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Abstract

In this thesis work we study the production and decay of tlee&ird Model Higgs
Boson in the weak decay modes, which consequently branchutmim final states
(muons and muonic neutrinos). The physics scenario is the (tWo protons colliding
with a center-of-mass energy of 14 TeV). Only Physics sitnutas performed, with
no detector simulation. We study discovery possibilitiggfiecting kinematic cuts on
the data, and also by using a neural network to try to enhdreeesulting Signal-to-
Noise Ratio.
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| ntroduction

Through all the years of its existence, the Standard Modeldwae nothing but ful-
filling expectations and successfully predicted phenomelzed to how fundamental
interactions behave and relate. Up to this moment, the Stdndodel has correctly
given account of the number of fermions and bosons that makieeuworld we see.

What is precisely the Standard Model? It is a compact catleadf the concepts
through which we describe physics at the elementary partistel. This compact col-
lection entails the description of matter made by a set oficquand leptons, interacting
with each other by exchange of another set of gauge bosonke lablesl and2 the
current underlying structure of the subatomic world is astit is dictated by the Stan-
dard Model.

Particles Generations

One Two Three

Quarks u,d s,c t,b
Leptons e, v. p,v, T,U:

Table 1. Elementary Particles of the Standard Model

Interaction Mediators Participants
Electroweak bosons, W+, Z° quarks and leptons
Strong Gluong quarks
Gravitational Gravitor All of above

Table 2: Interactions of the Standard Model

This rather simple structure has been able to account fanghm@d of particles that
are visible in, for example, a bubble chamber, as well ashflemtatter we’re all made
of, as composites of 3 quarks (called baryons) or quarlgaatk pairs (called mesons).
It describes rather accurately different phenomena likedtcay of the neutron (which



is responsible for radioactivity), the effects of vaccuntgpaation on atomic spectra,
etc. Despite its long list of milestones, there’s still asing piece which is fundamental
for its mathematical and physical consistency: the Higgsoho For the mathematical
consistency, it is a direct consequence of the mathematinatture of the Standard
Model, and for the physical congruity, it is the mechanisiet hives rise to the mass
of particles. This sole fact makes it a validation or rejgetmethod for the Standard
Model, as its non-discovery would force us to move to othexalions in the search for
the theory of elementary paticles and interactions.

The experimental activity within the Standard Model begeouad the middle of
the XX century, and in particular the search for the Higgsonostarted at LEP, the
Large Electron-Proton collider at CERN, after 1989, whemett into operation. Sev-
eral other high energy facilities around the world have alsatributed to this search.
In spite of so much years and efforts in this search, thisgharas eluded discovery.
At present, the LEP experiments have constrained the matbe diggs boson with
a lower bound of 114.4:eV/c%. The next steps in this direction are to be taken in
the LHC, which is due to begin operation on 2008. With a widaresible region of
phase and parameter space, any undiscovered physicsliglikgly to be found in the
experiments performed in this— p, 14 TeV collider. Therefore, our study focuses on
the simulation of SM Higgs processes generated by the wullsf protons at 14 TeV
Center-of-Mass energy, as a way to get a glimpse at what roghkéen at the machine
when it begins operation.

This work is organized as follows: We first briefly outline dketstructure of the
Standard Modeldghapter }, with an emphasis on the Electroweak Symmetry Breaking
mechanism that underlies on this conceptual body. Then we she experimental
efforts regarding the Higgs search, in particular, the trairgs obtained from elec-
troweak parameter precision measurements and direchssdoy several Higgs work-
ing groups ¢hapter 2, Next, we outline the computational setup used in the agprel
ment of this thesis, detailing the programs used and theggerpf each within our
work (chapter 3, all of them resulting in the data we present and analyzihapter 4
after which we present our conclusions. Throughout the oheeu, distributed as is
necessary, the results of the two Monte Carlo programs argared on figures that
contrast the differences.

Vi



Chapter 1
The Standard M oddl

In this chapter we present the structure of the Standard Mol views to discuss
the mechanism of Electroweak Symmetry Breaking. We therudsthe Higgs mech-
anism and some of its features, specially those related ys wfdetect it.

The Standard Model describes matter as compound of quackkeptons. These
are two families of spin-1/2 particles (fermions), each with 6 members, categorized
in three generations (and, of course, for each particlestbists also its associated
antiparticle). For the leptons, we have the electron, themand the tau, each one with
an associated masslésgseutrino, which carries no electric or any other charge.tker
massive members of this family, the only stable one is therele, with the others ones
decaying mainly in electrons and neutrinos, but the tau lsash@dronic decay modes.
For the quarks, all of them are massive and have fractioeatr&d charge. They are
put on theTable 1 The letters stand fadp, Down, Srange, Charm, Top, Bottom (or
Truth andBeauty).

For the interactions, it is interesting to see how they weoegnized and included
in the theory. The first of them is the electromagnetic irdeoa, which still today
remains as the most successful example of phenomena unificdéefore the elec-
tromagnetic theory, there were a number of disconnecteah) taugh similar, formu-
lations of electric and magnetic variables, and there wasdéa of an invisible ubig-
uitous medium through which light would propagate. Then el published his
legendaryTreatise on Electricity and Magnetism in which he accounted for all the
available knowledge in electricity and magnetism in justrfeector equations, which
through a simple set of transformations yields the equatioam wave propagating at
the speed of light, measured with respect to no particufareace frame. And so this
first act of unification of physical theories, with time andnkayave rise to two strongly
fundamental facts: Light is an electromagnetic wave, aretBpRelativity. Later, with
the immersion of Quantum Mechanics in the landscape of Biyaiquantum theory

1This was only in principle, as the recent observation of rieatoscillations implied that neutrinos
have a very small, but nonetheless non-zero, mass.
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of the covariant formulation of electromagnetism arosevkm as Quantum Electro-
dynamics (QED), with spectacular achievements like theliptien of the hyperfine

structure of the Hydrogen atom, described as the effect eratbm of spontaneous
creation and annihilation of electron-positron pairs dute polarized vacuum.

