂H.

6.1.4 Confidence levels

The two distributions of the test-statistic are used to define the confidence levels for

Xobs with respect to the two hypotheses H0 and H1. The definitions are

1 − CLb := P (X ≤ Xobs|H0) (6.5)

CLs+b := P (X ≥ Xobs|H1) (6.6)

A graphical illustration of the definitions of 1 − CLb and CLs+b is shown in Figure 6.3.

The background confidence level 1 − CLb (or CLb) measures the compatibility with

the background hypothesis H0. If 1 − CLb is small it can be used for establishing a

discovery. The correspondence of 1 − CLb and the significance of the discovery is given

in Table 6.3. On the other hand, CLs+b measures the compatibility of the observation

with the hypothesis that there are signal events in addition to the background events.
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Figure 6.3: Illustrative example of the distributions of the log-likelihood estimator
−2 lnQ for signal+background and background experiments. The estimator of an
observation, Xobs = −3, is indicated by the vertical line.
Top: Definition of the confidence level 1 − CLb (light shaded area) which measures the
compatibility of the observation with the background-only hypothesis H0.
Bottom: Definition of the confidence level CLs+b (dark shaded area) which measures
the compatibility of the observation with the signal+background hypothesis H1.

However, its main usage is as a measure of the incompatibility with H1. This is

not optimal, because CLs+b only allows to exclude the signal+background hypothesis,

where actually the signal part needs to be excluded. Since the number of expected

background events from the standard model is known (although with some error),

a straightforward solution would be to subtract the expected background from the

number of observed events. The details of how this so-called background subtraction

should be performed are a delicate point. In the case of the CLs method for this

purpose the ratio

CLs :=
CLs+b

CLb
(6.7)
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1 − CLb error band 1 − CLb significance
0.16 ... 0.84 1σ 2.7 · 10−3 3σ
0.023 ... 0.977 2σ 5.7 · 10−7 5σ

Table 6.3: Correspondence between the confidence level 1 − CLb and (left) the one and
two σ error bands and (right) the statistical significance (e.g. for a discovery). This
numbers are based on the fractiles of a two-sided Gaussian distribution.

is introduced and used to exclude the signal hypothesis. In this sense, one way of

interpreting CLs [47] is that it serves as an approximation of the confidence one might

obtain if the background events could be removed of the sample of selected events.

Strictly speaking, with the above definition CLs is not a confidence level 8 but a ratio

of confidences only. By construction, the following inequality holds for reasonable

analyses (when CLb ≥ CLs+b):

1 ≥ CLs ≥ CLs+b. (6.8)

The signal hypothesis will be considered excluded at the confidence level CL (e.g. 95%),

if 9 CLs ≤ 1− CL. As a consequence, the observation of a CLs value smaller than 5%

can be interpreted as an exclusion of the signal hypothesis at the 95% confidence

level. Optimizing an analysis with respect to the selection criteria (cf. Sec. 6.1.1) in

order to obtain the best exclusion limit therefore is equivalent to minimizing the signal

confidence level CLs for background-only experiments and for a specific mass hypothesis

m̂H. It is sufficient to do the optimization for one specific value of m̂H, if that value

is near the expected exclusion limit, which is a few GeV/c2 (depending on Lint) below

the kinematic limit (defined as Ecm−mZ) for Higgs boson production through e+e− →
HZ. For example, at

√
s = 183 GeV the HZ analyses in ALEPH have been optimized

for a Higgs boson with a mass of 85 GeV/c2, where the kinematic limit is ∼ 92 GeV/c2.

In order to be insensitive to statistical fluctuations of CLs, the median value CLmedian
s

of the distribution of CLs for background-only experiments is minimized.

6.1.5 Selected experimental results

Finally, in this section two important results of the standard model Higgs boson

searches at LEP2 are presented. This also serves the purpose of “seeing Higgs statistics

in action”.

8The consequence of CLs not being a true confidence is that the hypothetical false exclusion rate
is generally less than the nominal rate of 1 − CL.

