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Abstract

In this thesis work we study the production and decay of the Standard Model Higgs
Boson in the weak decay modes, which consequently branch to muonic final states
(muons and muonic neutrinos). The physics scenario is the LHC (two protons colliding
with a center-of-mass energy of 14 TeV). Only Physics simulation is performed, with
no detector simulation. We study discovery possibilities by effecting kinematic cuts on
the data, and also by using a neural network to try to enhance the resulting Signal-to-
Noise Ratio.
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Introduction

Through all the years of its existence, the Standard Model has done nothing but ful-
filling expectations and successfully predicted phenomenarelated to how fundamental
interactions behave and relate. Up to this moment, the Standard Model has correctly
given account of the number of fermions and bosons that make up the world we see.

What is precisely the Standard Model? It is a compact collection of the concepts
through which we describe physics at the elementary particle level. This compact col-
lection entails the description of matter made by a set of quarks and leptons, interacting
with each other by exchange of another set of gauge bosons. Inthe tables1 and2 the
current underlying structure of the subatomic world is set,as it is dictated by the Stan-
dard Model.

Particles
Generations

One Two Three

Quarks u, d s, c t, b
Leptons e, νe µ, νµ τ , ντ

Table 1: Elementary Particles of the Standard Model

Interaction Mediators Participants

Electroweak bosonsγ,W±, Z0 quarks and leptons
Strong Gluonsg quarks

Gravitational GravitonG All of above

Table 2: Interactions of the Standard Model

This rather simple structure has been able to account for themyriad of particles that
are visible in, for example, a bubble chamber, as well as for the matter we’re all made
of, as composites of 3 quarks (called baryons) or quark-antiquark pairs (called mesons).
It describes rather accurately different phenomena like the decay of the neutron (which
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is responsible for radioactivity), the effects of vaccum polarization on atomic spectra,
etc. Despite its long list of milestones, there’s still a missing piece which is fundamental
for its mathematical and physical consistency: the Higgs boson. For the mathematical
consistency, it is a direct consequence of the mathematicalstructure of the Standard
Model, and for the physical congruity, it is the mechanism that gives rise to the mass
of particles. This sole fact makes it a validation or rejection method for the Standard
Model, as its non-discovery would force us to move to other directions in the search for
the theory of elementary paticles and interactions.

The experimental activity within the Standard Model began around the middle of
the XX century, and in particular the search for the Higgs boson started at LEP, the
Large Electron-Proton collider at CERN, after 1989, when itwent into operation. Sev-
eral other high energy facilities around the world have alsocontributed to this search.
In spite of so much years and efforts in this search, this particle has eluded discovery.
At present, the LEP experiments have constrained the mass ofthe Higgs boson with
a lower bound of 114.4GeV/c2. The next steps in this direction are to be taken in
the LHC, which is due to begin operation on 2008. With a wider accesible region of
phase and parameter space, any undiscovered physics is highly likely to be found in the
experiments performed in thisp− p, 14 TeV collider. Therefore, our study focuses on
the simulation of SM Higgs processes generated by the collision of protons at 14 TeV
Center-of-Mass energy, as a way to get a glimpse at what mightbe seen at the machine
when it begins operation.

This work is organized as follows: We first briefly outline of the structure of the
Standard Model (chapter 1), with an emphasis on the Electroweak Symmetry Breaking
mechanism that underlies on this conceptual body. Then we show the experimental
efforts regarding the Higgs search, in particular, the constraints obtained from elec-
troweak parameter precision measurements and direct searches by several Higgs work-
ing groups (chapter 2); Next, we outline the computational setup used in the develop-
ment of this thesis, detailing the programs used and the purpose of each within our
work (chapter 3), all of them resulting in the data we present and analyze inchapter 4,
after which we present our conclusions. Throughout the document, distributed as is
necessary, the results of the two Monte Carlo programs are compared on figures that
contrast the differences.
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Chapter 1

The Standard Model

In this chapter we present the structure of the Standard Model, with views to discuss
the mechanism of Electroweak Symmetry Breaking. We then discuss the Higgs mech-
anism and some of its features, specially those related to ways of detect it.

The Standard Model describes matter as compound of quarks and leptons. These
are two families of spin-1/2 particles (fermions), each onewith 6 members, categorized
in three generations (and, of course, for each particle there exists also its associated
antiparticle). For the leptons, we have the electron, the muon and the tau, each one with
an associated massless1 neutrino, which carries no electric or any other charge. Forthe
massive members of this family, the only stable one is the electron, with the others ones
decaying mainly in electrons and neutrinos, but the tau has also hadronic decay modes.
For the quarks, all of them are massive and have fractional electric charge. They are
put on theTable 1. The letters stand forUp, Down, Strange, Charm, Top, Bottom (or
Truth andBeauty).

For the interactions, it is interesting to see how they were recognized and included
in the theory. The first of them is the electromagnetic interaction, which still today
remains as the most successful example of phenomena unification. Before the elec-
tromagnetic theory, there were a number of disconnected, even tough similar, formu-
lations of electric and magnetic variables, and there was the idea of an invisible ubiq-
uitous medium through which light would propagate. Then Maxwell published his
legendaryTreatise on Electricity and Magnetism in which he accounted for all the
available knowledge in electricity and magnetism in just four vector equations, which
through a simple set of transformations yields the equationof a wave propagating at
the speed of light, measured with respect to no particular reference frame. And so this
first act of unification of physical theories, with time and work, gave rise to two strongly
fundamental facts: Light is an electromagnetic wave, and Special Relativity. Later, with
the immersion of Quantum Mechanics in the landscape of Physics, a quantum theory

1This was only in principle, as the recent observation of neutrino oscillations implied that neutrinos
have a very small, but nonetheless non-zero, mass.
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of the covariant formulation of electromagnetism arose, known as Quantum Electro-
dynamics (QED), with spectacular achievements like the prediction of the hyperfine
structure of the Hydrogen atom, described as the effect on the atom of spontaneous
creation and annihilation of electron-positron pairs out of the polarized vacuum.

After the conception of the quarks as the composers of all theobserved hadrons (this
one is beautiful story, but also a long one, so we only recommend the interested reader
to read, for example, [16]), the observation of bound states of three identical-flavor
quarks (for example, theΣ− baryon made of three strange quarks) revolutionized the
physics community, because that fact would violate the Fermi Exclusion Principle (all
three quarks would be in the same state). However, this wouldnot be the case if there
exists another physical property of the quarks that made each of them unidentical within
the bound state. It has somehow to be unobservable to us in theexperiment, because
othewise we would have noticed and a new way to classify particles would be known.
This new physical property is now known as the color charge, inspired in analogy to
the way colors mix, with red, green and blue, and also red withcyan (anti-red), blue
with yellow (anti-blue) and green with magenta (anti-green), all mixing to yield white.
The two-color mixes would apply to mesons (with the quark carrying a color and the
antiquark carrying the anticolor) and the three-color mix for baryons (each quark with a
different color), so that all the physical states we observehave to be ”white”2. We will
soon see, the color interaction makes part of the symmetry group which represents the
dynamics of the Standard Model. As a Quantum Field Theory like QED, it is known as
Quantum Chromodynamics (QCD).