After the conception of the quarks as the composers of atitiserved hadrons (this
one is beautiful story, but also a long one, so we only reconthtiee interested reader
to read, for example,1f]), the observation of bound states of three identical-flavo
quarks (for example, thE~ baryon made of three strange quarks) revolutionized the
physics community, because that fact would violate the FEpmlusion Principle (all
three quarks would be in the same state). However, this waonilde the case if there
exists another physical property of the quarks that made @abem unidentical within
the bound state. It has somehow to be unobservable to us exfleiment, because
othewise we would have noticed and a new way to classifygeastwould be known.
This new physical property is now known as the color changgpired in analogy to
the way colors mix, with red, green and blue, and also red wytdn (anti-red), blue
with yellow (anti-blue) and green with magenta (anti-gieatl mixing to yield white.
The two-color mixes would apply to mesons (with the quarkysag a color and the
antiquark carrying the anticolor) and the three-color norddaryons (each quark with a
different color), so that all the physical states we obsaexe to be "white’®. We will
soon see, the color interaction makes part of the symmetypgwhich represents the
dynamics of the Standard Model. As a Quantum Field Theogy@QED, it is known as
Quantum Chromodynamics (QCD).

The unusually large time a neutron takes to decay into a pr@io electron and a
"missing energy” (around 15 minutes!) could not be accodite an electromagnetic
or strong process, as strong decays have a typical lifetfrh@ 3d* seconds. This decay
(observed as the beta decay of radioactive nuclei) alsdectggdd physicists with an
unusual and at first very shocking feature: the measuredygnéestribution of the pro-
duced electron was not a sharp spike at the value enforceddrgyeconservation (by
assumming a decay to two particles), but had a spread specifhese two striking
facts signaled the presence of a new fundamental interactiod following Fermi’s
development of a theory of the weak interaction with no pgapars, only a point ver-
tex, and several other relevant works, a theory of weak aoteans with vector and
axial couplings (to account for parity violation as it wasd®nced in experiments with
cobalt-60 atoms) to three massive gauge bosons was dedelapging with the uni-
fied electroweak scheme developed by Sheldon Glashow, Stéfghinberg and Abdus
Salam, which describes the electromagnetic and weak fascegnifestations of a sin-
gle interaction, which is mediated by four spin-1 bosons.

2Even tough the analogy is so compelling, it is very importardlarify there is no connection at all
with light and electromagnetism



To this nice picture of successful descriptions of mattehatsubatomic level un-
fortunately we have to add several "kinks”, failures andrgtmmings it presents, the
ones which also make present and future physics reseamantland necessary to
approach every time closer to the full insight of Nature’'s’kiegs. As for the short-
comings, the most important one is the exclusion of graviynfthe description, goal
which at present still resists victory. The other very nmos one is the unknown
principle for the rather big differences in the mass of theiplas, and also in the mag-
nitudes of the strength of the interactions. That meansytierpart, the origin of mass
is not clear, and for the other, the idea of a complete unifinaif forces is not feasible
within the theory. With regard to the origin of mass, Petegdsi pointed out a mecha-
nism by which the electroweak symmetry is broken, giving testhree massive bosons
(Z° andW*) and a massless one (the photon). This mechanism revesfsaisa mas-
sive scalar particle, whose associated field permeatdsedliverse, which couples to
the particles with a strength proportional to each parsieteass, which would show the
Higgs boson as the originator of mass. However, the theoeg dot predict the mass
of the Higgs, and only contraints from renormalizabilitgjtarity restrictions on weak
boson scattering amplitudes and the requirement thattasdecay width be less than
its mass can be used to get limits on the allow ranged of vétuehis propertyl1].

1.1 The Standard Model Lagrangian

1.1.1 The Gauge/Fermion component

More formally, the Standard Model is a Yang-Mills theorydymmetry grougp U (2) 1, x
U(1l)y x SU(3)¢, where thel represents chiral couplings to left-handed fermians,
the weak hypercharge and the color charge, each of them representing the weak,
electromagnetitand color interactions, respectively. The Lagrangian fgaag-Mills
theory has the general fordd]):

oy 1 a av
Ly_m = iy, D'y — ZF""F H (1.2)

where theD* is the covariant derivative that specifies interactiop$;,,, = [D,, D,
Is an antisymmetric tensor which represents a field stremgith; is a set of scalar and
spinorial fields (which are directly associated with thetiggrating fermions). Each
interaction (Electromagnetic, Weak, Strong) contribuaegang-Mills Lagrangian to
the complete Standard Model one. For completion, we list tiniee Lagrangians in
Table 1.1 where one can elucidate some of the properties of the toiters they de-
scribe.

3These two are actually mixed and so unified, as the QED Lagaarsymmetry group i€/ (1)e,,,
with electric chargé) as its generator.



Symmetry Group # Generators Bosons Field Tensor

U(l)y 1 B, . Buw=0,B,-0,B,
SU2);, 3 Wi Wi, = 9, Wi — 9,Wi — geFWIWE
SU(3)c 8t G, G, =0,G -0, — gs[IFGIGE

Table 1.1: Lagrangians for the interactions of the Standéwdel. The indices, 7, &,
take on the values from 1 to the number of generators for tbegrso that there are
threelV,, and eightG,,.

The first striking difference to note is the Lagrangiart@fl ),- group does not have
any self interaction terms, whereas the other ones haves mbans that there is no
photon-photon interaction vertex, but there exist vestit@r gluon and weak boson
scatterings.

None of the fields described by tiAg,, W; directly represent physically observable
states. Instead, they are mixed as linear combinationgegihiysicaimass eigenstates,
which relate to this quantities as:

1
+ _ 1 112
Wu - ﬁ (Wu :FZWM)
A, = cosby B, + sin QWWIf
Z, = —sinby B, + cos QWWE (1.2)

And by means of this mixing, the electromagnetic and wealpling constants are re-
lated to each othekin Oy = gen/\/ 92, + g3,. Note however that this transformations
should take placefter electroweak symmetry breaking, because up to this momeent al
we have been dealing with is a regular Yang-Mills theory, andh theories require
the gauge bosons to be massless in order to preserve Lornge gnvariance. It is
only after the gauge bosons acquire mass while respectirentoinvariance through
the Higgs mechanism that the mass matrix of this electrowseator can be built and
consequently diagonalized to get the mass eigenstates.

