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Abstra
tThe Higgs me
hanism has been introdu
ed in parti
le physi
s to generate the masses ofthe fundamental parti
les. Even though the realization of this me
hanism in Nature issupported indire
tly by several observations, the dis
overy of the Higgs boson itself hasnot been made. Su
h a dis
overy will be a 
ru
ial step in establishing this theoreti
al
on
ept.The 
hannel H ! ZZ ! 4l is one of the 
hannels with the greatest dis
overy potentialat the ATLAS at LHC if the Higgs mass is above 2mZ .This thesis presents a simulation study of a Standard Model Higgs boson simulated withfast simulation of the dete
tor. It is assumed that the Higgs boson has mass in the range200 GeV-600 GeV and de
ays subsequently into two Z0-bosons and four leptons.The lineshape of the signal is studied for di�erent masses of the Higgs boson and theba
kground is studied when di�erent 
uts are applied. The signi�
an
e is 
al
ulatedfor several Higgs masses by �tting the simulated signal+ba
kground histograms withappropriate fun
tions and integrating this fun
tion in a 
ertain mass window.
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Chapter 1
Introdu
tion
The idea that a basi
 simpli
ity governs the apparent 
omplexity and diversity of theuniverse seems to have always been an important aspe
t of natural philosophy. Less ev-ident is the realization of that idea in terms of irredu
ible elements as the fundamentalbuilding blo
ks of all matter, be
ause equally plausible is the notion of an inde�nitelydivisible matter, 
onserving all of its properties at all levels of fragmentation.It was probably the dis
overy of the atom and 
ertainly the dis
overy of the ele
tronand the proton that �nally gave a de
isive argument in favour of the 
on
ept of thefundamental 
onstituents of matter or elementary parti
les. In any 
ase, this 
onstantsear
h for order and simpli
ity has a
ted as a powerful driving for
e for progress inphysi
s.The history of the physi
s of the in�nitely small is largely the history of the un
overingof su

essive layers of stru
ture, ea
h one a new mi
ro
osmos existing within older, lessfundamental worlds. The notion of what 
onstitutes an elementary parti
le in fa
t is notstati
, but evolves with time, 
hanging in step with te
hnologi
al advan
es, or more pre-
isely with the growth in the power of the sour
es of energy that be
ome available to theexperimenter. The higher the energy of the parti
le beam used to illuminate or probethe obje
t under study is, the shorter are the wavelengths asso
iated with the in
omingparti
les and the �ner the resolutions obtained in the measure. Thus, it is su

essivelydis
overed that matter is built up from mole
ules; that the mole
ules are 
omposed ofatoms; the atoms of ele
trons and nu
lei; and the nu
lei of protons and neutrons. As thepower of the modern parti
le a

elerators keeps on in
reasing, it has be
ome possibleto a

elerate parti
les to higher and higher velo
ities, to attain resolutions surpassing10�16 
entimeters and to observe more violent 
ollisions between parti
les, whi
h haverevealed all the wonders of the subatomi
 universe, not only in the presen
e of ever �nerstru
ture levels, but also in the existen
e at every level of new parti
les of ever greatermasses. Parti
le physi
s has be
ome synonymous with high-energy physi
s. 5



CHAPTER 1. INTRODUCTION

Figure 1.1: Simulated de
ay of a Higgs parti
le in the CMS dete
tor, the other multi-purpose dete
tor being built at CERN. From intera
tions.org1.1 The standard ModelAll known parti
le physi
s phenomena are very well des
ribed by the Standard Modelof Parti
le Physi
s, from now on abbreviated SM.The SM des
ribes the elemenary parti
les and provides a theoreti
al framework for vari-ous phenomena, su
h as 
harge, intera
tions and mass, and has su

essfully passed verypre
ise tests whi
h at present are at the 0:1% level. However, the introdu
tion of massin SM is not yet fully understood, as we do not have experimental proof for the Higgsboson. We understand by elementary parti
les the point-like 
onstituents of matter withno known substru
ture up to the present limits of 10�18 � 10�19m.In the Standard Model, the elementary parti
les 
ome in two types. Fermions, whi
hare the very building blo
ks of nature and whi
h all have spin s = 12 , and the kind ofparti
les that are intermediate intera
tion parti
les and all have s = 1 (gauge bosons).In addition there is the Higgs boson with s = 0:1.1.1 The fermionsThe fermions 
ome in two forms: leptons and quarks.There are six di�erent leptons, the most famous being the ele
tron. The other 
hargedleptons are the muon and the tau. The leptons are divided into three dublets: ea
h6



1.1. THE STANDARD MODEL

Figure 1.2: The di�erent parti
les in the standard model. The quarks and leptons havehalf integer spin, while the gauge bosons on the right side all have spin one. Fromwww.fnal.gov/pub/ inquiring/physi
s/theory/