The unusually large time a neutron takes to decay into a proton, an electron and a
”missing energy” (around 15 minutes!) could not be accounted by an electromagnetic
or strong process, as strong decays have a typical lifetime of 10−23 seconds. This decay
(observed as the beta decay of radioactive nuclei) also challenged physicists with an
unusual and at first very shocking feature: the measured energy distribution of the pro-
duced electron was not a sharp spike at the value enforced by energy conservation (by
assumming a decay to two particles), but had a spread spectrum. These two striking
facts signaled the presence of a new fundamental interaction, and following Fermi’s
development of a theory of the weak interaction with no propagators, only a point ver-
tex, and several other relevant works, a theory of weak interactions with vector and
axial couplings (to account for parity violation as it was evidenced in experiments with
cobalt-60 atoms) to three massive gauge bosons was developed, ending with the uni-
fied electroweak scheme developed by Sheldon Glashow, Stephen Weinberg and Abdus
Salam, which describes the electromagnetic and weak forcesas manifestations of a sin-
gle interaction, which is mediated by four spin-1 bosons.

2Even tough the analogy is so compelling, it is very importantto clarify there is no connection at all
with light and electromagnetism
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To this nice picture of successful descriptions of matter atthe subatomic level un-
fortunately we have to add several ”kinks”, failures and shortcomings it presents, the
ones which also make present and future physics research relevant and necessary to
approach every time closer to the full insight of Nature’s workings. As for the short-
comings, the most important one is the exclusion of gravity from the description, goal
which at present still resists victory. The other very notorious one is the unknown
principle for the rather big differences in the mass of the particles, and also in the mag-
nitudes of the strength of the interactions. That means, forone part, the origin of mass
is not clear, and for the other, the idea of a complete unification of forces is not feasible
within the theory. With regard to the origin of mass, Peter Higgs pointed out a mecha-
nism by which the electroweak symmetry is broken, giving rise to three massive bosons
(Z0 andW±) and a massless one (the photon). This mechanism reveals itself as a mas-
sive scalar particle, whose associated field permeates all the Universe, which couples to
the particles with a strength proportional to each particle’s mass, which would show the
Higgs boson as the originator of mass. However, the theory does not predict the mass
of the Higgs, and only contraints from renormalizability, unitarity restrictions on weak
boson scattering amplitudes and the requirement that its total decay width be less than
its mass can be used to get limits on the allow ranged of valuesfor this property[11].

1.1 The Standard Model Lagrangian

1.1.1 The Gauge/Fermion component

More formally, the Standard Model is a Yang-Mills theory with symmetry groupSU(2)L×
U(1)Y × SU(3)C , where theL represents chiral couplings to left-handed fermions,Y
the weak hypercharge andC the color charge, each of them representing the weak,
electromagnetic3 and color interactions, respectively. The Lagrangian for aYang-Mills
theory has the general form[10]:

LY−M = iη̄γµD
µη − 1

4
F a

νµF
aνµ (1.1)

where theDµ is the covariant derivative that specifies interactions,igFµν = [Dµ, Dν ]
is an antisymmetric tensor which represents a field strength, andη is a set of scalar and
spinorial fields (which are directly associated with the participating fermions). Each
interaction (Electromagnetic, Weak, Strong) contributesa Yang-Mills Lagrangian to
the complete Standard Model one. For completion, we list this three Lagrangians in
Table 1.1, where one can elucidate some of the properties of the interactions they de-
scribe.

3These two are actually mixed and so unified, as the QED Lagrangian symmetry group isU(1)em,
with electric chargeQ as its generator.
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Symmetry Group # Generators Bosons Field Tensor

U(1)Y 1 Bµ Bµν = ∂µBν − ∂νBµ

SU(2)L 3 W i
µ W i

µν = ∂µW
i
ν − ∂νW

i
µ − gǫijkW j

µW
k
ν

SU(3)C 84 Gi
µ Gi

µν = ∂µG
i
ν − ∂νG

i
µ − gSf

ijkGj
µG

k
ν

Table 1.1: Lagrangians for the interactions of the StandardModel. The indicesi, j, k,
take on the values from 1 to the number of generators for the group, so that there are
threeWµ and eightGµ.

The first striking difference to note is the Lagrangian ofU(1)Y group does not have
any self interaction terms, whereas the other ones have. This means that there is no
photon-photon interaction vertex, but there exist vertices for gluon and weak boson
scatterings.

None of the fields described by theBµ,W i
µ directly represent physically observable

states. Instead, they are mixed as linear combinations of the physicalmass eigenstates,
which relate to this quantities as:

W±

µ =
1√
2

(

W 1
µ ∓ iW 2

µ

)

Aµ = cos θWBµ + sin θWW
3
µ

Zµ = − sin θWBµ + cos θWW
3
µ (1.2)

And by means of this mixing, the electromagnetic and weak coupling constants are re-
lated to each other:sin θW = gem/

√

g2
em + g2

W . Note however that this transformations
should take placeafter electroweak symmetry breaking, because up to this moment all
we have been dealing with is a regular Yang-Mills theory, andsuch theories require
the gauge bosons to be massless in order to preserve Lorentz gauge invariance. It is
only after the gauge bosons acquire mass while respecting Lorentz invariance through
the Higgs mechanism that the mass matrix of this electroweaksector can be built and
consequently diagonalized to get the mass eigenstates.

To resolve the part we have not yet dealt with, we first introduce the notation for
the classification of particles within the Standard Model interms of their helicity. Left-
handed particles are put intoSU(2)L doublets, and right-handed ones, like [11]:

ψL
j =

(

ψL
j+

ψL
j−

)

ψR
j = ψR

jσ

4Actually there are nine generators forSU(3), but one of them, a color siglet gluon, is absent. For a
discussion, see [16].
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where theσ = ± component index is irrelevant in the right-handed states, as is shown
by the equation, precisely because they are singlets. Thej is a family index within the
range of both quarks and leptons. With this given now, we can complete the Yang-Mills
component of the SM Lagrangian, by specifying theη, for the electroweak sector, of
Equation 1.1by:

η =
∑

j

ψL
j +

∑

j

ψR
j (1.3)

And the respective covariant derivativeDµ given by:

Dµ = ∂µ − igW IaW
a
µ + igem

Y

2
Bµ + igSH(j)

λa

2
Ga

µ (1.4)

whereIa is thea component of the weak isospin operator set, andλa is thea-th color
operator, andH(j) = 1 for j indexing quarks, andH(j) = 0 otherwise, an artificial
factor introduced by us simply to account for the fact that leptons do not experience the
strong interaction (as they are color singlets), and so being able to write everything in a
little more compact way.