To resolve the part we have not yet dealt with, we first inteedthe notation for
the classification of particles within the Standard Modedkirms of their helicity. Left-
handed particles are put inti/(2), doublets, and right-handed ones, likd]f

. L
L
R R
V=5,

“4Actually there are nine generators f6/(3), but one of them, a color siglet gluon, is absent. For a
discussion, seelf)].




where thes = 4+ component index is irrelevant in the right-handed state$s ahown
by the equation, precisely because they are singlets, Tha family index within the
range of both quarks and leptons. With this given now, we camgtete the Yang-Mills
component of the SM Lagrangian, by specifying thdor the electroweak sector, of

Equation 1.1by:
= v vl (1-3)
j j

And the respective covariant derivatig, given by:

D, =0, —igwl.W; + igemgBM + igsH(j)%GZ (1.4)
wherel, is thea component of the weak isospin operator set, &hts thea-th color
operator, and{(j) = 1 for 5 indexing quarks, and/ (j) = 0 otherwise, an artificial
factor introduced by us simply to account for the fact thptdas do not experience the
strong interaction (as they are color singlets), and sogosire to write everything in a
little more compact way.

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

1.1.2 TheHiggs component

For the SM Lagrangian to remain renormalizable and gaugeiegavt with the inclusion

of mass for the weak bosons, there has to be a symmetry bgeak@chanism that
renders thaV, Z, fields massive, as well as giving mass to the fermions to which
they couple by the&SU(2),, interaction. In the minimal model for the SM, the object
neeeded to perform such symmetry breaking is a com@léi) doublet of the form:

o ) ( ¢1 + i )
o = = . 15
< ¢° $3 + 194 (1.5)
where they' are real scalar fields. Thus this gives the doublet 4 degriefeeamiom,
adjustable to the requeriments 8/ (2), x U(1)y symmetry breaking while leaving
U(1)e Symmetry unbroken. This has, as consequence, the gemedditibe masses
of the weak bosons, keeping the photon massless as it nebds Tthe details of the

calculations are given ir2]. This conditions renders all but th component zero,
which also acquires a non-zero vacuum expectation value:

(D)o = (0]D|0) = % ( 2 )withv = <\/§1GF) ~ 246.211 GeV (1.6)



WhereGr is the Fermi weak coupling constant. This allows to formaitaie field as a
perturbation of the vaccum with the introduction of a realacfunctionH:

1 0
q)_ﬁ(erH) (1.7)
The full Higgs Lagrangian results ibf]:

1 Av2 v 1
Litiggs =5 (0" H)” - 27vH2 + % — NoH? = JH'
1 2 1/1 —\? H?2 H
+ ((agemv) WIH—W#_ + 5 <§ ggm + g%,v) Z“ZM> (F + 2;)
H 1 _
— —§ | —=vA fapt 1.8
v - (\/i f) w w ( )

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

my = V2\v .
V2 (1.9)
1
my = igemv (1.10)
1
my = 5 ggm + g%,vv (111)
1

where the)\; are several coupling factors, one for each fermion, &arsj with v, a free

parameter arising from the choice of a particular solutibthe minimization of the
Higgs scalar potential so as to set the vacuum minimum ernaosgyt, and in view of

the remaining Higgs terms, it can be interpreted as a Higfggeraction strength. As
we saw onEquation 1.6 we can fix the value of, but the\ are free in principle, so
we have to fix them by experiment. Henceforth the mass of tigg$iparticle is a free
parameter, and so this is the main motivation for the preserk.

1.2 Propertiesof the Higgs particle

1.2.1 HiggsMass Constraints

The mass constraints shown in this section come from punelyretical arguments. A
discussion of experimental bounds is founairapter 2



Theoretical bounds for the Higgs mass arise by requiringrix@riant amplitude
of weak boson scattering to be less than one, and from retiaati@an of the Higgs
self-interaction parametex. The most stringent among these two limits is the renor-
malization condition, so this is the one we explore. The neradization group equation
for the Higgs self-interaction is[2]:

d\ 3
167T2E _ 24A2_3A(g§m+39%v—4g§)+§(g§m+2g§mggv+3g§v)_6gg+. .. (1.13)

with ¢ = In(Q?/v?) a normalized (with respect to the vacuum expectation vajue
energy scale and; = m;/v the Higgs-Top quark coupling constant. As a differential
equation, its solutions will be sensitive to the initialwal (¢t = 0). The relevant fact is
that the Higgs self-interaction has to remain finite for la#l energy scales in which the
Standard Model is supposed to be valid (We know it has to bdeak at some energy,
due to the shortcomings we discussed before). For largeiyosi there should be
no Landau pole for energies below a cutoff scale In this situation, the first term
dominates the series and the solution to the equation is:

A
A N ——— 1.14
(@) 1-— 27riQ/\ln(t) ( )
Which shows a Landau pole at:
Am20?
QLandau ~ vV exp < 3 2 ) (115)
My

We present Landau poles for some values of the Higgs magahie 1.2 Note how
rapidly it decreases with increasing Higgs mass, being ehrye to the Higgs mass
when this is around 80GieV /c?. This sets an upper bound to the Higgs mass, and as
we anticipated earlier, the scenario of a Higgs decay widthtgr than the Higgs mass
cannot take place, for if the Higgs mass happens to be grideterthe 1 TeV level,
new physics have to come into play. Instead, if the StandawdeVis to be valid up

to the Planck scale (around'® GeV), we see from th&able 1.2thatm should be
less than about 14G¢V/c?. The arguments just presented are the so called Triviality
arguments. To obtain a constraint from below, first recadk thcannot be negative,
as there would not be an energy minimum at the vacuum expattalue. That is,
there would be no stable minima. What follows is called thabfity argument].

So for small positivédambda, the Higgs-Top quark coupling dominates, and a similar
procedure as the previous one follows, with the renornedlitn group equation for the
Higgs-Top quark coupling in the limit of low: ; being solved with a funcion of similar
form as inEquation 1.1%for the details, se€?]), yielding a theoretical lower bound of
3.7 GeV /c?*for the Higgs mass.