7



CHAPTER 1. INTRODUCTION
onsisting of the 
harged lepton and its asso
iated neutral neutrino.� �ee � ;� ��� � ;� ��� �Ea
h family also has a family with anti-leptons. To ea
h lepton family we asso
iate alepton number whi
h is very nearly 
onserved in all known intera
tions. The 
hargedlepton and the 
orresponding neutrino have the same lepton number.There are six quarks, too, and they are also divided into three families.� ud � ;� 
s � ;� tb �The quarks have an additional quantum number, the 
olour, and there is strong eviden
efor the number of 
olours being equal to three. However, we only see 
olourless parti-
les, 
olour singlets. This leads to the hypothesis of 
olour 
on�nement: all parti
lesin nature are 
olourless. Coloured parti
les, quarks and gluons 
an only exist in boundstates. The ALICE experiment at LHC will try to explore the phenomenon of 
olour
on�nement whi
h we do not understand and are unable to derive from �rst prin
iples.Parti
les built from quarks and gluons are referred to as hadrons, of whi
h there are twotypes: mesons (qq) and baryons (qqq). 11.1.2 The bosonsWe are able to identify four fundamental for
es in nature.� The ele
tromagneti
 for
e, whi
h is su

essfully des
ribed by QED.� The strong for
e, whi
h is the for
e between quarks.� The weak for
e, whi
h governs the properties of de
aying parti
les, su
h as thebeta de
ay of the neutron.� The gravitational for
e, whi
h is des
ribed 
lassi
ally by Einstein's general theoryof relativity. The SM does not in
lude gravity and 
ompared to the other for
es,gravity is extremely weak.In the SM all these for
es are mediated by the ex
hange of a for
e
arrier and the se
-ond kind of elementary parti
les are these intermediate intera
tion parti
les.2 Thephoton, 
, is the ex
hanged parti
le in the ele
tromagneti
 intera
tions, the eight glu-ons g�; � = 1; ::; 8 mediate the strong intera
tions among quarks, and the three weak1Parti
les 
onsisting of for example four quarks and one anti-quark are not ex
luded in SM andthere is some experimental eviden
e for the existen
e of the so
alled pentaquarks.2No experimental eviden
e have been found in support for a for
e
arrier for gravity. These supposedparti
les are 
alled gravitons.8



1.1. THE STANDARD MODELbosons,W+;W�; Z0 are the 
orresponding intermediate bosons of the weak intera
tions.The range of theese intera
tions goes from very short to in�nite. The range of theele
tromagneti
 intera
tion is in�nite as it 
orresponds to an intera
tion mediated by amassless gauge boson.The range of the weak intera
tions is very short, about 10�16 
m, due to the ex
hange ofvery massive gauge parti
les, the W� and Z0 and, �nally, the strong intera
tions whoserange is not in�nite, as one mayby would think sin
e the gluons are massless, but �nitedue to the extra physi
al property of 
olour 
on�nement.Regarding the strength of the three intera
tons, the ele
tromagneti
 intera
tions aregoverned by the size of the ele
tromagneti
 
oupling 
onstant e, or equivalently � = e24�whi
h at low energies is given by the �ne stru
ture 
onstant, �(Q = me) = 1137 .The weak intera
tions at energies mu
h lower than the ex
hanged gauge boson mass,MV , have an e�e
tive strength given by the Fermi 
onstant GF = 1:167� 10�5GeV �2.The name of strong intera
tions is due to their 
omparative stronger strength than theother intera
tions. This strength is governed by the size of the strong 
oupling 
onstantgS or equivalently �S = g2s4� and it varies from large values at low energies to the vanish-ing asymptoti
 limit �S(Q!1)! 0. This last limit indi
ates that the quarks behaveas free parti
les when they are observed at in�nitely large energies or, equivalently, atin�nitely short distan
es. This is known as the phenomenon of asymptoti
 freedom.The 
harge in QED is the familiar ele
tri
al 
harge whi
h the photon 
ouples to. Thephoton itself 
arry no ele
tri
al 
harge and self intera
tion between photons is thereforenot possible. For the strong intera
tions, however, the situation is di�erent. The glu-ons themselves 
arry the strong 
harge, whi
h is the 
olour. This allows the gluons tointera
t with other gluons and this gives rise to phenomena not allowed by QED, forexample four jet events where a gluon has splitted into two gluons.1.1.3 The 
on
ept of for
e and The Gauge bosonsThe SM is a quantum �eld theory where parti
les exist as ex
itations of �elds.The 
on
ept of a �eld was originally introdu
ed in 
lassi
al physi
s to a

ount for theintera
tion between two bodies separated by a �nite distan
e. In 
lassi
al physi
s theele
tri
 �eld E(x; t), for instan
e, is a three-
omponent fun
tion de�ned at ea
h spa
e-time point, and the intera
tion between two 
harged bodies, 1 and 2, is to be viewed asthe intera
tion of body 2 with the ele
tri
 �eld 
reated by body 1.In the quantum theory, however, the �eld 
on
ept a
quires a new dimension. As orig-inally formulated in the late 1920's and the early 1930's, the basi
 idea of quantum�eld theory is that we asso
iate parti
les with �elds su
h as the ele
tromagneti
 �eld.Quantum me
hani
al ex
itations of a �eld appear as parti
les of de�nite mass and spin.The requirements imposed by quantum �eld theory, when 
ombined with other gen-eral prin
iples su
h as Lorentz invarian
e and the probabilisti
 interpretation of stateve
tors, severely restri
t the 
lass of parti
les that are permitted to exist in nature:� For every 
harged parti
le there must exist an antiparti
le with opposite 
harge9