So far so good, but you can easily notice there are no mass terms in this Lagrangian,
and simply introducing them ”by hand”, adding terms quadratic in the fields makes the
Lagrangian violate Lorentz gauge invariance[18, 2]. Therefore, a sound method to give
rise to the mass terms has to be invoked. It is this method which we discuss now.

1.1.2 The Higgs component

For the SM Lagrangian to remain renormalizable and gauge invariant with the inclusion
of mass for the weak bosons, there has to be a symmetry breaking mechanism that
renders theW±

µ , Zµ fields massive, as well as giving mass to the fermions to which
they couple by theSU(2)L interaction. In the minimal model for the SM, the object
neeeded to perform such symmetry breaking is a complexSU(2) doublet of the form:

Φ =

(

φ+

φ0

)

=

(

φ1 + iφ2

φ3 + iφ4

)

(1.5)

where theφi are real scalar fields. Thus this gives the doublet 4 degrees of freedom,
adjustable to the requeriments ofSU(2)L × U(1)Y symmetry breaking while leaving
U(1)em symmetry unbroken. This has, as consequence, the generation of the masses
of the weak bosons, keeping the photon massless as it needs tobe. The details of the
calculations are given in [2]. This conditions renders all but theφ0 component zero,
which also acquires a non-zero vacuum expectation value:

〈Φ〉0 = 〈0|Φ|0〉 =
1√
2

(

0
v

)

with v =

(

1√
2GF

)

≈ 246.211 GeV (1.6)
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WhereGF is the Fermi weak coupling constant. This allows to formulate the field as a
perturbation of the vaccum with the introduction of a real scalar functionH:

Φ =
1√
2

(

0
v +H

)

(1.7)

The full Higgs Lagrangian results in[11]:

LHiggs =
1

2
(∂µH)2 − 2

λv2

2
H2 +

λv4

4
− λvH3 − 1

4
λH4

+

(

(

1

2
gemv

)2

W µ+W−

µ +
1

2

(

1

2

√

g2
em + g2

Wv

)2

ZµZµ

)

(

H2

v2
+ 2

H

v

)

− H

v

∑

f

(

1√
2
vλf

)

ψ̄fψf (1.8)

With thef denoting an index for the fermions. On can directly read the masses of the
Higgs, weak bosons and charged fermions:

mH =
√

2λv (1.9)

mW =
1

2
gemv (1.10)

mZ =
1

2

√

g2
em + g2

W v (1.11)

mf =
1√
2
vλf (1.12)

where theλf are several coupling factors, one for each fermion, andλ is, with v, a free
parameter arising from the choice of a particular solution of the minimization of the
Higgs scalar potential so as to set the vacuum minimum energypoint, and in view of
the remaining Higgs terms, it can be interpreted as a Higgs self-interaction strength. As
we saw onEquation 1.6, we can fix the value ofv, but theλ are free in principle, so
we have to fix them by experiment. Henceforth the mass of the Higgs particle is a free
parameter, and so this is the main motivation for the presentwork.

1.2 Properties of the Higgs particle

1.2.1 Higgs Mass Constraints

The mass constraints shown in this section come from purely theoretical arguments. A
discussion of experimental bounds is found inchapter 2.
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Theoretical bounds for the Higgs mass arise by requiring theinvariant amplitude
of weak boson scattering to be less than one, and from renormalization of the Higgs
self-interaction parameterλ. The most stringent among these two limits is the renor-
malization condition, so this is the one we explore. The renormalization group equation
for the Higgs self-interactionλ is[2]:

16π2dλ

dt
= 24λ2−3λ(g2

em+3g2
W −4g2

t )+
3

8
(g4

em+2g2
emg

2
W +3g4

W )−6g4
t + · · · (1.13)

with t = ln(Q2/v2) a normalized (with respect to the vacuum expectation valuev)
energy scale andλt = mt/v the Higgs-Top quark coupling constant. As a differential
equation, its solutions will be sensitive to the initial valueλ(t = 0). The relevant fact is
that the Higgs self-interaction has to remain finite for all the energy scales in which the
Standard Model is supposed to be valid (We know it has to breakdown at some energy,
due to the shortcomings we discussed before). For large positive λ, there should be
no Landau pole for energies below a cutoff scaleΛ. In this situation, the first term
dominates the series and the solution to the equation is:

λ(Q) ≈ λ

1 − 3
2π2λ ln(t)

(1.14)

Which shows a Landau pole at:

QLandau ≈ v exp

(

4π2v2

3m2
H

)

(1.15)

We present Landau poles for some values of the Higgs mass inTable 1.2. Note how
rapidly it decreases with increasing Higgs mass, being veryclose to the Higgs mass
when this is around 800GeV/c2. This sets an upper bound to the Higgs mass, and as
we anticipated earlier, the scenario of a Higgs decay width greater than the Higgs mass
cannot take place, for if the Higgs mass happens to be greaterthan the 1 TeV level,
new physics have to come into play. Instead, if the Standard Model is to be valid up
to the Planck scale (around1019 GeV), we see from theTable 1.2thatmH should be
less than about 140GeV/c2. The arguments just presented are the so called Triviality
arguments. To obtain a constraint from below, first recall that λ cannot be negative,
as there would not be an energy minimum at the vacuum expectation value. That is,
there would be no stable minima. What follows is called the Stability argument[2].
So for small positivelambda, the Higgs-Top quark coupling dominates, and a similar
procedure as the previous one follows, with the renormalitzation group equation for the
Higgs-Top quark coupling in the limit of lowmH being solved with a funcion of similar
form as inEquation 1.15(for the details, see [2]), yielding a theoretical lower bound of
3.7GeV/c2for the Higgs mass.