1.2.2 Higgs Decay M odes

From the expressions above, looking at the terms which aeatiin the Higgs field?,
one can notice that the Higgs couplings to the fermions aealiin the fermion masses,

7



mg (GeV) QLandau (GeV)

80 3.340 - 10°°
100 1.086 - 10%7
200 1.128 - 10!
400 3.602 - 10%
800 856.31

Table 1.2: Landau poles for several Higgs masses, calcuhate Equation 1.15

whereas the couplings to the weak bosons are quadratic ibhadb@en masses. This
naturally affects the decay widths for the Higgs branchimg ieach of these particle
species. In equation4 .16 and (L.17), where the Higgs decay widths to fermions and
bosons respectively are given, we will confirm these apptexis:

_ NcgzmTTL?c 9
I'H—ff)= o, (1 —xf) my (1.16)
DOH — V) = foJem o oy () 3 2 1.17
( - )_fV1287r%( _ffv) —IEV—va ( . )

with z, = 22, f;, = 1 for the case/ = Z and fy, = 2forV = W, andN¢ 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,massasting the linear
dependence of the fermionic decay width. It is thereforg éaguess that as soon as
phase space allows, the bosonic decay modes will quicklgrhedche dominant decay
modes, so they are the most viable channels for Higgs seaddgaeors. IrFigure 1.1
we show the different decay channels of the Higgs, and howelielve as the Higgs
mass varies. Note that, as it can be learned from the SM Higggeangian component,
the Higgs does not couple to photons and gluons, and so deasdgsinvolving these
massless bosons proceed through (heavy) fermion loopg &l that the functional
forms of the decay widths find a point in which they add up to enber higher than
the very same Higgs mass (which happens at abgut= 1.4 TeV/c?). This poses

a problem in interpreting the Higgs field excitations as ipke$, and so we may set
an upper bound for the Higgs mass. However, since by now thhgsHboson mass
is constrained to be a few hundréV /c?, it is unlikely that this case shows up in
the experiment. IrFigure 1.2we reproduce a calculation of the total decay width, to
complete the picture of the present discussion.

1.2.3 Aremark in the Higgs production cross section

The main production modes for Higgs boson production arergliwsion and vec-
tor boson fusion, of which the gluon fusion mode dominate$eil Feynman dia-
grams are shown ifigure 4.1 Also associated production étiggstranlung modes

8
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Figure 1.3: Comparison between NLO and LO production cresians for the LHC
scenario. The NLO data was generated with the MC@NLO codkthenL O data with
PYTHIA.

are present, but their total cross section is smaller thamtbdes we consider here.
The gluon fusion cross section is strongly affected by Nexteading Order (NLO)
QCD corrections}3], arising from the large Higgs-Top quark coupling strengtlme
relevant Feynman diagrams are showirigure 1.4 The effect is noticeably non neg-
ligible, and so NLO calculations of Higgs processes needetpdrformed whenever
possible. In this study we simulate all Higgs processes aDNdo as to get more
up-to-date results. Note the cross section correctiomifaetn grow up near 2.

9

Figure 1.4: Feynman diagrams for QCD corrections to the sliggpduction cross
sections
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Chapter 2

Experimental Higgs searches

In the following we summarize experimental results for saleliggs searches done
at CERN and Fermilab, and discuss the implications they loavthe prospect for a
Standard Model Higgs boson discovery. Higgses from othedaisp like those which

extend the Standard Model with Supersymmetry, are not sl

2.1 Searchesat CERN

Part of the data analises of the experiments at the LEP aat@iavere dedicated to
search of the Higgs boson. The experiment ran from 1989 20@0, where it was shut
off. Its center of mass energy was initially 46 GeV, and byehd of its lifetime it had
scalated to 209 GeV. Thus, for the purpose of Higgs seargh&as only tailored for
light Higgs masses. Since it is an electron-positron cetlithe accelerating particles
suffer from large bremstrahlung effects, and so increatiiegbeam center-of-mass
energy is very costly, and making it better to use heavietiges to achieve higher
energies. On the other hand, lepton collisions offer tharast conditions for scrutinies
in the electroweak sector, as low QCD backgrounds are pestuc

Since electron-positron collisions give rise to interna¢eliboson states (among
which Higgs could also be present, but as we saw earlier,opling to leptons is
as low as their mass, and so this events prove highly unhikiglg dominant Higgs pro-
duction mode at LEP is the Higgstrahlung mechanism, whogegmonding Feynman
diagram we show ifrigure 2.1 For low energies, like those used in the LEP1 era (46
GeV CM energy), the final Z boson is produced off-shell, wasrabove 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 isirabpa quark pair,
or even, not so often though;” 7~ pairs. So the final picture most likely contains
two b-jets and two leptons, another pair of jets or missiagsrerse energy. The most
important result from the LEP results and analises is theetdvound established by
a likelihood ratio method[(], to test the results against several Higgs mass hypoth-
esis. A test statistie-21n ) was built, with the purpose of comparing the data with
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Figure 2.1: Feynman diagram for Higgstrahlung mechanism.
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Figure 2.2: Test statistic for LEP data. Taken frahi][

background-only (the Higgs particle does not exist) andaigpbackground (the Higgs
particle exists and its events are scattered along withabkgryounds) hypothesis, gen-
erated by several Monte Carlo experiments. The results rasepted irFigure 2.2
The data used for the present construction was gathered tiveériEP was working at
energies varying from 189 GeV up to 209 GeV. Note the excessaits in the exper-
imental data for Higgs masses greater than G2¥ /c2. By now it is established that
it represents a variation of 1.7 standard deviatibis[The observed lower bound for
the Standard Model Higgs mass was then calculated at the 85fitlence level to be
114.4GeV /2.
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Figure 2.3: Feynman diagram for associated Higgs productio

2.2 Searchesat Fermilab

The Dzand CDF experiments at Fermilab both have dedicated Higggseroups,
which are currently processing and analyzing the datarmatgig from thepp colli-
sions at a center-of-mass energy of 1.96 TeV. The multijgiwdwof the collisions make
the analises favor the leptonic final states of the assatldiggs production process,
whose Feynman diagram we depictRigure 2.3 At present, the two collaborations
have set upper bounds on the cross sections for the assbpratduction channel as
well as the Higgs-alone channel. Those results are shovagure 2.4 Projections
for when 8fb~! of integrated luminosity had been gathered indicate tha dét be
able to exclude(discover) at the 95% confidence (with sicgmite higher thanad a
Higgs boson with a mass range of 1G5V /c?up to 185GeV /c?[3]. Also, the pub-
lished Dzresults for 1fb~! of integrated luminosity have excluded a fourth generation
of fermions if the Higgs has a mass in between Ta(Y /c?and 185GeV /c*. This is
because fourth-generation fermions, being heavier thawety top and bottom quarks,
would have an appreciable effect increasing the produatioss section of the Higgs
(recall that the Higgs-particle coupling strength grow$east as the mass of the par-
ticle). FortheH — WW channel, the studies at both experiments employ, before
applying discriminant techniques (like likelihood testgural networks, etc.), kine-
matic cuts on the events. These kinematic cuts can be caedas detector-related
and dynamics-related. Detector-related cuts have to dio tying to minimize the
impact on the final data of detector effects like lepton nasiification, cosmic-ray
dummy events, to list some. Dynamics-related cuts are ths thrat actually deal, after
correcting for detector effects, with the underlying diffeces in the distributions of
the kinematic variables of the signals and the backgroumts. kinematic cuts listed
on Table 2.1are to be contrasted with the ones we apply to our generated lgted
on Table 4.4 These are taken from several CDF angmports(p, 5]). The similarity
with the cuts applied in our study is clear. However, we afteémexploit the angular
distributions affected by the spin correlations of the Higigcays.