CHAPTER 1. INTRODUCTIONand with the same mass and lifetime.� The parti
les that o

ur in nature must obey the spin-statisti
s theorem whi
hstates that half-integer spin parti
les must obey Fermi-Dira
 statisti
s, whereasinteger spin parti
les must obey Bose-Einstein statisti
s.We have mentioned that parti
les are quantizations of �elds and indi
ated that whensome for
e a
ts between parti
les, the for
e is mediated by one of the for
e
arriers, oneof the gauge bosons.These �elds are introdu
ed in the theory when we impose the demand of lo
al gaugesymmetry. When performing an arbitrary lo
al phase transformation of for examplea Lagrangian density, the physi
s should not 
hange. This means that the equationsshould look the same in di�erent frames 
onne
ted by a Lorentz transformation. Inorder to do this, we have to introdu
e a gauge �eld. This is done by substituting theordinary derivative by a modi�ed derivative. These new gauge �elds, or intera
tion�elds, give rise to the gauge bosons whi
h a
t as for
e 
arriers.It is a fa
t that several areas of 
ommon ground are shared by the ele
tromagneti
and weak intera
tions and the likeness between the treatments of the two intera
tionsen
ourage the view that the two theories may have a 
ommon origin in a single bodyof prin
iples. Despite the apparant di�eren
es in range and strength it has been shownthat these two for
es are di�erent manifestations of a single uni�ed intera
tion.The uni�ed theory of the ele
troweak intera
tion is a renormalizable quantum �eld the-ory in whi
h the intera
tions of quarks and leptons are mediated by a uni�ed ele
troweak�eld having four 
harge-spe
i�
 degrees of freedom. Four di�erent 
harge-bearing quantaare asso
iated with this generalized �eld. The quanta W+;W�;W 0 and B0 are requiredto be massless parti
les. Two of these quanta be
ome the known W+ and W�. Theremaining two are neutral and 
an therefore be mixed in a various 
ombined states.The 
ouplings to the ele
tromagneti
 
urrents of quarks and leptons sele
t a parti
ular
ombination of B0 and W 0 for identi�
ation as the photon
 = B0
os �w +W 0sin �w (1.1)This is a rotation de�ned by the weak mixing angle �w, a parameter of the theory to bedetermined by experiment. Another rotated 
ombination of B0 and W 0, orthogonal to
, identi�es another neutral entity:Z = �B0sin �w +W 0
os �w (1.2)The Z0 is referred to as the neutral 
urrent while the W� are referred to as 
harged
urrents. One of the two vital ingredients of the ele
troweak theory is the prin
ipleby whi
h the quanta are introdu
ed originally as massless parti
les. The other is theme
hanism by whi
h the weak quanta and other parti
les that should have mass a
quiremass. The �rst prin
iple is lo
al gauge invarian
e and the latter is sponataneous sym-metry breaking.Conservation laws and symmetry prin
iples are very important in physi
s. A

ording to10



1.2. THE NEED TO UNDERSTAND MASSNoether's theorem there is a 
onserved quantity to every symmetry prin
iple. We sepa-rate between internal symmetries and spa
e-time symmetries. Examples of spa
e-timesymmetries are Lorentz invarian
e, translational invarian
e and rotational invarian
e.Ea
h of these give rise to a 
onserved quantity. Internal symmetries are symmetriesthat a
t not in the physi
al spa
e but in an internal spa
e. For example SU(3) 
oloursymmetry is an internal symmetry. Another example is if the Lagrangian is invariantunder a global phase transformation, ele
tri
al 
harge is 
onserved.If a lo
al type of 
onservation law is allowed, as previously 
ommented on, the systemis for
ed to in
lude a mediating �eld whose response to the symmetry operation is su
has to 
ompensate for the variation of the symmetry from point to point. This �eldenables the lo
al symmetry to propagate through the system and provide a me
hanismfor intera
tion. This is Gauge symmetry.1.2 The Need to Understand MassAs was brie�y mentioned above, the SM introdu
es the 
on
ept of mass in a way thatpredi
ts the existen
e of a parti
le, the Higgs boson, whi
h so far has es
aped experi-mental observation.In the sixties, the S
ottish physi
ist Peter Higgs 
ame up with a model in whi
h parti
lemasses arise in a beautiful, but 
omplex progression. He starts with a parti
le that hasonly mass, and no other 
hara
teristi
s, su
h as 
harge, that distinguish parti
les fromempty spa
e. We 
all this parti
le H. H intera
ts with other parti
les; for example if His near an ele
tron, there is a for
e between the two.In the mathemati
s of quantum me
hani
s des
ribing 
reation and annihilation of ele-mentary parti
les, as observed at a

elerators, parti
les at parti
ular points arise from�elds spread over spa
e and time. Higgs found that parameters in the equations for the�eld asso
iated with the parti
le H 
an be 
hosen in su
h a way that the lowest energystate of that �eld is one with the �eld not zero. It is surprising that the �eld is not zeroin empty spa
e, and the result is: all parti
les that 
an intera
t with H gain mass fromthe intera
tion.Thus mathemati
s links the existen
e of H to a 
ontribution to the mass of all par-ti
les with whi
h H intera
ts. A pi
ture that 
orresponds to the mathemati
s is of thelowest energy state, empty spa
e, having H parti
les with no energy on their own. Otherparti
les get their masses by intera
ting with this 
olle
tion of zero-energy H parti
les.The mass (or inertia or resistan
e to 
hange in motion) of a parti
le 
omes from itsbeing grabbed at by Higgs parti
les when we try and move it.If parti
les do get their masses from intera
ting with the empty spa
e Higgs �eld, thenthe Higgs parti
le must exist; but we 
an't be 
ertain without �nding the Higgs. Wehave other hints about the Higgs; for example, if it exists, it plays a role in unifyingdi�erent for
es. However, we believe that nature 
ould 
ontrive to get the results that11