9In the original publication, but also in [47], this equation reads 1 − CLs ≤ CL, which is wrong
due to a typographical error (≤ instead of the correct ≥)
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The first interesting result is the observation of an excess of Higgs boson like events

with the ALEPH detector. Figure 6.4-left shows the values of the test-statistic −2 lnQ
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Figure 6.4: Results of the cut stream analysis with ALEPH data from the year 2000 [51].
Left: The log-likelihood estimator −2 lnQ as a function of m̂H for the observation (solid
curve) and the expectation for the null hypothesis H0 (dashed curve). The light and
dark grey regions around the background expectation represent the 1 and 2σ error
bands, respectively (cf. Table 6.3). The dashed-dotted curve shows the expectation for
the alternative hypothesis H1. For the expected behaviors, the medians of the simulated
distributions are shown. Right: Background confidence 1 − CLb as a function of m̂H

for the observation (solid), the median for H0 (dashed) and the median for H1 (dashed-
dotted). The minimum of the solid curve at m̂H at ∼ 116 GeV/c2 corresponds to the
observed excess of events, with a significance of >∼ 3σ.

as a function of the mass hypothesis m̂H for the observation and the median 10 expecta-

tion for the two distributions for the two hypotheses H0 and H1. The minimum at m̂H

= 114.5 GeV/c2 of the observation (with a value of −2 lnQ = −6, i.e. Q = e3) means

that the likelihood of observing this event configuration under the signal+background

hypothesis is at least 20 times higher than observing it under the background-only

hypothesis. When expressed in terms of the background confidence level 1 − CLb (as

shown in Fig. 6.4-right), where the minimum of the observation is shifted 11 to m̂H

∼ 116 GeV/c2, a probability as low as 10−3 is obtained. for observing this or a less

background like event configuration. According to Table 6.3 this corresponds to a

10The median expected confidence level is used rather than the average expected confidence level
because the CL distributions are typically asymmetric, and the medians are less sensitive to the CL
distribution tails.

11The shift in the minimum is due to the fact that the width of the distribution of −2 lnQ for H0

gets quickly smaller for m̂H > 114 GeV/c2 (as indicated by the grey bands), thereby pushing Xobs

further out into the tail of the distribution. This results in a smaller value of 1 − CLb.
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significance of more than 3σ.

While in the above example the use of the background confidence level as a means

to exclude the background hypothesis was demonstrated (thereby indicating the pos-

sibility of a discovery), in the following an example of the use of the signal confidence

level as a means to exclude the signal hypothesis is given. Figure 6.5 shows the con-

fidence level on the signal hypothesis as a function of m̂H for the combination of the

final results of all four LEP experiments. The intersection of the horizontal line for

CLs = 0.05 with the observed curve at m̂H = 114.4 GeV/c2 is used to define the 95%

confidence level lower bound on the mass of the standard model Higgs boson. The

observed value of CLs is larger than the median expected value in the absence of signal

events (H0) over the whole mass range shown. This is due to the presence of signal

candidate events in the data with values of the reconstructed mass in the range from

∼ 100 − 117 GeV/c2 [44].
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Figure 6.5: The ratio CLs = CLs+b/CLb as a function of the test mass m̂H for the final
LEP2 result [43]. Solid curve: observation; dashed curve: CLmedian

s for the background-
only hypothesis H0. The dark and light shaded bands around CLmedian

s correspond to
the 68% and 95% probability bands (approximately the 1 and 2σ error bands).



What does a χ2 fit tell?

Chapter 7

Indirect Searches

7.1 The mass of the top quark

At the HEP summer conference in 1993 [52], a value of mt = 162 ± 27 GeV/c2 was

quoted for the top quark mass as a result of a fit of the standard model parameters

to electroweak data from LEP. Since mH is a standard model parameter, it is also

contained in such fits. But in contrast to mt, which occurs in a quadratic form, the

dependence on mH is only logarithmically (see Eq. 7.7 in the next section). Because of

this, at the time the data were not precise enough to also make a prediction on mH.

Instead fits have been done for fixed values of the Higgs boson mass (mH = 300 GeV/c2

for the above result on mt). Only after the discovery of the top quark in 1995, when

a reasonable precise measured value for mt was available, it made sense to extract a

prediction for mH from the fit — as described in Section 7.3. For the evolution of the

prediction for mt between 1989 and 1995, see Ref. [53].