1.2.2 Higgs Decay Modes

From the expressions above, looking at the terms which are linear in the Higgs fieldH,
one can notice that the Higgs couplings to the fermions are linear in the fermion masses,

7



mH (GeV) QLandau (GeV)

80 3.340 · 1056

100 1.086 · 1037

200 1.128 · 1011

400 3.602 · 1004

800 856.31

Table 1.2: Landau poles for several Higgs masses, calculated with Equation 1.15.

whereas the couplings to the weak bosons are quadratic in theboson masses. This
naturally affects the decay widths for the Higgs branching into each of these particle
species. In equations (1.16) and (1.17), where the Higgs decay widths to fermions and
bosons respectively are given, we will confirm these appreciations:

Γ(H → f f̄) =
NCg

2
emm

2
f

32πm2
W

(

1 − x2
f

)

mH (1.16)

Γ(H → V V̄ ) = fV

g2
em

128π

m3
H

m2
W

(

1 − x2
V

)

(

1 − xV − 3

4
x2

V

)

(1.17)

with xo = 2 mo

mH

, fV = 1 for the caseV = Z andfV = 2 for V = W , andNC a
color factor which is 3 forf tagging quarks, and 1 for leptons. Here we note the strong
cubic dependence of the bosonic decay width on the Higgs mass, contrasting the linear
dependence of the fermionic decay width. It is therefore easy to guess that as soon as
phase space allows, the bosonic decay modes will quickly become the dominant decay
modes, so they are the most viable channels for Higgs search endeavors. InFigure 1.1
we show the different decay channels of the Higgs, and how they evolve as the Higgs
mass varies. Note that, as it can be learned from the SM Higgs Lagrangian component,
the Higgs does not couple to photons and gluons, and so decay modes involving these
massless bosons proceed through (heavy) fermion loops. Note also that the functional
forms of the decay widths find a point in which they add up to a number higher than
the very same Higgs mass (which happens at aboutmH = 1.4 TeV/c2). This poses
a problem in interpreting the Higgs field excitations as particles, and so we may set
an upper bound for the Higgs mass. However, since by now the Higgs boson mass
is constrained to be a few hundredGeV/c2, it is unlikely that this case shows up in
the experiment. InFigure 1.2we reproduce a calculation of the total decay width, to
complete the picture of the present discussion.

1.2.3 A remark in the Higgs production cross section

The main production modes for Higgs boson production are gluon fusion and vec-
tor boson fusion, of which the gluon fusion mode dominates. Their Feynman dia-
grams are shown inFigure 4.1. Also associated production orHiggstrahlung modes
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Figure 1.1: Evolution with Higgs mass of the different decaymodes. Taken from [10].

Figure 1.2: Evolution with Higgs mass of the total decay width. Taken from [10].
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Figure 1.3: Comparison between NLO and LO production cross sections for the LHC
scenario. The NLO data was generated with the MC@NLO code, and the LO data with
PYTHIA.

are present, but their total cross section is smaller than the modes we consider here.
The gluon fusion cross section is strongly affected by Next-to-Leading Order (NLO)
QCD corrections[23], arising from the large Higgs-Top quark coupling strength. The
relevant Feynman diagrams are shown inFigure 1.4. The effect is noticeably non neg-
ligible, and so NLO calculations of Higgs processes need to be performed whenever
possible. In this study we simulate all Higgs processes at NLO, so as to get more
up-to-date results. Note the cross section correction factor can grow up near 2.
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Figure 1.4: Feynman diagrams for QCD corrections to the Higgs production cross
sections
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Chapter 2

Experimental Higgs searches

In the following we summarize experimental results for several Higgs searches done
at CERN and Fermilab, and discuss the implications they haveon the prospect for a
Standard Model Higgs boson discovery. Higgses from other models, like those which
extend the Standard Model with Supersymmetry, are not discussed.

2.1 Searches at CERN

Part of the data analises of the experiments at the LEP accelerator were dedicated to
search of the Higgs boson. The experiment ran from 1989 until2000, where it was shut
off. Its center of mass energy was initially 46 GeV, and by theend of its lifetime it had
scalated to 209 GeV. Thus, for the purpose of Higgs searches,it was only tailored for
light Higgs masses. Since it is an electron-positron collider, the accelerating particles
suffer from large bremstrahlung effects, and so increasingthe beam center-of-mass
energy is very costly, and making it better to use heavier particles to achieve higher
energies. On the other hand, lepton collisions offer the cleanest conditions for scrutinies
in the electroweak sector, as low QCD backgrounds are produced.

Since electron-positron collisions give rise to intermediate boson states (among
which Higgs could also be present, but as we saw earlier, its coupling to leptons is
as low as their mass, and so this events prove highly unlikely), the dominant Higgs pro-
duction mode at LEP is the Higgstrahlung mechanism, whose corresponding Feynman
diagram we show inFigure 2.1. For low energies, like those used in the LEP1 era (46
GeV CM energy), the final Z boson is produced off-shell, whereas above threshold, it is
on-shell. In view ofFigure 1.1, for the kinematically accesible range of Higgs masses
for the LEP, the dominant decay mode for the Higgs boson is a pair b -b̄ quark pair,
or even, not so often though,τ+ τ− pairs. So the final picture most likely contains
two b-jets and two leptons, another pair of jets or missing transverse energy. The most
important result from the LEP results and analises is the lower bound established by
a likelihood ratio method[10], to test the results against several Higgs mass hypoth-
esis. A test statistic−2 lnQ was built, with the purpose of comparing the data with
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Figure 2.1: Feynman diagram for Higgstrahlung mechanism.

Figure 2.2: Test statistic for LEP data. Taken from [17].

background-only (the Higgs particle does not exist) and signal+background (the Higgs
particle exists and its events are scattered along with the backgrounds) hypothesis, gen-
erated by several Monte Carlo experiments. The results are presented inFigure 2.2.
The data used for the present construction was gathered whenthe LEP was working at
energies varying from 189 GeV up to 209 GeV. Note the excess ofevents in the exper-
imental data for Higgs masses greater than 114GeV/c2. By now it is established that
it represents a variation of 1.7 standard deviations[17]. The observed lower bound for
the Standard Model Higgs mass was then calculated at the 95% confidence level to be
114.4GeV/c2.
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2.2 Searches at Fermilab

The D∅and CDF experiments at Fermilab both have dedicated Higgs search groups,
which are currently processing and analyzing the data originating from thepp̄ colli-
sions at a center-of-mass energy of 1.96 TeV. The multijet output of the collisions make
the analises favor the leptonic final states of the associated Higgs production process,
whose Feynman diagram we depict inFigure 2.3. At present, the two collaborations
have set upper bounds on the cross sections for the associated production channel as
well as the Higgs-alone channel. Those results are shown inFigure 2.4. Projections
for when 8fb−1 of integrated luminosity had been gathered indicate the data will be
able to exclude(discover) at the 95% confidence (with significance higher than 3σ) a
Higgs boson with a mass range of 115GeV/c2up to 185GeV/c2[3]. Also, the pub-
lished D∅results for 1fb−1 of integrated luminosity have excluded a fourth generation
of fermions if the Higgs has a mass in between 150GeV/c2and 185GeV/c2. This is
because fourth-generation fermions, being heavier than the very top and bottom quarks,
would have an appreciable effect increasing the productioncross section of the Higgs
(recall that the Higgs-particle coupling strength grows atleast as the mass of the par-
ticle). For theH → WW channel, the studies at both experiments employ, before
applying discriminant techniques (like likelihood tests,neural networks, etc.), kine-
matic cuts on the events. These kinematic cuts can be categorized as detector-related
and dynamics-related. Detector-related cuts have to do with trying to minimize the
impact on the final data of detector effects like lepton misidentification, cosmic-ray
dummy events, to list some. Dynamics-related cuts are the ones that actually deal, after
correcting for detector effects, with the underlying differences in the distributions of
the kinematic variables of the signals and the backgrounds.The kinematic cuts listed
on Table 2.1are to be contrasted with the ones we apply to our generated data, listed
on Table 4.4. These are taken from several CDF and D∅reports([6, 5]). The similarity
with the cuts applied in our study is clear. However, we attemp to exploit the angular
distributions affected by the spin correlations of the Higgs decays.