CHAPTER 1. INTRODUCTIONwould �ow from the Higgs in other ways. In fa
t, proving the Higgs parti
le does notexist would be s
ienti�
ally every bit as valuable as proving it does.1.3 New physi
s at LHCAlthough this report mainly will be 
on
erned with the sear
h for the Higgs boson, theexisten
e of this parti
le is not the only �eld of interest at the new LHC a

elerator.In 
hapter two, the most important features of the LHC a

elerator and the ATLASdete
tor will be dis
ussed. For now, it will be dis
ussed what we are hoping to see atLHC when it starts taking data.An LHC experiment must have the ability to �nd the unexpe
ted. New phenomenaof whatever type will de
ay into the parti
les of the standard model. In order to meetall the requirements of the physi
s goals, the dete
tor must have great �exibility. Thevaried physi
s signatures for these pro
esses require the ability to re
onstru
t and mea-sure �nal states involving the following� Charged leptons in
luding the tau� The ele
troweak gauge bosons W;Z and 
.� Jets 
oming from the produ
tion at high transverse momentum of quarks andgluons.� Jets that have b-quarks within them.� Missing transverse energy 
arried o� by weakly intera
ting neutral parti
les su
has neutrinos.Four large-s
ale experiments will be running at the LHC. ATLAS and CMS are the twomultipurpose dete
tors for pp 
ollisions while LHCb will be looking into the physi
s ofB-hadrons. ALICE is a heavy-ion experiment whi
h will study the behaviour of nu
learmatter at high densities and energies. There are strong physi
s motivations behind theLHC, [22℄:� The origin of parti
le masses. Despite the su

ess of the Standard Model, theorigin of parti
le masses and hierar
hy of leptons, quarks and gauge bosons is stilltroublesome. A way to break the ele
troweak symmetry in the SM was providedin the late sixties by Peter Higgs, and the me
hanism (referred to as the Higgsme
hanism) gives parti
les their mass. A dire
t 
onsequen
e of this me
hanismis the existen
e of a s
alar parti
le, 
alled the Higgs boson, [8℄. The theory doesnot spe
ify the mass of the Higgs boson itself, but it should not ex
eed 1 TeV topreserve unitarity at high energies. This parti
le has not been found yet, and LHCis designed to sear
h for it over the entire energy range.12



1.4. BEYOND THE STANDARD MODEL� Physi
s beyond the Standard Model. Even though the Higgs me
hanism providesa way to endow parti
les with mass it has little physi
al justi�
ation. Indeedthere are several reasons to believe that the Standard Model is not the ultimatetheory. The LHC is meant also to look into possible physi
s beyond the SM, andthe dete
tors will sear
h for manifestations of theories that predi
t new physi
s atan energy a

essible for LHC. These theories in
lude sear
hes for Supersymmetry,Bla
k Holes, extra dimensions, Gravitons.� Open questions. The high energy range of the LHC allows for testing open ques-tions like for example: are quarks and leptons really fundamental? Could it bemore than three families of quarks and leptons? Why is there an asymmetrybetween matter and antimatter in the universe?� Pre
ision measurements. Another way to 
he
k the Standard Model is to performpre
ision measurements on its predi
tions. Any deviations from the theory wouldbe a sign for new physi
s. At the LHC, known parti
les like W and Z bosons, topand b-quarks will be produ
ed in huge quantities enabling pre
ise measurementson for example Triple Gauge Couplings and the strong 
oupling 
onstant.The experimental observation of one or several Higgs bosons at LHC will be fundamentalfor a better understanding of the me
hanism of ele
troweak symmetry-breaking. In theStandard Model, one doublet of s
alar �elds is assumed whi
h leads to the existen
eof one neutral s
alar parti
le, H, the Higgs boson. On the basis of present theoreti
alknowledge, the Higgs se
tor in the Standard Model remains largely un
onstrained. TheHiggs-boson mass, mH , is not theoreti
ally predi
ted. However, from unitary argumentsan upper limit of 1TeV 
an be derived. Requirements of the stability of the ele
troweakva
uum and the perturbative validity of the Standard Model allows to set upper andlower bounds depending on the 
uto� value 
hosen for the energy s
ale � up to whi
hthe Standard Model is assumed to be valid. Experimentally, 
onstraints on the StandardModel Higgs-boson mass are derived dire
tly from sear
hes at LEP2. [7℄1.4 Beyond the standard modelIt is appropriate to brie�y mention what s
enarios beyond the Standard Model onemight fa
e when the LHC starts. The dis
ussian here is mostly based on [5℄, [18℄ and[20℄.The su

ess of the standard model of strong, weak and ele
tromagneti
 intera
tionshas drawn in
reased attention to its limitations and the theory is 
onsidered not as afundamental theory but merely as an e�
ient low energy approa
h to more fundamentaltheories. We will brie�y 
omment on the questions left unanswered by the SM:� The Hierar
hy Problem: Loop 
orre
tions to the Higgs mass is of the order upto the energy s
ale the SM is 
onsidered valid. This mixing of energy s
ales (theele
troweak and the GUT s
ale) is 
alled 'The Hierar
y Problem'. The divergen
ein the perturbation series is quadrati
 in the 
uto� � (the s
ale at whi
h new13