7.2 Radiative corrections and the mass of the stan-

dard model Higgs boson

In the standard model the mass of the Higgs boson is given by the relation mH =
√

2λ v,

where v is the known vacuum expectation value of the Higgs field (v = 246 GeV) and

λ is the unknown dimensionless quartic coupling constant in the Higgs potential (see

Sec. 2.3). In the same way as the mass of the top quark was predicted before it was

discovered, also the mass of the Higgs boson can be constrained in the context of the

standard model by using precision electroweak measurements.

The starting point is the relation between the Fermi constant GF (defined via the

muon lifetime) and the parameters of the standard model:

m2
W sin2 θW =

πα√
2GF

. (7.1)
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This equation only holds in lowest order of perturbation theory. When quantum effects

are taken into account and when sin2 θW is substituted by its defining relation in the

on shell renormalization scheme, which is sin2 θW = 1 −m2
W/m

2
Z (valid in all orders of

perturbation theory), Equation (7.1) changes to

m2
W (1 −m2

W/m
2
Z) =

πα√
2GF

1

(1 − ∆r)
, (7.2)

where ∆r(mt,mH, ...) parameterizes the so-called radiative corrections. When the

dominant loop corrections are included ∆r depends linearly on m2
t and lnmH. At

LEP1, where mZ was measured with high precision, (7.2) could be used to give a the-

oretical prediction for mW, with the largest uncertainty coming from mt. Since LEP2,

where mW was measured, this equation allows to make a prediction for mH, because

in the meantime the error on mt has been reduced substantially by the measurement

at Tevatron. In other words, with the experimental values of α, GF , mZ, and mW a

measured value of ∆rmeas = 0.0355± 0.0019 [15] can be obtained. On the other hand,

in 1-loop approximation ∆r, which was first calculated in [54], can be written in the

following way:

∆r1−loop = ∆α− c2W
s2

W

∆ρ + ∆rrem(mH ...), (7.3)

where the abbreviations s2
W ≡ sin2 θW and c2W ≡ cos2 θW have been used for the

weak mixing angle in the on shell renormalization scheme. Here ∆r is split into three

terms, corresponding to pure QED corrections, electroweak corrections from Feynman

diagrams including the W and Z bosons and the remainder part, where also the Higgs

boson contributes. In the following each term of (7.3) is discussed separately.

• ∆α:

This term is defined through the running QED coupling

α(s) =
α(0)

1 − ∆α(s)
(with α(0) ≡ α) (7.4)

at the energy scale s = m2
Z. This is conventionally considered to be the natural

scale, not only for the Z resonance, but for all electroweak observables. The

basic Feynman diagram for this correction (also known as vacuum polarization

or photon self energy) is shown below. All fermions f that couple to the photon

are allowed in the loop. For the running of α fermion one-loop insertions to the

photon propagator are summed together with the photonic Born diagram. In

leading order the QED part of the radiative corrections is given by [55]

∆α(m2
Z) =

α

3π

∑

f 6=t

Q2
fN

c
f (ln

m2
Z

m2
f

− 5

3
) + ∆αt, (7.5)
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γ

f
–

f

γ

where Qf is the charge and N f
c is the color factor of the fermion f (N c

f = 3 for

quarks and N f
c = 1 for leptons). The top quark contribution has to be given

seperately, ∆αt = − α

3π

4

15

m2
Z

m2
t

, because the light fermion approximation can only

be used if mf � mZ. The contributions from the charged leptons and the top

quark are calculated analytically with the above formulae (improved by including

higher order terms), which is not possible for the light quarks, because their

masses are not known well enough and because there are nonperturbative QCD

effects (e.g. resonances). However, the light quark part ∆α
(5)
had can be derived

from experimental data with the help of a dispersion relation, with an error

that is almost completely due to the experimental data. The final result is [56]

∆α = ∆αlept + ∆α
(5)
had + ∆αt = 0.03150 + 0.02804 − 0.0000586 = 0.0595 ≈ 6%.

• ∆ρ:

In analogy to the previous paragraph, this term describes the running of the

weak couplings, which again is evaluated by inserting fermionic loops to the

propagators (the contribution from gauge boson loops is small and therefore put

into ∆rrem).