The aforementioned dependence of the fermion masses oarth®h-Higgs cou-

13
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Figure 2.4: Cross section upper bound from CDF amul OPhe curves at the bottom
are the Standard Model predictions. Taken frdm [

pling strength (as well as the weak boson-Higgs couplirgnsfth) provides a method
for estimating the unknown Higgs mass through precisionsmesments of the masses
to which the Higgs couples strongest, like the W, Z bosonsthadop quark. In fig-
ures2.5, 2.7 and2.6 several studies for a range of Higgs mass hypothesis arenshow
carried by the LEP Electroweak Working Group. From the figusae can infer, as

it is also stated on related articlé§], that the electroweak predictions favor a light
Higgs. For instance, revieWwigure 2.6 The region enclosed by the 68% CL contour
does not extend further in Higgs mass than 28(/ /c2. The constraint from the top
qguark mass is not so stringent, but at any rate, the last gastianother reason for the
Standard Model to favor a light-intermediate Higgs masssedhe Higgs boson exists.

Finally, Figure 2.8shows the sensitivity per experiment at the Tevatron forgslig
signals. The picture indicates the Tevatron only has a ahéordHiggs exclusion if its
mass is less than about 18%V /c?, and for evidence, the Higgs needs to be lighter
than 130GeV /c?*for the Tevatron to give an evidence before it undergoesdshrt.
For a discovery, the Higgs would need to be lighter than tlesgmt lower bound, and
so the Tevatron is not likely to provide any practical disexvstatistics.
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Figure 2.5: Goodness-of-fit evolution for the data as it gesnwith the Higgs mass
hypothesis. The blue band is an estimated theoretical du®to higher-order correc-
tions not taken into account. The yellow region correspdadbke exclusion set by the
LEP studies (95% CL exclusion). Taken froi.|
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Figure 2.6: W-Higgs mass correlations through radiativeestions. The blue con-
tour corresponds to the 68% confidence level. The green Isath@ iscattering region
within +1¢ for the direct measurements data. The yellow band is theid&diregion,
established by the LEP studies (95% CL exclusion). Takem {fg.
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Figure 2.7: Top-Higgs mass correlations through radiatimeections. The blue con-
tour corresponds to the 68% confidence level. The green Isath@ iscattering region
within +1¢ for the direct measurements data. The yellow band is theid&diregion,
established by the LEP studies (95% CL exclusion). Takem {fg.
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Cut Specification Value (GeV)

piead > 20 andpfril > 10 (My = 120GeV/c?)

pead > 20 andpfail > 10 (My = 120GeV/c?)
Transverse Momentum  p4°2d > 20 andp{®! > 15 (My = 140GeV /c?)
Pr
Pr

dead > 95 andpfal > 15 (My = 160GeV/c?)
fead > 25 andpfl > 15 (My = 180GeV/c?)

25 < /Er < 70 (Mg = 120GeV /c?)
25 < /Ep < 80 (My = 140GeV/c?)
Missing Transverse Energy0) < /Er < 90 (My = 160GeV /c?)
35 < /Er < 100 (Mg = 180GeV /c?)
35 < /Ep < 110 (My = 200GeV /c?)

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

E_ _H_Iggs SE’I"ISI‘"VIW Study (!03)

u: statlstlcal power only

8_ 1 0 | (no systematics). ..

2 [

® B

o .

£

ar [ ' 56 Dlscovery

< 30 Evidence

= 1 '9*5% CL""' xr.:iusncm
[ N I .

100 105 110 115 120 125 130 135 140
Higgs Mass m,, (GeV/c )

Figure 2.8: Tevatron sensitivity of CDFfrombined experiments for the SM Higgs
signal. The narrow lines show the results from the most restenly, done in 2003.
Taken from §].
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Chapter 3

Computational Setup

The development of this thesis has been done with the hekpvetal programs, which
we listin Table 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 intendguntdwde a plat-
form for High Energy Physics event generation and analyi$isy implement a variety
of physics processes, with emphasis in QCD interactiond,santhey are suited for
physics events generation, which for a full statisticatlgtwould then undergo a detec-
tor simulation phase, after which the data are directly caralple with the experimental
data, in order to test/validate physical hypothesis. Theyspecially suited for hadron-
hadron collisions (Nowadays this means, in practice, prgamti)proton collisions),
which, apart from the basic parton-level interactionsspre several complexities like
initial and final state radiation with multiple interact®ralong with the hadronization
of the products of the simulated parton-level processesaleetter illustration on the
elements of Monte Carlo event generators, 2&g [These programs are closely related
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to each other in purpose, but their implementations of thesigs processes are com-
pletely independent. For instance, the hadronization bquarks 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 splittmfg
partons by the eventual breaking of color strings joiningnth as (due to the presum-
ably linear form of the strong force potential) the potelngiaergy contained in their
joining string grows with their separation. The secondyietexploits the preconfine-
ment property of QCD to form color-neutral clusters of qaok diquarks which then
decay into the final hadrons.

The use of these codes is also very similar. They are to be aigsuokt like li-
braries in an usual FORTRAN program, which has the role cdup@&ter configurator
and data logger/analyzer. The user program sets someduarsstitches related to its
workings and to the physics processes to be simulated, ardlysets up an event
loop, where there is one(in the case of PYTHIA) or severathl{gncase of HERWIG)
routines that need to be called in order to generate a apilipierform the parton-level
hard processes, and if required, generate the hadromzatidtiple interactions, initial
and final state radiations and underlying events (theseharertes involving spectator
partons). Only one collision is simulated per loop itemation contrast with physi-
cal events inside a collider, where bunches of incidenigest collide. Next the user
program usually needs to do some data logging of the resailtslated by the event
generator code, and most likely some analysis routinesatiber, 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, kyloe sake of com-
parison, is because the third program, MC@NLO, uses HEREIli&ahowering and
hadronization machinery, which is what we now discuss.