CHAPTER 1. INTRODUCTIONphysi
s should appear), while other divergen
es in the SM are only proportionalto log �. Finetuning is a solution to this problem, but it does not seem very likely.The reason is that Finetuning implies that the di�eren
e of two squared massesof order 1015 GeV ea
h should be of order the mass of the W boson squared, inwhi
h 
ase one keeps the Higgs boson mass at a reasonable level.� The SM 
ontains 19 unpredi
ted parameters, whi
h is 
onsidered a bit unaestethi
.In its simplest version, the model has 19 parameters, the three 
oupling 
onstantsof the gauge theory SU(3)�SU(2)�U(1), three lepton 3 and six quark masses, themass of the Z boson whi
h sets the s
ale of weak intera
tions, the four parameterswhi
h des
ribes the rotation from the weak to the mass eigenstates of the 
harge�13 quarks (CKM matrix). All of these parameters are determined with varyingerrors. Of the two remaining, one, a CP violating parameter asso
iated with thestrong intera
tions, must be very small. The last parameter is asso
iated withthe me
hanism responsible for the breakdown of the ele
troweak SU(2)�U(1) toU(1)em. This 
an be taken as the mass of the Higgs boson. The 
ouplings of theHiggs boson are determined on
e its mass is given.� There is an asymmetry between matter and anti-matter in the universe.� Why are there exa
tly three generations of fermions? And what is the origin ofthe mixing between the quarks, parametrized by the CKM matrix?� What is the nature of QCD 
on�nement?� Do the leptons and quarks have a �ner substru
ture?� Is it possible to unify the strong and ele
troweak for
e and des
ribe them all withone 
oupling 
onstant at higher energies? In that 
ase, one 
annot distinguishbetween the for
es and the three for
es have melted into one for
e.1.4.1 Di�erent SM extensionsDespite the immense su

ess of the SM the model 
an not be totally 
orre
t. Althoughthe theory is in very pre
ise agreement with experiments at the energy levels a

essibleso far, it is not believed that the SM 
an be extrapolated to higher energies and that theSM is only an e�e
tive theory working well at lower energies. Instead of reje
ting thetheory, however, one wants to extend the theory to 
ope with the problems mentionedabove.GUT modelsGUT models (Grand Uni�ed Theories) aim to des
ribe three of the four for
es in onesingle framework by the same parameters. Gravity is left out. At very high energies,3The neutrinos are now believed to have a non-vanishing mass whi
h gives three additional massparameters.14



1.4. BEYOND THE STANDARD MODELthe so-
alled GUT s
ale, MGUT 1015 � 1016 GeV; the three 
oupling 
onstants meet atone value if SUSY is invoked.There are many problems with these GUT theories, and perhaps the most serious prob-lem is that it predi
ts the existen
e of magneti
 monopoles whi
h are not observed,[18℄Super SymmetrySupersymmetry is the most extensively 
onsidered SM extension and it implies phe-nomenologi
ally that for every boson (fermion) in the model, there exists a fermion(boson) partner with exa
tly the same mass and quantum numbers, ex
ept that thespin is 
hanged by �12 .Supersymmetry solves the hierar
hy problem and only requires jm2sparti
le �m2parti
lej �1TeV 2. [18℄ When superpartners to all SM parti
les are introdu
ed, ea
h term in theperturbation series will be 
an
elled by an opposite sign term due to the new superpart-ners.SUSY introdu
es many new parti
les. All the supersymmetri
 partners of hte origi-nal bosons are 
alled the same as the boson, only that the su�x '-on' is repla
ed by'-ino', so gluon be
omes gluino. The superpartners of the fermions are 
alled hte sameas their partners ex
ept that an 's' is added in the front so quarks be
ome squarks.Supersymmetri
 parti
les 
ome in addition to the SM pari
les:� Three generations of spin zero squark singlets and doublets� Three generations spin zero slepton singlets and doublets� Two spin 12 Higgsino doublets� Three spin 12 winos� One spin 12 bino and eight gluinosWhen the ele
troweak symmetry is broken, the gauginos (winos and binos) mix withthe Higgsinos to form neutralinos (�0i ) and two 
harginos (��i ).There is, however, a 
at
h. The most general SUSY Lagrangian is not in agreementwith experiments sin
e it 
ontains renormalizable Lepton and Baryon number violatingintera
tions, [20℄. One has tried to dete
t proton de
ay, for example, without su

ess.In order to save the day, one introdu
es a dis
rete symmetry, R� parity, under whi
hthe Lagrangian is required to be invariant. Without going into details, this saves theproton. In addition, a dark matter 
andidate is introdu
ed. The de
ay 
hain of anysparti
le ends with an LSP (lightest supersymmetri
 parti
le) whi
h is stable. 15