W–

t
–

b

W– Z

t
–
,b

–

t,b

Z

The net effect is a correction to the masses of the W and Z bosons, which is

different for the two particles, because of the mass splitting between the isospin

doublet fields. With the definition ∆ρ :=
δm2

Z

m2
Z

− δm2
W

m2
W

(where the mass correc-

tions δm2
Z and δm2

W are defined in the context of renormalization [55, 57]) the

1-loop calculation gives [58]

∆ρ =

√
2GF

16π2

∑

d

N c
f

(

m2
1 +m2

2 −
2m2

1m
2
2

m2
2 −m2

1

ln
m2

2

m2
1

)

. (7.6)
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Here the sum is over all weak doublets d and m1 and m2 are the masses of

the members of a doublet. The term in the brackets is symmetric in m1 and

m2 and it vanishes for m1 = m2 (no mass splitting). For m2 � m1 it can

be approximated by m2
2. Clearly the dominant contribution to ∆ρ is from the

doublet (t,b). Its numeric value is ∆ρt ≈ 0.00952 (mt/174.3 GeV)2 [15], which

gives a total contribution of −3.3% to ∆r1−loop.

• ∆rrem:

The one-loop result for ∆r contains two large terms: the running QED coupling

(logarithmically enhanced by small fermion masses) and the parameter ∆ρ (en-

hanced quadratically by m2
t ). By convention, all other (small) contributions are

put into the remaining part. In the standard model the coupling of a parti-

cle to the Higgs boson is proportional to the mass of the particle for fermions

and proportional to the mass squared for gauge bosons. Therefore the dominant

correction involving loops of the Higgs particle comes from diagrams like the

following (V = W or Z):

V

H

V

V V

H

V

For mH � mW the leading Higgs contribution to ∆r is [57]

∆rH
rem =

√
2GFm

2
W

4π2

11

12
(ln

m2
H

m2
W

− 5

6
) (7.7)

While this expression vanishes for mH ≈ 122 GeV/c2 (where it is no longer a good

approximation) the typical size of ∆rrem is 1%, which can be verified as follows:

∆rrem ≈ ∆rmeas − ∆α +
c2
W

s2
W

∆ρ = 0.0355 − 0.0595 + 0.033 = 0.009.

7.3 Fits of the LEP electroweak working group

Up to now not enough energy was available in experiments to produce real Higgs par-

ticles at their nominal mass. However, in the context of the standard model the Higgs

particle manifests itself at lower energies through quantum effects, as was discussed in

the preceding section. A precise measurements of the masses of the W and Z bosons is

equivalent to a precise measurement of ∆r (see Eq. 7.2), which in turn allows one to
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constrain mH. This is done by the LEP electroweak working group (EWWG) by com-

bining measurements from several experiments and performing various fits [59]. One

of the aims is to test the consistency of the standard model and to infer information

about its basic parameters. The procedure is as follows: more than 100 measurements

(mainly from the Z resonance) are reduced to 20 precision (pseudo-)observables Oi.

They depend on the standard model parameters α(mZ), mZ, αS, mt and mH (and

of course on GF and all fermion masses). Then a χ2 fit is performed, where the 20

observables are fitted to the most up to date standard model calculations. When χ2

is plotted as a function of mH (at the best fit values of all other parameters) curves

like the ones shown in Figure 7.1 are obtained (besides showing the fit result, the two

plots, from the years 1996 and 2003, should illustrate the improvement achieved since

the beginning of LEP2). They allow one to predict the Higgs boson mass within the

framework of the standard model. The standard error can be read off the x-axis where

∆χ2 = 1. The quality of the most recent fit (2003) is χ2/d.o.f = 25.5/15 (5 stan-

dard model parameters varied for 20 data points = 15 degrees of freedom), where the

probability for obtaining a χ2 as large or larger than the observed one is only 4.4%.

When the data-point with the largest contribution to χ2 is removed from the fit (this

corresponds to the curve denoted “Without NuTeV” in the right plot), the result is

χ2/d.o.f = 16.7/14, with a probability of 27%.

Finally it should be mentioned that the results of the fit are correlated. The largest

correlations occur between mh and mt (71%) and between mh and ∆α
(5)
had (−48%).