The aforementioned dependence of the fermion masses on the fermion-Higgs cou-
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Figure 2.4: Cross section upper bound from CDF and D∅. The curves at the bottom
are the Standard Model predictions. Taken from [17].

pling strength (as well as the weak boson-Higgs coupling strength) provides a method
for estimating the unknown Higgs mass through precision measurements of the masses
to which the Higgs couples strongest, like the W, Z bosons andthe top quark. In fig-
ures2.5, 2.7 and2.6 several studies for a range of Higgs mass hypothesis are shown,
carried by the LEP Electroweak Working Group. From the figures one can infer, as
it is also stated on related articles[20], that the electroweak predictions favor a light
Higgs. For instance, reviewFigure 2.6. The region enclosed by the 68% CL contour
does not extend further in Higgs mass than 200GeV/c2. The constraint from the top
quark mass is not so stringent, but at any rate, the last one isjust another reason for the
Standard Model to favor a light-intermediate Higgs mass in case the Higgs boson exists.

Finally, Figure 2.8shows the sensitivity per experiment at the Tevatron for Higgs
signals. The picture indicates the Tevatron only has a chance for Higgs exclusion if its
mass is less than about 185GeV/c2, and for evidence, the Higgs needs to be lighter
than 130GeV/c2for the Tevatron to give an evidence before it undergoes shutdown.
For a discovery, the Higgs would need to be lighter than the present lower bound, and
so the Tevatron is not likely to provide any practical discovery statistics.
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Cut Specification Value (GeV)

Transverse Momentum

pℓlead
T > 20 andpℓtrail

T > 10 (MH = 120GeV/c2)
pℓlead

T > 20 andpℓtrail
T > 10 (MH = 120GeV/c2)

pℓlead
T > 20 andpℓtrail

T > 15 (MH = 140GeV/c2)
pℓlead

T > 25 andpℓtrail
T > 15 (MH = 160GeV/c2)

pℓlead
T > 25 andpℓtrail

T > 15 (MH = 180GeV/c2)

Missing Transverse Energy

25 < /ET < 70 (MH = 120GeV/c2)
25 < /ET < 80 (MH = 140GeV/c2)
30 < /ET < 90 (MH = 160GeV/c2)
35 < /ET < 100 (MH = 180GeV/c2)
35 < /ET < 110 (MH = 200GeV/c2)

Table 2.1: Kinematic cuts by Higgs mass ranges at D∅(from [6]). The cuts listed on
[5] were similar, and so are not explicitly included here.

Figure 2.8: Tevatron sensitivity of CDF/D∅combined experiments for the SM Higgs
signal. The narrow lines show the results from the most recent study, done in 2003.
Taken from [4].
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Chapter 3

Computational Setup

The development of this thesis has been done with the help of several programs, which
we list inTable 3.1.

Program Reference Version Purpose

PYTHIA [22] 6.4.12 Multipurpose event generator with showering
and hadronization

HERWIG [8, 19] 6.5.10 Multipurpose event generator with showering
and hadronization

MC@NLO [12, 13] 3.3 NLO matrix element generator with parton
shower matching

ROOT [1] 5.17/05 High-Energy Physics inspired data analysis
framework

Table 3.1: List of programs used in this thesis.

3.1 PYTHIA and HERWIG

These two programs are FORTRAN Monte Carlo codes intended toprovide a plat-
form for High Energy Physics event generation and analysis.They implement a variety
of physics processes, with emphasis in QCD interactions, and so they are suited for
physics events generation, which for a full statistical study would then undergo a detec-
tor simulation phase, after which the data are directly comparable with the experimental
data, in order to test/validate physical hypothesis. They are specially suited for hadron-
hadron collisions (Nowadays this means, in practice, proton-(anti)proton collisions),
which, apart from the basic parton-level interactions, present several complexities like
initial and final state radiation with multiple interactions, along with the hadronization
of the products of the simulated parton-level processes. For a better illustration on the
elements of Monte Carlo event generators, see [21]. These programs are closely related
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to each other in purpose, but their implementations of the physics processes are com-
pletely independent. For instance, the hadronization out of quarks and gluons is done
by PYTHIA invoking theString Fragmentation model, whereas HERWIG follows suit
by use of theCluster Model. The first picture, qualitatively, describes the splittingof
partons by the eventual breaking of color strings joining them, as (due to the presum-
ably linear form of the strong force potential) the potential energy contained in their
joining string grows with their separation. The second picture exploits the preconfine-
ment property of QCD to form color-neutral clusters of quarks or diquarks which then
decay into the final hadrons.

The use of these codes is also very similar. They are to be usedalmost like li-
braries in an usual FORTRAN program, which has the role of parameter configurator
and data logger/analyzer. The user program sets some function switches related to its
workings and to the physics processes to be simulated, and usually sets up an event
loop, where there is one(in the case of PYTHIA) or several (inthe case of HERWIG)
routines that need to be called in order to generate a collision, perform the parton-level
hard processes, and if required, generate the hadronization, multiple interactions, initial
and final state radiations and underlying events (these are the ones involving spectator
partons). Only one collision is simulated per loop iteration, in contrast with physi-
cal events inside a collider, where bunches of incident particles collide. Next the user
program usually needs to do some data logging of the results calculated by the event
generator code, and most likely some analysis routines too,after which the user may
choose to print the results and/or save them to disk.

The idea behind the use of goal-like programs however, beyond the sake of com-
parison, is because the third program, MC@NLO, uses HERWIG as its showering and
hadronization machinery, which is what we now discuss.