CHAPTER 1. INTRODUCTIONTe
hni
olour ModelsTe
hni
olour is an alternative way to break ele
troweak symmetry. By introdu
inga universal SU(3) intera
tion at high energies, the parti
les in the SM a
quire masswithout violating the gauge invarian
e of the Lagrangian. There is no need for a Higgsparti
le and the hierar
hy problem does not exist.New gaugebosonsAn important question is wether there are any new gauge bosons beyond the onesasso
iated with the SU(3)C � SU(2)W � U(1)Y gauge group. New gauge bosons arepredi
ted within many theories beyond the SM.The simplest way of extending the SM gauge stru
ture is to in
lude a se
ond U(1) group.The asso
iated gauge boson, labelled Z 0, is a spin 1 parti
le with no ele
tri
al 
harge.If the new gauge 
oupling is not mu
h smaller than unity, then the U(1) group must bespontaneously broken at a s
ale larger than the ele
troweak s
ale in order to a

ountfor the nonobservation of Z 0 at LEP and run one at Tevatron.RadionsIt is a serious problem of modern physi
s that the general theory of relativity andquantum me
hani
s not have been uni�ed into one theory. In these attempts, theorieswith more than three spatial dimensions are introdu
ed. In string theory, for example,there 
an be as many as nine spatial dimensions.In string theory, fundamental parti
les are repla
ed by one-dimensional 'superstrings'.Di�erent SM parti
les appear as di�erent os
illations of the string. The extra dimensionsare very small and are 
urled together whi
h explains their invisibilaty. They 
an notbe seen at s
ales larger than the Plan
k length 10�35 m, whi
h is far out of rea
h ofwhat is experimentally measurable. 4One of the biggest problem with unifying the for
e of gravity with the other three for
esis the weakness of gravity 
ompared to the other for
es. The weak s
ale is of order 103GeV and the s
ale of gravity, the Plan
k s
ale is of order 1019 GeV. [5℄An alternative s
enario to string theory are the so
alled ADD-s
enario and the RandallSundrum S
enario. In these theories spa
e-time and the Plan
k s
ale are itself 
hanged.We have very little knowledge of how gravity a
ts at small distan
es. It 
ould be thatgravity propagates into extra dimensions, for example, but this might not be possiblefor the other for
es.In the Randall Sundrum s
enario there is one extra spatial dimension whi
h is 
om-pa
ti�ed 5. In the formalism, a geometri
al exponential fa
tor is introdu
ed and thestabilization of the 
ompa
ti�
ation radius is 
ru
ial.A way to solve this is to introdu
e a bulk 6s
alar �eld with intera
tions lo
alized on the4At LEP the limit was pushed down to 10�19 m.5Compa
ti�
ation: that the extra dimensions 
url up and be
ome extremely small.6A bulk �eld is a �eld that propagates in all dimensions.16



1.4. BEYOND THE STANDARD MODELtwo branes 7 that 
an generate the required potential to stabilize the s
alar �eld. Asa 
onsequen
e the quantum of the modulus �eld a
quires mass and the massive s
alarparti
le asso
iated with it is denoted the radion, �.The radion is expe
ted to be light and 
ould be found at the LHC. Its 
oupling tofermions and gauge bosons is related to that of the SM Higgs through a res
aling of theHiggs 
ouplings. The radion might also mix with the Higgs. The radions are produ
edmainly by the gluon-gluon fusion pro
ess, and the 
ross se
tion is about 100 times largerthan for the Higgs boson and the Higgs and the radion have nearly the same de
ay 
han-nels. If the radion is somewhat heavier than the Higgs, it might de
ay into two Higgsbosons.Sin
e the radions and the Higgs look so mu
h alike with similar 
hara
teristi
s andintera
tions it is of 
ru
ial importan
e to be able to distinguish between them.

7Brane: generalization of a membrane into higher dimensions. A p-brane has (p+1) dimensions17
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Chapter 2The ATLAS dete
torIn this 
hapter the most important features of the ATLAS dete
tor will be dis
ussedand the emphasis will be on the parts of the dete
tor whi
h are relevant for the 
hannelstudied in this proje
t. This implies that the Inner Dete
tor (ID), the ele
tro-magneti

alorimeter and the muon 
hambers will be most thoroughly dis
ussed.The ATLAS dete
tor is a general-purpose dete
tor designed to exploit the full physi
spotential at the LHC a

elerator at CERN whi
h will start in 2007. The 45 metre longATLAS dete
tor is one of the largest and most elaborate parti
le physi
s experimentsever designed.At LHC the 
olliding parti
les 
ollide head-on in 
olliding beams so the shape of thedete
tor is 
ylindri
al. The dete
tor is 
onveniently separated in a barrel part and end
ap parts at the ends.2.1 LHCThe Large Hadron Collidor (LHC) is a proton-proton 
ollider with 14 TeV 
entre ofmass energy. However, as protons are 
omposite obje
ts, the hard 
ollision does notinvolve the full momentum of the protons. The partons (quarks and gluons) that makeup the proton, ea
h 
arry a fra
tion of the proton momentum. E�e
tively, the maximumenergy that be
omes available in the 
ollision is therefore px1x2s, where x1 and x2 arethe momentum fra
tion 
arried by both partons.The design luminosity for the LHC is L = 1034
m�2s�1. It is a two-ring a

elerator and
ollider, and it is installed in the 27 km long tunnel originally used for the LEP ele
tronpositron 
ollider.To bend the 7 TeV proton beams around the ring, extremely large magneti
 �elds areneeded. Spe
ially designed super
ondu
ting dipoles provide an magneti
 �eld approxi-mately 8 T strong for both beams.The LHC experiments (ATLAS, CMS, LHC-b and ALICE) will have to fa
e two mainexperimental di�
ulties: pile-up and large QCD ba
kground. The �rst is related to thevery big ma
hine luminosity while the large QCD ba
kground 
omes from the nature ofproton-proton 
ollisions and the internal stru
ture of protons [22℄.We will brie�y 
omment on these problems: 19
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Figure 2.1: The ATLAS dete
tor