3.2 MC@NLO

As it has been discussed @ahapter 1 the importance of QCD corrections to the pro-
cesses we study in this work should not be ignored if one &ngiting to provide
reasonable statistical estimates. This corrections itoteshext-to-leading order con-
tributions to the original matrix elements, which becaugesdveral technical and the-
oretical reasons (which are addressed in the program nefesegiven in th&able 3.}
cannot be directly added to the Leading-Order code in theteenerators. A solution
to that problem is the program we are dealing with now. Theallyexecution of this
code takes place in two phases. In the first one, the progrararages parton-level
events with NLO corrections included (this phase usuakgs$eas much or more time
than the execution of the conventional event generato®.r&bult from this execution
is a set of files which are then read by the second phase progvhaith is nothing
more than a standard HERWIG user program with some intertadgees provided by
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the package, all this enabling the user to obtain NLO-cterkevents and treat them
identically as HERWIG-generated events.

The mode of utilization is not so different to that of a norreaént generator. The
user will need to change a formatted input file with the patamgelections relevant to
her/his purposes, that will configure the run of a first phddb@program and part of
the second phase. Also the user has to supply the previouljioned user program,
more specifically, the initalization, analysis and endiogtines, as the structure of the
body of the program should not be changed to avoid comptioati

Besides NLO contributions, the program also accounts f@isthin correlations in
most of its implemented processes, and this a very impdigeahire, as precisely these
spin correlations are one of the most useful criteria in tiser@nination of signal and
background events in the present study. At any rate, fortiywaéoth HERWIG and
PYTHIA themselves include spin correlations for the preessve want to simulate.

3.3 ROOT

ROOQOT is a data analysis framework developed at CERN (andspired in the activi-
ties of High Energy Physics). It features a rich set of tootsdiata acquisition, storage,
processing (all these options with the facility of distitiédi or parallel execution), anal-
ysis and publishing, implemented as C++ libraries, agaimsth user programs can
be coded and compiled for stand-alone execution, and a¢éspdbsibility to use them
interactively through a C++ interpreter, CINIH|, which allows for rapid prototyping
of user-defined functions, and thus gives ROOT an enormaxibifley.

Among the manifold of characteristics ROOT provides, ofcsglénterest is the Ar-
tificial Neural Network facility implemented in thEMultiLayer Perceptron classp]. It
implements a multilayer perceptron which takes its tragrand test sets from a TTree
class (which is a data storage structure, completely corime by the user). It presents
several training methods which the user can choose and tiwweaime extent, and sev-
eral functions (including those within ti@/LPAnalyzer class) to observe and quantify
the behavior of the network after training. The versatitifyneural networks includes
operation as universal continuous function approximgtbis means, they provide an
alternative to traditional data-fitting methods) as weltkssificators (which is the use
we employ in this study). Let us briefly introduce this fagili

The Multilayer Perceptron type of Neural Networks (there arany others) con-
sists of a set of asynchronous parallel processing unite@caeurons), connected to
each other througsynapses (which are weighting connections), and whose outputs are
evaluations of a linear combination of their inputs (the gtles of the linear combi-
nation are set by the synapses) with a special function. Mervéor the neurons of
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the input and output layers, the special function is at masbranalization/rescaling.
An example of a structure for a multilayer perceptron is degal inFigure 3.1 This
figure is automatically generated by th®lultiLayer Perceptron class after being con-
figured for its inputs, number of neurons per hidden layezq¢hlayers are the ones in
between the input and output layers), type of function fe& mieurons of the hidden
layers, and normalization options. The thickness of a cciimg line (the synapses
we mentioned before) is proportional to the magnitude ofwkeght of that synapse.
The most common special function of a hidden-layer neurca sggmoid (or logis-
tic) function, defined a$/(1 + ¢ ), although there are several other options included
in the class. The fundamental idea is to construct an uravéusction approximator
(Because it has been proved that a linear combination of@@fanctions can ap-
proximate any continuous function) through some "traifiipgocedure, by which the
weigths of the network are configured in order to program gtevark with a desired
behavior as a function of the inputs. More formally, one ipéoform an iterative pro-
cedure (whose steps are called "epochs” in the class ) byhadmcerror function of
the obtained/specified outputs are compared, in order te thas error function tend
as close to zero as possible. The class implements se\arahty methods with a few
parameters to be tuned by the user as needed. When the dasfmi® training mode,
among the options available is the one to show an evolutidheoérror of the network
as the training iterations are performed. An example of & $ocsuccesful) training
exercise is shown ifrigure 3.2 In the training, a set of data is used to perform the
error-minimization procedures, and also anottest set is used for comparison. As
inputs the class requires a string dictating the layout efrtétwork, al'Tree data con-
tainer object out of which the training/test data sets walbilt, and a specification for
the construction of such training and test data sets.

After the training is done, the class implements functiamrsdvaluating the perfor-
mance of the network. for this short introduction, we chassttow the one that dis-
plays a plot of the response of the network, as it is bestatotethis classification task.
This is illustrated ifFigure 3.3 The results shown clearly show a poor performance, as
the inputs for background cases result in common outpuegaliith a non-negligible
set of signal-case inputs. However, it is worth for the titagon. As we said, there are
also many more options available for exploration and enaglom-play, but for now
the basics have been set.
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Figure 3.1: Sample of the layout of a multilayer perceptraudl Network, as it is
generated by th&Multilayer Perceptron class.
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Figure 3.2: Sample training evolution fronT&ultilayer Perceptron, for a 200 training
iterations
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Chapter 4

Resultsand Analysis

In the following we detail the results from our simulatiomslaanalises . For the signal
events, we simulate production of the Higgs boson that lresi¢o a pair of weak
bosonsiW* or Z°, which in turn decay, each of them, to muonic final states. The
simulated scenario is that of the LHC, that is, proton-pnatollisions with a center-of-
mass energy of 14 TeV.

4.1 Physical processes

The process to study is the production of the Standard Modagidboson, predomi-
nantly through gluon fusion, as well as the smaller contrdms from quark anihilation
and vector boson fusion. We study the Higgs through its decagles into pairs of
weak bosonsH — Z°Z° W*W -, which we analyze by considering their muonic
final statesZ® — ptp~, W* — p*v,(v,). The Higgs mass range of values consid-
ered, starts from 120eV /c?up to 300GeV /c?. Background processes that sever the
Signal-to-Noise ratio are listed ifable 4.1 Their kinematical distributions and cross
sections are found to be essentially independent of thereesstiliggs mass, in both the
LO and NLO calculations.