3.2 MC@NLO

As it has been discussed inchapter 1, the importance of QCD corrections to the pro-
cesses we study in this work should not be ignored if one is attempting to provide
reasonable statistical estimates. This corrections constitute next-to-leading order con-
tributions to the original matrix elements, which because by several technical and the-
oretical reasons (which are addressed in the program references given in theTable 3.1)
cannot be directly added to the Leading-Order code in the event generators. A solution
to that problem is the program we are dealing with now. The overall execution of this
code takes place in two phases. In the first one, the program generates parton-level
events with NLO corrections included (this phase usually takes as much or more time
than the execution of the conventional event generator). The result from this execution
is a set of files which are then read by the second phase program, which is nothing
more than a standard HERWIG user program with some interfaceroutines provided by

20



the package, all this enabling the user to obtain NLO-corrected events and treat them
identically as HERWIG-generated events.

The mode of utilization is not so different to that of a normalevent generator. The
user will need to change a formatted input file with the parameter selections relevant to
her/his purposes, that will configure the run of a first phase of the program and part of
the second phase. Also the user has to supply the previouly mentioned user program,
more specifically, the initalization, analysis and ending routines, as the structure of the
body of the program should not be changed to avoid complications.

Besides NLO contributions, the program also accounts for the spin correlations in
most of its implemented processes, and this a very importantfeature, as precisely these
spin correlations are one of the most useful criteria in the discrimination of signal and
background events in the present study. At any rate, fortunately both HERWIG and
PYTHIA themselves include spin correlations for the processes we want to simulate.

3.3 ROOT

ROOT is a data analysis framework developed at CERN (and so inspired in the activi-
ties of High Energy Physics). It features a rich set of tools for data acquisition, storage,
processing (all these options with the facility of distributed or parallel execution), anal-
ysis and publishing, implemented as C++ libraries, againstwhich user programs can
be coded and compiled for stand-alone execution, and also the possibility to use them
interactively through a C++ interpreter, CINT[15], which allows for rapid prototyping
of user-defined functions, and thus gives ROOT an enormous flexibility.

Among the manifold of characteristics ROOT provides, of special interest is the Ar-
tificial Neural Network facility implemented in theTMultiLayerPerceptron class[9]. It
implements a multilayer perceptron which takes its training and test sets from a TTree
class (which is a data storage structure, completely configurable by the user). It presents
several training methods which the user can choose and tweakto some extent, and sev-
eral functions (including those within theTMLPAnalyzer class) to observe and quantify
the behavior of the network after training. The versatilityof neural networks includes
operation as universal continuous function approximators(this means, they provide an
alternative to traditional data-fitting methods) as well asclassificators (which is the use
we employ in this study). Let us briefly introduce this facility.

The Multilayer Perceptron type of Neural Networks (there are many others) con-
sists of a set of asynchronous parallel processing units (called neurons), connected to
each other throughsynapses (which are weighting connections), and whose outputs are
evaluations of a linear combination of their inputs (the weigths of the linear combi-
nation are set by the synapses) with a special function. However, for the neurons of
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the input and output layers, the special function is at most anormalization/rescaling.
An example of a structure for a multilayer perceptron is depicted inFigure 3.1. This
figure is automatically generated by theTMultiLayerPerceptron class after being con-
figured for its inputs, number of neurons per hidden layer (these layers are the ones in
between the input and output layers), type of function for the neurons of the hidden
layers, and normalization options. The thickness of a connecting line (the synapses
we mentioned before) is proportional to the magnitude of theweight of that synapse.
The most common special function of a hidden-layer neuron isa sigmoid (or logis-
tic) function, defined as1/(1 + e−x), although there are several other options included
in the class. The fundamental idea is to construct an universal function approximator
(Because it has been proved that a linear combination of sigmoid functions can ap-
proximate any continuous function) through some ”training” procedure, by which the
weigths of the network are configured in order to program the network with a desired
behavior as a function of the inputs. More formally, one is toperform an iterative pro-
cedure (whose steps are called ”epochs” in the class ) by which an error function of
the obtained/specified outputs are compared, in order to have this error function tend
as close to zero as possible. The class implements several training methods with a few
parameters to be tuned by the user as needed. When the class isset into training mode,
among the options available is the one to show an evolution ofthe error of the network
as the training iterations are performed. An example of a (not so succesful) training
exercise is shown inFigure 3.2. In the training, a set of data is used to perform the
error-minimization procedures, and also anothertest set is used for comparison. As
inputs the class requires a string dictating the layout of the network, aTTree data con-
tainer object out of which the training/test data sets will be built, and a specification for
the construction of such training and test data sets.
After the training is done, the class implements functions for evaluating the perfor-

mance of the network. for this short introduction, we chose to show the one that dis-
plays a plot of the response of the network, as it is best suited for this classification task.
This is illustrated inFigure 3.3. The results shown clearly show a poor performance, as
the inputs for background cases result in common output values with a non-negligible
set of signal-case inputs. However, it is worth for the illustration. As we said, there are
also many more options available for exploration and evenrandom-play, but for now
the basics have been set.
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Figure 3.1: Sample of the layout of a multilayer perceptron Neural Network, as it is
generated by theTMultilayerPerceptron class.
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Chapter 4

Results and Analysis

In the following we detail the results from our simulations and analises . For the signal
events, we simulate production of the Higgs boson that branches to a pair of weak
bosonsW± or Z0, which in turn decay, each of them, to muonic final states. The
simulated scenario is that of the LHC, that is, proton-proton collisions with a center-of-
mass energy of 14 TeV.

4.1 Physical processes

The process to study is the production of the Standard Model Higgs boson, predomi-
nantly through gluon fusion, as well as the smaller contributions from quark anihilation
and vector boson fusion. We study the Higgs through its decaymodes into pairs of
weak bosons,H → Z0Z0,W+W−, which we analyze by considering their muonic
final states,Z0 → µ+µ−, W± → µ±νµ(ν̄µ). The Higgs mass range of values consid-
ered, starts from 120GeV/c2up to 300GeV/c2. Background processes that sever the
Signal-to-Noise ratio are listed inTable 4.1. Their kinematical distributions and cross
sections are found to be essentially independent of the assumed Higgs mass, in both the
LO and NLO calculations.

Signal Event Background processes

H → Z0Z0 f f̄ → Z0Z0

H →W+W− gg, qq̄ →W+W−, gg → tt̄→ bW+b̄W−

Table 4.1: Listing of the studied physical processes

In order to distinguish signal events among the whole set of generated events, kine-
matic cuts were established and applied, and the resulting data sets were processed (one
for each evaluated Higgs mass) by an Artificial Neural Network, in an intent to achieve
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a stronger signal discrimination.

4.2 Production Parameters

For this study, an integrated luminosity of10fb−1 data is projected (This means, this
study may be compared with the data gathered at the LHC in the first few months).
This dictates the precise number of events to simulate, by knowing the value of the
total cross section of each process. The value of these crosssections changes from pro-
cess to process, and depending on the particular one, it may vary considerably with the
order at which it is calculated (as an illustration, checkFigure 1.3). In theTable 4.2we
present the production cross sections for the background processes, and in (4.3) they
are given for the signal processes, times the correspondingbranching ratios, and the
resulting number of events to generate. This number of events is taken from the cross
sections calculated at NLO.