Figure 2.2: CERN seen from the air. The large white building in front-left is the ATLASbuilding. In the ba
kground are the Jura mountains.
20



2.2. THE DIFFERENT PARTS OF THE ATLAS DETECTOR� Pile-up. Protons are grouped in bun
hes of 1011 protons 
olliding at a givenintera
tion point every 25 ns. The intera
tion rate is 109 events per se
ond athigh luminosity. This gives on average 25 soft intera
tions (minimum bias events,low pT ) o

uring simultaneously at ea
h 
rossing. The soft intera
tions give rise,every 25 ns, to about 1000 
harged parti
les in the dete
tor over the pseudo-rapidity region j�j < 2:5. Therefore, when a high-pT event is produ
ed during abun
h-
rossing, this event is overlapped, on average, with 25 additional soft events.These events are 
alled pile-up.� QCD ba
kground. The rate of high-pT events at a hadron 
ollider is dominated byQCD jet produ
tion. Sin
e jet-produ
tion is a strong intera
tion the 
ross-se
tionsare large and, in addition, many 
hannels 
ontribute to the �nal states.Therefore there is no hope to dete
t for example a Higgs boson de
aying into jetsunless it is produ
ed in asso
iation with additional parti
les. De
ays to leptonsand photons have to be used instead. Sin
e su
h de
ays usually have a smallerbran
hing ratio than de
ays into quarks, the prize to pay to get rid of the QCDba
kground is a smaller 
ross se
tion and fewer interesting events.2.2 The di�erent parts of the ATLAS dete
torThe ATLAS dete
tor 
onsists of three major 
omponents, refs [2℄, [7℄:� The Inner Dete
tor. The Inner Dete
tor (ID) re
ords the tra
ks of 
harged parti-
les. A strong magneti
 �eld (approximately 2 T) 
reated by a solenoid 
auses theparti
les to bend, and the 
urvatures of these tra
ks allow the momentum and ele
-tri
 
harge of ea
h parti
le to be determined. The ID 
onsists of three subdete
tors
overing the range j�j < 2:5. The three subdete
tors are The Pixel Dete
tor, TheSemiCondu
tor Tra
ker (SCT) and The Transition Radiation Tra
ker (TRT). See�gure 2.3 for a pi
ture of the inner dete
tor.� The Calorimeters. The Calorimeters absorb and measure the energies of most
harged and neutral parti
les. Energy deposits in any part of the 
alorimeter aredete
ted and 
onverted to ele
tri
al signals whi
h are read out by data-takingele
troni
s.One 
alorimeter measures the energy of ele
trons, positrons and photons (TheEle
troMagneti
 
alorimeter) and the other measures the total energy of hadrons(The Hadroni
 Calorimeter).� The Muon Spe
trometer. The Muon Spe
trometer identi�es muons and measurestheir momenta. Muons pass through the 
alorimeters without being absorbedbe
ause of the low 
ross se
tion for ele
tromagneti
 intera
tions for muons. Muondete
tors outside the 
alorimeter measure the traje
tories of muons as they arebent by the toroid magnet system, allowing their momenta to be 
al
ulated withhigh pre
ision. 21
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Figure 2.3: The inner dete
tor2.2.1 The Inner Dete
torThe Inner Dete
tor (ID) is the subdete
tor 
losest to the beam-pipe, and it is mountedinside the inner dete
tor 
avity whi
h is 7 m long and 2.3 m in diameter. Its outerdimensions are limited by the inner dimensions of the 
ryostat 
ontainer in the LiquidArgon EM Calorimeter and the end-
ap 
alorimeters. Me
hani
ally, the ID 
onsists ofthree units: a barrel part extending over �80 
m and two identi
al end-
aps 
overingthe rest of the 
ylindri
al 
avity.Pattern re
ognition, momentum and vertex measurements and ele
tron identi�
ationare the main obje
tives of the ID. This is a
hieved by the 
ombination of dis
retehigh-resolution semi
ondu
tor pixel and strip dete
tors by the Pixel Dete
tor and theSemiCondu
tor Tra
ker in the inner part. Further out, in the Transition RadiationTra
ker (TRT), there are 
ontinuous straw-tube tra
king dete
tors whi
h also have theability for transition radiation dete
tion for the ele
tron identi�
ation.In the barrel region, the high-pre
ision dete
tor layers are arranged on 
on
entri
 