The signs of the correlations can easily be understood with the help of (7.3). Because

of the different signs of the contributions to ∆r, mh and mt are positively correlated

(an increase in mt also increases the best fit value of mH). On the other hand, ∆α
(5)
had

contributes with the same sign as mH, therefore they are anti-correlated. This is

reflected by the dark dashed curve in Figure 7.1-right, where a smaller value of ∆α
(5)
had

(obtained by a more recent calculation [60]) shifts the ∆χ2 curve to higher values of

mH. Because of the smaller error this parabola is tighter. Together with the shift in

the minimum this results in the 95% C.L. upper limit staying practically the same.
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Figure 7.1: ∆χ2 = χ2 − χ2
min vs. mH curves of fits of the standard model parameters

to electroweak data from LEP, SLC, Tevatron and NuTeV [59]. The bands along the
curves (dark grey) represent an estimate of the theoretical error due to missing higher
order corrections of the observables calculated in the framework of the standard model.
They are obtained by comparing the results of two fit programs (ZFITTER [56] and
TOPAZ0 [61]). The vertical bands (light grey) show the 95% confidence level exclusion
limit form the direct search at LEP. Left: the best fit value using all data available
in 1996 was mH= 127+127

−72 GeV/c2 with a 95% C.L. upper limit of 465 GeV/c2. This
fit did not include the lower limit on mH from the direct search, which was 66 GeV/c2

at 95% C.L. Right: the present best fit value on the Higgs boson mass is mH= 91+58
−37

GeV/c2 (from the solid curve) with a 95% C.L. upper limit of 211 GeV/c2. Again the
fit does not include the lower limit of 114.4 GeV/c2 from the direct search at LEP2.
The dashed curves are explained in the text.
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The Future of Higgs Boson Searches

The Higgs boson has not been discovered at LEP, but particle physicists will not give

up until the question is resolved. If the standard model is not the correct theory for

describing the origin of mass then some “new physics” effects should show up in future

experiments.

In this chapter the short term future of Higgs Boson searches will be described.

Experiments at three accelerators will be mentioned in this context. The accelerators

are:

1. Tevatron: a pp collider presently running at Fermilab

2. LHC: a pp collider under construction at CERN

3. TESLA: an e+e− linear collider not yet approved

LEP has handed over the possibility to discover a Higgs Boson with a mass around

115 GeV/c2 to the two experiments CDF and D0 presently taking data at the Tevatron

collider at Fermilab. If these experiments are not able to collect sufficient data until

LHC starts it may well be that the experiments at LHC will discover the Higgs boson

first. Though the LHC experiments are capable of finding the Higgs boson over a wide

range of masses (up to 1 TeV), here only the scenario is discussed in which the Higgs

boson mass is below the threshold for the decay H → W+W−. This is motivated by

the observed excess of ALEPH events [51] at a mass around 115 GeV/c2, and by the

fact that fits of the standard model parameters to precision electroweak observables

show preference for a light Higgs boson.

8.1 Tevatron

Tevatron produced its first pp collisions in 1985, but what came to be known as Run 1

only began in 1992. With the data collected in the following years (0.1 fb−1) the two
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experiments CDF and D0 were able to announce the discovery of the top quark in

1995.

During Run 1 the injection system was installed in the same tunnel as the col-

lider, which turned out to be a bottleneck by limiting the achievable luminosity to

1.6 · 1031 cm−2s−1. To overcome this the Main Injector was built as a separate syn-

chrotron (see Fig. 8.1) and commissioned in 1999. In order to be able to increase the

luminosity further (by about a factor of 2) an Antiproton Recycler was added (not

commissioned yet). This device allows one to recuperate the antiprotons left over at

the end of a store and re-use them.
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Figure 8.1: Layout of the Tevatron collider facility. The Main Injector is delivering
protons and antiprotons at an energy of 150 GeV to the Tevatron.

In March 2001, when the upgrades of the detectors had been completed, Run 2

started at Tevatron. The centre-of-mass energy has been increased from 1.8 TeV to

1.96 TeV. The initial planning expected that each experiment should have collected

1 – 2 fb−1 of data by the end of the first phase, called Run 2a, at the end of 2004.