Signal Event Background processes

H— 779 ffﬁ 7070 B
H—W™W~ gg,q0 — WTW~, g9 — tt — bW bW~

Table 4.1: Listing of the studied physical processes

In order to distinguish signal events among the whole seenégated events, kine-
matic cuts were established and applied, and the resuléitagseits were processed (one
for each evaluated Higgs mass) by an Artificial Neural Nekyor an intent to achieve
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a stronger signal discrimination.

4.2 Production Parameters

For this study, an integrated luminosity tifb~' data is projected (This means, this
study may be compared with the data gathered at the LHC in isteféw months).
This dictates the precise number of events to simulate, loyvkig the value of the
total cross section of each process. The value of these eotisns changes from pro-
cess to process, and depending on the particular one, it argycensiderably with the
order at which it is calculated (as an illustration, ch&gjure 1.3. In theTable 4.2we
present the production cross sections for the backgroumcepses, and i (3) they
are given for the signal processes, times the correspormanching ratios, and the
resulting number of events to generate. This number of evsriaken from the cross
sections calculated at NLO.

Process oM x BR (pb) o™© x BR (pb) Events @0fb !
Ff— 29720 = 4u 1.75 - 1072 1.79 - 1072 180
99,47 — WHW- — 0.825 1.305 13050
21 2v,

99.041 — tF  — 5.743 6.667 66070
PWHIW - —  2u2y,

+ 2 jets

Table 4.2: Production cross sections by process - Backdrptotesses

As it is noticeable from the tables, the cross sections fok@@und processes are
not strongly affected by the NLO corrections, whereas fer slgnal processes they
are increased by-factors ranging from 1.2 up to 1.7, which are independerthef
branching processes, depending instead of the Higgs pioducteractions.

4.3 Kinematic cut-based discrimination

The initial signal-to-noise ratio (which from now on we widkenote as SNR) is re-
ally poor, of the order of0~*. In this study, only kinematic variables of the detected
leptons were considered, with no study of the accompantsy jAs a way to make
up for this, the data remaining from the filtering of kinensatuts were evaluated by
an artificial neural network, taking advantage of the cdpads these objects have to
exploit hidden, non-linear relations among the presentedbles, to have a sharper
discriminating power.
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Process my (GeV/c?) o0 x BR (pb) k—Factor = Events @
oNLO /gLO 10fh !

100 7.469-1075  1.639733 O
120 7462-10~*  1.618308 7
140 2.068-10~%  1.610348 23
160 8.251-10~%  1.272836 8
00 180 8.848-10~%  1.392206 11
i Z;LZ 4 200 3.727-1073  1.380172 39
220 3.445-1073  1.316819 34
240 3.077-10~%  1.288302 30
260 2.700-1073  1.257356 27
280 2.349-107%  1.200915 23
300 22521073  1.240482 22
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
i ;;LZTW 200 0.1161 1.380172 1161
g 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 - Signakpses

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

43.1 Thechannel H — W W~ — 242y,

As it is apparent from the tableg.Q), (4.2), the present channel has high statistics
for the chosen integrated luminosity. Under this circumes#a it is not practical to
feed and train the neural network with the raw data, as theipheikraining iterations
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would make the process impractical. Henceforth it is béitgrto apply cuts in order to
enhance the SNR while reducing the number of background®aemuch as possible.
We now list the set of kinematic cuts effected on the event set

1.12 < M, < 80
2. 30 < pirax < 55
3. 40 < /Er < 80
4. sin(¢p,,/2) < 0.4

These criteria mainly arise from the strong spin corretatibetween the pair of vector
boson resulting from the Higgs decay, due to conservatiototaf angular momen-
tum, as the Higgs is a scalar particle (spin 0) and the bos@ngegtors (spin 1). This
correlation in turn is transmitted to the final detecteddegt This fact constitutes in
principle a sensible difference in the angular distribusiof the detected leptons, as the
vector bosons from the Higgs are produced indlsbannel, whereas the ones originat-
ing from background processes are created irt ti@nnel. See the Feynman diagrams
for these processes Kgure 4.1 In theFigure 4.4the distribution of the angular sepa-
ration of the detected muons is shown for the backgroundassss, noticing the trend
for these to be diametrically opposed to each other. For enisyn, the figured.2
and4.3 (which qualitatively agree for a lower part of the Higgs meamsge, and then
the PYTHIA results favor a rather isotropic distributiohpsv the behavior of the latter
distribution for the signal events, as the Higgs mass rutisinvthe interest range, for
each 20GeV/c%. Itis interesting to notice that the distribution behafesHiggs mass
values less than 180eV /c?, antagonically with respect to the background distrilbutio
This is of great help in discriminating the events. However,greater Higgs masses
and up to the end of our interest range, the angular disioibliecomes, as the Higgs
mass grows larger, more alike to the backgrounds one in th@MCO results, and
isotropic-like in the PYTHIA case, which at any rate makas tthannel a difficult one
for finding the Higgs if its mass happens to lie in this high siaserval.

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

It was also observed that this channel is not significativedfscovery of a Higgs
boson with a mass greater than 200V /c?, reason by which no kinematic cuts were
evaluated for this region of parameter space. The reasopssemot only the angular
separation distributions are very alike to the backgroundgsses distribution, but also
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(c) Higgs boson production by weak boson fu- (d) W production bytt pair production
sion

(e) ContinumiW W production (f) ContinumZ Z production

Figure 4.1: Feynman diagrams for the physical processedvied in this study
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Figure 4.2: Angular separation of the muons in file—~ W 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 file— WV 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 backgrourehtsy The plotted
MC@NLO and PYTHIA results show an equivalence in the two walitons.

My (GeV/c?) 120 140, 160, 180
sin(¢,,/2) < 0.4 sin(¢,,/2) < 0.3
Cuts M, <50 20 < M, <80

10 < phnax < 46 30 < pmax < 55
20< /Er <80 40< /Er <80

Table 4.4: Kinematic cuts by Higgs mass subranges

the invariant mass spectrum is. Quantitively, search mestior the kinematic cut that
optimized the SNR were programmed, looking in the variabfdepton pair angular
separation and invariant mass, with the result that thetewegection ratios for both
the signal and background processes were essentially, @guah does not get us any
closer to enhance the SNR, but simply to lose statistics eaith applied cut. Such
effect can be qualitatively appreciated by taking a glaridgyares4.5, 4.6 and4.7.