Process σLO × BR (pb) σNLO × BR (pb) Events @10fb−1

f f̄ → Z0Z0 → 4µ 1.75 · 10−2 1.79 · 10−2 180
gg, qq̄ → W+W− →
2µ 2νµ

0.825 1.305 13050

gg, qq̄ → tt̄ →
bW+b̄W− → 2µ 2νµ

+ 2 jets

5.743 6.667 66070

Table 4.2: Production cross sections by process - Background processes

As it is noticeable from the tables, the cross sections for background processes are
not strongly affected by the NLO corrections, whereas for the signal processes they
are increased byk-factors ranging from 1.2 up to 1.7, which are independent ofthe
branching processes, depending instead of the Higgs production interactions.

4.3 Kinematic cut-based discrimination

The initial signal-to-noise ratio (which from now on we willdenote as SNR) is re-
ally poor, of the order of10−4. In this study, only kinematic variables of the detected
leptons were considered, with no study of the accompanying jets. As a way to make
up for this, the data remaining from the filtering of kinematic cuts were evaluated by
an artificial neural network, taking advantage of the capabilities these objects have to
exploit hidden, non-linear relations among the presented variables, to have a sharper
discriminating power.
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Process mH (GeV/c2) σNLO × BR (pb) k−Factor =
σNLO/σLO

Events @
10fb−1

H → Z0Z0

→ 4µ

100 7.469 · 10−5 1.639733 0
120 7.462 · 10−4 1.618308 7
140 2.068 · 10−3 1.610348 23
160 8.251 · 10−4 1.272836 8
180 8.848 · 10−4 1.392206 11
200 3.727 · 10−3 1.380172 39
220 3.445 · 10−3 1.316819 34
240 3.077 · 10−3 1.288302 30
260 2.700 · 10−3 1.257356 27
280 2.349 · 10−3 1.200915 23
300 2.252 · 10−3 1.240482 22

H → W+W−

→ 2µ 2νµ

100 7.316 · 10−3 1.639733 12
120 0.0289 1.618308 670
140 0.1718 1.610348 1718
160 0.1919 1.272836 1919
180 0.1750 1.392206 1750
200 0.1161 1.380172 1161
220 0.0917 1.316819 917
240 0.0706 1.288302 760
260 0.0651 1.257356 651
280 0.0556 1.200915 556
300 0.0521 1.240482 521

Table 4.3: Production cross sections by process - Signal processes

It is also important to clarify these data include no detector simulation, so that our
results would have to be fed into a detector simulation program like GEANT. This is
inevitably going to reduce the available statistics (as detector identification efficiencies
are never unity), and the overall effect is to increase the uncertainties in the observables
we measure. This also means that the selected kinematic cutshave a direct correspon-
dence with the fundamental dynamics of the processes here involved, and as such are
also useful to highlight features of each of them.

4.3.1 The channel H → W+W− → 2µ 2νµ

As it is apparent from the tables (4.3), (4.2), the present channel has high statistics
for the chosen integrated luminosity. Under this circumstance, it is not practical to
feed and train the neural network with the raw data, as the multiple training iterations
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would make the process impractical. Henceforth it is betterfirst to apply cuts in order to
enhance the SNR while reducing the number of background events as much as possible.
We now list the set of kinematic cuts effected on the event set:

1. 12 < Mµµ < 80

2. 30 < pℓmax
T < 55

3. 40 < /ET < 80

4. sin(φµµ/2) < 0.4

These criteria mainly arise from the strong spin correlations between the pair of vector
boson resulting from the Higgs decay, due to conservation oftotal angular momen-
tum, as the Higgs is a scalar particle (spin 0) and the bosons are vectors (spin 1). This
correlation in turn is transmitted to the final detected leptons. This fact constitutes in
principle a sensible difference in the angular distributions of the detected leptons, as the
vector bosons from the Higgs are produced in thes channel, whereas the ones originat-
ing from background processes are created in thet channel. See the Feynman diagrams
for these processes inFigure 4.1. In theFigure 4.4the distribution of the angular sepa-
ration of the detected muons is shown for the background processes, noticing the trend
for these to be diametrically opposed to each other. For comparison, the figures4.2
and4.3 (which qualitatively agree for a lower part of the Higgs massrange, and then
the PYTHIA results favor a rather isotropic distribution) show the behavior of the latter
distribution for the signal events, as the Higgs mass runs within the interest range, for
each 20GeV/c2. It is interesting to notice that the distribution behaves,for Higgs mass
values less than 180GeV/c2, antagonically with respect to the background distribution.
This is of great help in discriminating the events. However,for greater Higgs masses
and up to the end of our interest range, the angular distribution becomes, as the Higgs
mass grows larger, more alike to the backgrounds one in the MC@NLO results, and
isotropic-like in the PYTHIA case, which at any rate makes this channel a difficult one
for finding the Higgs if its mass happens to lie in this high mass interval.

It is also worth annotating that to optimize the SNR at each Higgs mass point, the
kinematic cuts have to vary in order to account for the relevant kinematic properties of
each particular setting. Such search was performed, and it was found that the variations
were rather small (a few percent), and furthermore, the kinematic cuts could be applied
to subranges of the Higgs mass range. The applied kinematic cuts, categorized this
how, are shown inTable 4.4.

It was also observed that this channel is not significative for discovery of a Higgs
boson with a mass greater than 200GeV/c2, reason by which no kinematic cuts were
evaluated for this region of parameter space. The reasons why are not only the angular
separation distributions are very alike to the background processes distribution, but also
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Figure 4.1: Feynman diagrams for the physical processes involved in this study
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Figure 4.2: Angular separation of the muons in theH → WW signal events, as they
change with the Higgs mass (generated with MC@NLO).
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Figure 4.3: Angular separation of the muons in theH → WW signal events, as they
change with the Higgs mass (generated with PYTHIA).
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Figure 4.4: Angular separation of the muons in background events. The plotted
MC@NLO and PYTHIA results show an equivalence in the two calculations.

MH (GeV/c2) 120 140, 160, 180

Cuts

sin(φµµ/2) < 0.4 sin(φµµ/2) < 0.3
Mµµ < 50 20 < Mµµ < 80

10 < pℓmax
T < 46 30 < pℓmax

T < 55
20 < /ET < 80 40 < /ET < 80

Table 4.4: Kinematic cuts by Higgs mass subranges

the invariant mass spectrum is. Quantitively, search routines for the kinematic cut that
optimized the SNR were programmed, looking in the variablesof lepton pair angular
separation and invariant mass, with the result that the event rejection ratios for both
the signal and background processes were essentially equal, which does not get us any
closer to enhance the SNR, but simply to lose statistics witheach applied cut. Such
effect can be qualitatively appreciated by taking a glance at figures4.5, 4.6and4.7.