This would allow one to exclude a Higgs boson of mass 115 GeV/c2 at the 95% con-

fidence level. Present expectations [62] are that the integrated luminosity for 2004

will be in the range 0.25 to 0.38 fb−1, with the lower number including the expected

effects of Recycler commissioning work. Since only 0.3 fb−1 have been collected so far

(Aug. 2003), probably also the year 2005 is needed to achieve the Run 2a initial goal.
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After further upgrades, mainly of the antiproton system, and by using more bunches

in order to reduce beam-beam effects the second phase (Run 2b) should fully exploit

the potential of the machine and ultimately collect 15 fb−1 per experiment before the

end of the decade. If the Higgs boson exists, then this huge amount of data is needed

to be able to discover it at Tevatron. For this to happen it is crucial that a luminosity

of about 5 · 1032 cm−2s−1 can be attained. This is still lower than the initial (low)

luminosity at LHC by a factor of two, but 30 times the luminosity achieved at Run 1.

While the largest cross section for Higgs boson production at the Tevatron is through

gluon-gluon fusion, this channel is hampered by an overwhelming background of QCD

dijet events. Instead the process of associated production, with a cross section that is

about ten times smaller, is used to search for the Higgs particle. Here a Z or W boson

produced through quark-antiquark annihilation radiates a Higgs particle. In the case

of ZH production the decay topologies studied are the same as at LEP2.
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Figure 8.2: Left: CDF results of Higgs boson searches at Tevatron Run 1 [63, 64].
The “VH combined” curve shows the 95% C.L. upper limit on the cross section times
branching ratio for the production of the standard model Higgs boson in association
with a W or Z boson, with the Higgs decaying to bb. The dashed curves give the limits
for the various decay channels of the W and Z. Over the whole mass range shown the
standard model prediction is smaller than the CDF limit by more than a factor of 10.
The LEP exclusion region has been updated to the present limit. Right: Feynman
diagram for associated production of the Higgs particle (V = W or Z).
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With the data taken during Run 1 the CDF experiment obtained the Higgs boson

exclusion limits shown in Figure 8.2. As an example, a Higgs boson of mass 115 GeV/c2

is excluded at the 95% confidence level only if it has a production cross section that is

30 times higher than in the standard model (7.5 pb excluded compared to 0.25 pb in

the standard model). The same factor appears as the increase in luminosity between

Run 1 and Run 2b. However, since the sensitivity is given by s/
√
b, where s is the

number of signal events and b is the number of background events and where both are

proportional to the integrated luminosity Lint, the sensitivity scales as L1/2
int . To increase

the sensitivity by a factor of 30 therefore translates to a factor of 900 in increased Lint

needed. Extensive studies have been performed [65] to estimate the discovery reach of

the upgraded Tevatron. One of the results is displayed in Figure 8.3. This plot tells,

for example, that the CDF and D0 experiments would have to collect 4 fb−1 (15 fb−1)

of integrated luminosity each in order to be able to discover the standard model Higgs

boson with a mass of 115 GeV/c2 at the 3σ (5σ) level.

Figure 8.3: The integrated luminosity needed per experiment at Tevatron Run 2 to
either exclude the standard model Higgs boson at 95% C.L. or to discover it at signifi-
cances of 3σ or 5σ. The width of the bands represent an uncertainty of 30%, the lower
end being the actual threshold.

8.2 LHC

The Large Hadron Collider is a proton-proton collider that is presently being con-

structed at CERN and installed in the former LEP tunnel. It should produce its first

collisions in the year 2007 at a centre-of-mass energy of 14 TeV, initially at a luminosity

of 1033 cm−2s−1 and later at its design luminosity of 1034 cm−2s−1.
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Figure 8.4: Left: Expected statistical significance of a standard model Higgs boson
signal as a function of the Higgs boson mass for an integrated luminosity of 100 fb−1

collected with the ATLAS detector [66] (100 fb−1 is equivalent to running 107 s at the
luminosity of 1034 cm−2s−1). The solid curve gives the combined sensitivity of all the
subchannels. The 5σ discovery limit is indicated by the dashed line. Right: Feynman
diagram for the process of gluon fusion of the Higgs boson and the subsequent decay
into two photons. To the first loop all quarks contribute and to the second loop in
addition to the W bosons all charged fermions contribute (with a minus sign relative
to the W’s).