We now attemp to uncover the signal from the signal+backgpaet. In view of
the previous reflections, the rang@) < My < 300 (GeV/c?) is not evaluated. In the
tables4.5and4.6 we summarize the results. By default, it should be undedsto®
evaluate the cuts and the corresponding statistics on ti@dita set, unless otherwise
stated.

From the numbers in the tables we can observe the cuts rejewist of the back-
ground events, along with the signal ones too, and as a ydsifjreatest SNR achieved
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Figure 4.5: Muon pair invariant mass, background procedd€@NLO and PYTHIA

results are plotted together for comparison.
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Figure 4.6: Muon pair invariant mass, signal processegingmwith the Higgs mass

(generated with MC@NLO).
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Figure 4.7: Muon pair invariant mass, signal processeyingwith the Higgs mass
(generated with PYTHIA).

QCD— WW H—-WW H—-WW
Mpy=120GeV/c?) My=140GeV/c?)

Etot 1.45-1072 8.385 11.875

Rel. S/IR - 4.36-1072 8.22-1072

Table 4.5: Number of expected events due to the effect of ke cThe value ot
indicates the fraction of filtered to unfiltered events, aalbly the SNR is shown.

is 0.1 for Higgs mass of 16G¢V /c%. The next step taken was the submission of these
events into the neural network, but due to the low availatdéstics, the neural net-
work was not succesful in effectively discriminating thgreal events, and so they got
lost within the "sea” of background events not rejected. Asllastration of this out-
come, the response of the network to the filtered events faggsinassny = 160

GeV /c?is displayed irFigure 4.8 The layout of the network is the shownFigure 3.1

A similar study was done inl{l], where they also get the same qualitative behav-
ior for the SNR, which is to be maximum around the point = 160 GeV /c?. For
that study, a jet analysis is also undertaken, so that thewlale to add a jet veto by
which they can succesfully reject most of the dominatinggemund, which ig ¢ pair
production (9% surviving events with the sole jet veto crie). The conclusion that
follows this realization is that this channel requires thalgsis of the accompanying
jets in order to gain discriminant power.
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H—-WW H—-WW
My=160GeV/c?) My=180GeV/c?)

Etot 15.52 10.5
Rel. S/R 0.10 7.26-1072

Table 4.6: Continuation ofable 4.5

—— QCD Background(WW)
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Figure 4.8: Neural Network output for the filtered data setesponding tony = 160
GeV /c?. Clearly there is no gain at all in discriminant power.

o

0.2

43.2 Thechannd H — Z°Z" — 4u

This is the so-called "gold plated” channel for the Higgscdigery, as the totality of

its final state is detectable, it offers the possibility toasere directly the Higgs mass
and has small backgrounds. However its cross section isdbout 3% of the Higgs
production cross section), and because of specializingrihlysis only to muonic final
states the statistical count is lower and so more integrataghosity is necessary to
obtain statistically meaningful limits on observablesshite of this, this channel is so
special that even with the low statistics correspondingutoahioice of integrated lumi-
nosity, a few events are enough to give us a signal. To gaedtazonsider the figures
4.9, 4.10and4.11 The invariant mass spectrum of the 4 detected muons is shown
produced by the decay of the twf) bosons, generated by the background process.

First fact at sight is the difference between the NLO and Lidwtations of MC@NLO
and PYTHIA for the low invariant mass range from 100 GeV to Z&€V. Where in
this range there are no events for the NLO data set, there B &or the LO set.
Nevertheless, these additional events, for all evaluaiggdinasses within this range,
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Figure 4.9: 4-muon invariant mass spectrum for the backgiqurocess. MC@NLO
and PYTHIA results are plotted together for comparison.

Figure 4.10: 4-muon invariant mass spectrum for the sigm@nérated with
MC@NLO).
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Figure 4.11: 4-muon invariant mass spectrum for the sigreérated with PYTHIA).

are outnumbered by their Higgs signal counterpartssfgr= 120 GeV /c?, there are

7 to 4 events, formy = 140 GeV/c?, the ratio is 23 to 1, etc.), and so the SNR is
kept higher than 1 for the whole range of Higgs masses. Tim8raas the this channel
as the most promising among the rest for a Higgs signal desgovHowever, as we
mentioned earlier, a higher integrated luminosity is ndederder to be able to obtain
meaningful results for discovery or exclusion. Exclusionhis channel would be sig-
naled by the absence of an excess of events throughout tinegfss range, specially for
masses below 20GeV/c?, where most of the theoretical and experimental estimates
have placed their bets on. On the side of the angular disioiiig; the observed pattern
for the signal and backgrounds is a rather isotropic distign, out of which no useful
criteria could be inferred; nonetheless, it is also true tha low event count sweeps
out any possibility to observe variables with non-triviehaviors, and so at this point
no meaningful conclusions can be drawn from the angularibligions.
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Final Comments

In this thesis work, we explored the discovery possibgifier a Standard Model Higgs
boson of intermediate mass, as there are strong reasonsotistain its mass below
the 300 GeV threshold. We studied the dominant decay modeishvare also the

most useful ones as experimental signatures, as theimliedinal states are generally
well distinguishable among the overwhelmingly large hadrontent resulting from the
collision of hadrons. It was noticed that the decay itobosons provides discovery
potential for Higgs masses around 160 Ge¥ 20 GeV approximately). The best

channel, the decay intd bosons, presents a clean signature, with low backgrounds

throughout the considered range of Higgs masses. Howéigchannel needs a rather
high integrated luminosity in order to be able to confirm adi®ry, and so thél —
WW channel is more suitable for a Higgs discovery in the aforgioreed range. For
this to be effective, we've shown it is absolutely necesargttidy the jets associated
with the process, as they constitute a powerful rejectidteroon for the background
processes. The use of neural networks may improve the digmalise ratio, but only
if and once it becomes reasonably low for the noise stadisticavor or at least be
equal to the signal data, so the cut-based approach isfsfilndamental importance.
The use of Neural Networks was explored as a complement touttvased approach,
but it proved unsuccessful. It is expected, in view of thediarticles (in particular
[14]), that the study of the jets remaining from the collisiome\pdes a criterion with
high background rejection power and almost no impact onitfreasevent count. For
jet studies, neural networks show great functionabitygand so this becomes path for
further exploration in this topic.
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