We now attemp to uncover the signal from the signal+background set. In view of
the previous reflections, the range200 < MH < 300 (GeV/c2) is not evaluated. In the
tables4.5 and4.6 we summarize the results. By default, it should be understood we
evaluate the cuts and the corresponding statistics on the NLO data set, unless otherwise
stated.

From the numbers in the tables we can observe the cuts rejected most of the back-
ground events, along with the signal ones too, and as a result, the greatest SNR achieved
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Figure 4.5: Muon pair invariant mass, background processes. MC@NLO and PYTHIA
results are plotted together for comparison.
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Figure 4.6: Muon pair invariant mass, signal processes, varying with the Higgs mass
(generated with MC@NLO).
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Figure 4.7: Muon pair invariant mass, signal processes, varying with the Higgs mass
(generated with PYTHIA).

QCD→ WW H →WW H →WW
MH= 120(GeV/c2) MH= 140(GeV/c2)

ǫtot 1.45 · 10−2 8.385 11.875
Rel. S/R - 4.36 · 10−2 8.22 · 10−2

Table 4.5: Number of expected events due to the effect of the cuts. The value ofǫtot
indicates the fraction of filtered to unfiltered events, and below the SNR is shown.

is 0.1 for Higgs mass of 160GeV/c2. The next step taken was the submission of these
events into the neural network, but due to the low available statistics, the neural net-
work was not succesful in effectively discriminating the signal events, and so they got
lost within the ”sea” of background events not rejected. As an illustration of this out-
come, the response of the network to the filtered events for a Higgs massmH = 160
GeV/c2is displayed inFigure 4.8. The layout of the network is the shown inFigure 3.1.

A similar study was done in [14], where they also get the same qualitative behav-
ior for the SNR, which is to be maximum around the pointmH = 160GeV/c2. For
that study, a jet analysis is also undertaken, so that they are able to add a jet veto by
which they can succesfully reject most of the dominating background, which ist t̄ pair
production (9% surviving events with the sole jet veto criterion). The conclusion that
follows this realization is that this channel requires the analysis of the accompanying
jets in order to gain discriminant power.
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H →WW H →WW
MH= 160(GeV/c2) MH= 180(GeV/c2)

ǫtot 15.52 10.5
Rel. S/R 0.10 7.26 · 10−2

Table 4.6: Continuation ofTable 4.5.
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Figure 4.8: Neural Network output for the filtered data set corresponding tomH = 160
GeV/c2. Clearly there is no gain at all in discriminant power.

4.3.2 The channel H → Z0Z0 → 4µ

This is the so-called ”gold plated” channel for the Higgs discovery, as the totality of
its final state is detectable, it offers the possibility to measure directly the Higgs mass
and has small backgrounds. However its cross section is low (about 3% of the Higgs
production cross section), and because of specializing theanalysis only to muonic final
states the statistical count is lower and so more integratedluminosity is necessary to
obtain statistically meaningful limits on observables. Inspite of this, this channel is so
special that even with the low statistics corresponding to our choice of integrated lumi-
nosity, a few events are enough to give us a signal. To get started, consider the figures
4.9, 4.10 and4.11. The invariant mass spectrum of the 4 detected muons is shown,
produced by the decay of the twoZ0 bosons, generated by the background process.

First fact at sight is the difference between the NLO and LO calculations of MC@NLO
and PYTHIA for the low invariant mass range from 100 GeV to 200GeV. Where in
this range there are no events for the NLO data set, there are afew for the LO set.
Nevertheless, these additional events, for all evaluated Higgs masses within this range,
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Figure 4.9: 4-muon invariant mass spectrum for the background process. MC@NLO
and PYTHIA results are plotted together for comparison.
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Figure 4.10: 4-muon invariant mass spectrum for the signal (generated with
MC@NLO).

35



)2

 (GeV/c

H
M

120
140

160
180

200
220

240
260

280
300

 (GeV)
µ4M

100
150

200
250

300
350

E
ve

nt
s

0
5

10
15
20
25
30
35
40

Figure 4.11: 4-muon invariant mass spectrum for the signal (generated with PYTHIA).

are outnumbered by their Higgs signal counterparts (formH = 120 GeV/c2, there are
7 to 4 events, formH = 140 GeV/c2, the ratio is 23 to 1, etc.), and so the SNR is
kept higher than 1 for the whole range of Higgs masses. This confirms the this channel
as the most promising among the rest for a Higgs signal discovery. However, as we
mentioned earlier, a higher integrated luminosity is needed in order to be able to obtain
meaningful results for discovery or exclusion. Exclusion in this channel would be sig-
naled by the absence of an excess of events throughout the full mass range, specially for
masses below 200GeV/c2, where most of the theoretical and experimental estimates
have placed their bets on. On the side of the angular distributions, the observed pattern
for the signal and backgrounds is a rather isotropic distribution, out of which no useful
criteria could be inferred; nonetheless, it is also true that the low event count sweeps
out any possibility to observe variables with non-trivial behaviors, and so at this point
no meaningful conclusions can be drawn from the angular distributions.
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Final Comments

In this thesis work, we explored the discovery possibilities for a Standard Model Higgs
boson of intermediate mass, as there are strong reasons thatconstrain its mass below
the 300 GeV threshold. We studied the dominant decay modes, which are also the
most useful ones as experimental signatures, as their leptonic final states are generally
well distinguishable among the overwhelmingly large hadron content resulting from the
collision of hadrons. It was noticed that the decay intoW bosons provides discovery
potential for Higgs masses around 160 GeV (± 20 GeV approximately). The best
channel, the decay intoZ bosons, presents a clean signature, with low backgrounds
throughout the considered range of Higgs masses. However, this channel needs a rather
high integrated luminosity in order to be able to confirm a discovery, and so theH →
WW channel is more suitable for a Higgs discovery in the aforementioned range. For
this to be effective, we’ve shown it is absolutely necesary to study the jets associated
with the process, as they constitute a powerful rejection criterion for the background
processes. The use of neural networks may improve the signalto noise ratio, but only
if and once it becomes reasonably low for the noise statistics to favor or at least be
equal to the signal data, so the cut-based approach is still of fundamental importance.
The use of Neural Networks was explored as a complement to ourcut-based approach,
but it proved unsuccessful. It is expected, in view of the cited articles (in particular
[14]), that the study of the jets remaining from the collisions provides a criterion with
high background rejection power and almost no impact on the signal event count. For
jet studies, neural networks show great functionality[3], and so this becomes path for
further exploration in this topic.
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