The experiments at LHC are expected to find the standard model Higgs boson (with

a mass in the range from 100 to 1000 GeV/c2) within the first year 1 of LHC running

at its design luminosity. This can be concluded, for example, from Figure 8.4, which

shows the Higgs search capabilities of the ATLAS experiment.

Should the mass of the Higgs boson be around 115 GeV, as motivated by the excess

of events seen by ALEPH [51], then the highest sensitivity is achieved in the H → γγ

channel (see Fig. 8.4-left), where the Higgs particle is either produced through gluon-

gluon fusion or associated production. The decay H → γγ (Fig. 8.4-right) is a rare

decay mode with a clean signature, but useful only over a limited higgs boson mass

range (100 – 150 GeV/c2). The maximum branching ratio is 2.2 · 10−3 for mH = 130

GeV/c2. Below this mass the dominant decay mode is H → bb, but that channel is only

1In the context of CERN colliders one year of running actually means 107 seconds.
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Figure 8.5: This is how a signal from a Higgs boson with mass 120 GeV/c2 and recon-
structed in the H → γγ decay channel would look like with 100 fb−1 of data collected
with the ATLAS detector. Left: the signal is on top of the irreducible background
from prompt photons. Right: the background has been subtracted.

useful if the Higgs particle is produced together with another particle (W, Z or tt),

that can easily be tagged. Figure 8.5 shows that a typical general purpose detector at

LHC (with excellent energy and angular resolution of the electromagnetic calorimeter)

should be able to observe a clear Higgs mass peak above the background of the prompt

γγ continuum if the collider can run for one year at its design luminosity.

8.3 TESLA

If LHC finds the Higgs boson or some other new physics in the energy range up to 1 TeV

then very likely the next accelerator to be built will be an e+e− linear collider. This

machine should then be able to perform precision measurements of the new phenomena

in the same way as it was the case with LEP2. At the moment there are several

competing projects: TESLA/DESY, JLC/KEK, NLC/SLAC and CLIC/CERN. The

main differences are in the type of cavities used (copper versus superconducting), and

their operation frequency (from 1.3 to 30 GHz), in the acceleration gradient (24 – 150

MV/m), in the maximum centre-of-mass energy (0.8 – 5 TeV). and in the luminosity

(which is a function of the energy). One of the more advanced projects is TESLA. It

uses superconducting cavities operating at 1.3 GHz and having an accelerating gradient
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of 24 MV/m. When running at the maximum energy of 800 GeV a luminosity of

5·1034 cm−2s−1 should be achieved. As an example of the superior signal to background

ratio of e+e− colliders compared to hadron colliders, Figure 8.6 shows an invariant mass

distribution of the standard model Higgs boson as expected at TESLA (to be compared

to Fig. 8.5).
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Figure 8.6: This plot [67] shows a simulation of the µ+µ− recoil mass distribution of
background and the signal process e+e− → HZ → Xµ+µ− for mH = 120 GeV/c2 with
500 fb−1 at

√
s = 350 GeV at the planned TESLA linear collider.

Simply stated, the roadmap for the next two decades is: the hadron colliders should

reveal some new physics phenomena so that the next linear collider can be tuned to

do precision studies of those new findings.

So when asked: what does “find the Higgs” mean, it should be clear that observing

a bump in a γγ, 4` or bb invariant mass distribution is hardly sufficient. The Higgs

boson is the agent responsible for electroweak symmetry breaking and fermion mass

generation. It has a rich structure that must be confirmed by experiment.
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A Higgs Boson Candidate Event
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Figure A.1: A Higgs boson candidate event as seen with the ALEPH detector when
looking along the beam line. This event has been recorded in the year 2000 (run #
54698, event # 4881) and contributes to the excess of events [51] at a reconstructed
Higgs boson mass of ∼ 114 GeV/c2 observed in the data of that year. It has been selected
by the four-jet analysis and can be interpreted as e+e− → HZ → bbqq, because two of
the jets are well b-tagged and the invariant mass of the other two jets is 92.1 GeV/c2,
consistent with mZ. The reconstructed Higgs boson mass of this event is 114.3 GeV/c2.
In the inset shown at the lower right side one can see the two displaced vertices of
the b-jets. One of these jets contains an identified muon, which is an indication of a
semileptonic B-hadron decay. The inset at the upper right corner shows the energy
depositions of the four jets in a so-called world map view (coordinates φ cos θ, θ).
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The Waldegrave Challenge

• What is the Higgs boson, and why do we want to find it?

• Whoever answers this on one side of a single sheet of paper

will be awarded a bottle of Champagne.

In 1993, the then UK Science Minister, William Waldegrave, issued a challenge to

physicists to answer the questions ’What is the Higgs boson, and why do we want to

find it?’ on one side of a single sheet of paper. Bottles of champagne were awarded

to the five winning entries at the annual meeting of the British Association for the

Advancement of Science. The following contribution 1 is one of the winning entries

(taken from Physics World Vol. 6, # 9).

1. The Higgs Mechanism

Imagine a cocktail party of political party workers who are uniformly distributed across

the floor, all talking to their nearest neighbours (Fig. B.1). The ex-Prime Minister

Figure B.1: To understand the Higgs mechanism, imagine that a room full of people
quietly chattering is like space filled only with the Higgs field ...

1By David Miller, Department of Physics and Astronomy, University College, London, UK.
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enters and crosses the room (Fig. B.2). All of the workers in her neighbourhood are

strongly attracted to her and cluster round her. As she moves she attracts the people

she comes close to, while the ones she has left return to their even spacing (Fig. B.3).

Because of the knot of people always clustered around her she acquires a greater mass

than normal, that is she has more momentum for the same speed of movement across

the room. Once moving she is hard to stop, and once stopped she is harder to get

moving again because the clustering process has to be restarted.

Figure B.2:
... a famous person walks in, cre-
ating a disturbance as she moves
across the room, and attracting a
cluster of admirers with each step ...

Figure B.3:
... this increases her resistance
to movement, in other words, she
acquires mass, just like a particle
moving through the Higgs field ...

In three dimensions, and with the complications of relativity, this is the Higgs

mechanism. In order to give particles mass, a background field is invented which

becomes locally distorted whenever a particle moves through it. The distortion - the

clustering of the field around the particle - generates the particle’s mass. The idea

comes directly from the physics of solids. instead of a field spread throughout all space

a solid contains a lattice of positively charged crystal atoms. When an electron moves

through the lattice the atoms are attracted to it, causing the electron’s effective mass

to be as much as 40 times bigger than the mass of a free electron.

The postulated Higgs field in the vacuum is a sort of hypothetical lattice which

fills our Universe. We need it because otherwise we cannot explain why the Z and W

particles which carry the weak interactions are so heavy while the photon which carries

electromagnetic forces is massless.
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2. The Higgs Boson

Now consider a rumour (Fig. B.4) passing through our room full of uniformly spread

political workers. Those near the door hear of it first and cluster together to get the

details, then they turn and move closer to their next neighbours who want to know

about it too. A wave of clustering passes through the room (Fig. B.5). It may spread

to all the corners or it may form a compact bunch which carries the news along a line

of workers from the door to some dignitary at the other side of the room. Since the

information is carried by clusters of people, and since it was clustering that gave extra

mass to the ex-Prime Minister, then the rumour-carrying clusters also have mass.

Figure B.4:
... if a rumour crosses the room ...

Figure B.5:
... it creates the same kind of
clustering, but this time among
the people themselves. In this
analogy, these clusters are the Higgs
particles.

The Higgs boson is predicted to be just such a clustering in the Higgs field. We

will find it much easier to believe that the field exists, and that the mechanism for

giving other particles is true, if we actually see the Higgs particle itself. Again, there

are analogies in the physics of solids. A crystal lattice can carry waves of clustering

without needing an electron to move and attract the atoms. These waves can behave

as if they are particles. They are called phonons and they too are bosons.

There could be a Higgs mechanism, and a Higgs field throughout our Universe,

without there being a Higgs boson. The next generation of colliders will sort this out.
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