ylin-ders around the beam axis, while the end-
ap dete
tors are mounted on disks perpen-di
ular to the beam axis. The pixel layers are segmented in R� and z, while the SCTdete
tor uses small angle stereo strips to measure both 
oordinates, with one set of stripsin ea
h layer measuring �. The barrel TRT straws are parallel to the beam dire
tion.On the end-
ap, the strip dete
tors have one set of strips running radially and a set ofstereo strips at an angle of 40 mrad. The 
ontinuous tra
king 
onsists of radial strawsarranged into wheels.Pixel Dete
torThe pixel dete
tors provide three high resolution three-dimensional spa
e points as 
loseto the intera
tion point as possible be
ause of the high tra
k density in this region. Highgranularity and unambiguous determination of two 
oordinates are vital in the high o
-
upan
y environment at small radii.22
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Figure 2.4: An SCT moduleThe innermost layer in the barrel (B-layer) is important when measuring se
ondary ver-ti
es produ
ed by short-lived parti
les su
h as B hadrons and � leptons. The B-layer
overs the rapidity range j�j < 2:5.The readout 
hips for the Data A
quisition system has individual 
ir
uits for ea
h pixelelement, in
luding bu�ering to store the data while awaiting the level-1 trigger de
ision.The readout 
hips need to be radiation hardened to 
ope with 300 kGy of ionising ra-diation and over 5� 1014 neutrons per 
m2 over ten years.The pixel system 
ontains a total of 140 million dete
tor elements 
ontained in about1500 barrel modules and 700 disk modules. The pixel modules are designed to be iden-ti
al in the barrel and on the disks. Ea
h dete
tor element is 50 �m in the R� dire
tionand 300 �m in z giving a very a

urate measurement of hits in the pixels.Ea
h layer is equipped with dete
tors 
onsisting of a sili
on diode segmented in smallre
tangular pixels. Charged parti
les traversing the diode deposit a small signal throughionisation. Applying a reverse bias voltage the liberated 
arriers drift to the segmentedreadout plane of the dete
tor.Semi
ondu
tor Tra
kerThe SCT 
onsists of four double layers of sili
on strips whi
h enables the SCT to provideeight pre
ision measurements per tra
k in the intermediate radial range, 
ontributingto the measurement of momentum, impa
t parameter and vertex position, as well asproviding good pattern re
ognition by the use of high granularity. Ea
h double layer
onsists of strips aligned in the azimuthal dire
tion and strips rotated by a 40 mradstereo angle with respe
t to the �rst set.The dete
tor 
ontains 6.2 million readout 
hannels, and tra
ks 
an be distinguished ifseparated by more than 200 �m. The spatial resolution is 16 �m in R� and 580 �m inz. Ea
h module 
onsists of four p-on-n sili
on dete
tors. On ea
h side of the module,two dete
tors are wire-bonded together and glued together ba
k-to-ba
k at a 40 mradangle. Figure 2.4 shows an SCT module.The Pixel and SCT subdete
tors are jointly referred to as the Pre
ision tra
ker. Bothrequire a very high degree of stability, 
old operation of the dete
tors and the removal ofthe heat generated by the ele
troni
s and the dete
tor leakage 
urrent. The stru
tures23
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Figure 2.5: Transition Radiation Tra
kerare therefore designed with materials with as low 
oe�
ient of thermal expansion aspossible.Transition Radiation Tra
kerThe Transition Radiation Tra
ker, TRT, see �gure 2.5, is based on the use of gas-�lledstraw dete
tors whi
h 
an operate at the very high rates of parti
le �ux expe
ted atthe LHC. Adding xenon gas to the gas mixture in
reases the 
apability for ele
tronidenti�
ation. This is be
ause xenon gas is good for dete
ting transition radiationphotons 
reated by the ele
trons. A large number of measurements, typi
ally 36, 
an bemade on every tra
k and this 
ontinuous tra
king assures a very good pattern re
ognitionperforman
e.Ea
h straw is 4 mm in diameter and equipped with a 30 �m diameter gold-plated W-Rewire, giving a fast response and good me
hani
al and ele
tri
al properties. The barrel
ontains about 50000 straws, ea
h divided in two at the 
entre in order to redu
e theo

upan
y. Read out ele
troni
s is mounted at ea
h end. The end-
aps 
ontain 320000radial straws with the readout at the outer radius. Ea
h ele
troni
 
hannel provides adrift-time measurement, giving a spatial resolution of 170 �m per straw.There are also two independent thresholds whi
h allows the dis
rimination betweentra
king hits and transition-radiation hits. The tra
king hits pass the lower thresholdand the transition radiation hits pass the higher one. Transition radiation o

urs when
harged, high-energeti
 parti
les traverse the interfa
e between substan
es with di�erentdiele
tri
 properties. The 
harged parti
le emits radiation with energy proportional tothe 
 1of the parti
le, and so for most parti
le energies is only signi�
ant for ele
tronswith their very small mass.2.2.2 The CalorimetersThe 
alorimeter system is to measure the energy and ��� dire
tion of all parti
les andjets, ex
ept muons, formed in the 
ollision. The energy measurement is based on the1
 = 1p1�( v
 )224



2.2. THE DIFFERENT PARTS OF THE ATLAS DETECTORformation of a shower, a 
as
ade of parti
les, when relativisti
 parti
les traverse densematter.Ele
trons and photons 
reate a shower through pair produ
tion, 
 ! e+ + e� andbremsstrahlung, e! e 
 in the ele
tri
 �eld of the nu
leus. The energy loss for a parti-
le in a given material is 
hara
terised by the radiation length X0.The EM Calorimeter is a lead/liquid-argon dete
tor with an a

ordion geometry shownin �gure 2.6.For j�j < 1:8, the EM Calorimeter is pre
eded by a presampler dete
tor, installed im-mediately behind the 
ryostat 
old wall. The presampler is used to 
orre
t for theenergy loss of the parti
les in the material upstream of the 
alorimeter. The parti-
les traverse a great amount of material when passing through the Inner Dete
tor and
ryostats. This makes them lose energy and the task of the presampler is to adjust forthis energy loss, so the energy measurement in the 
alorimeter is as a

urate as possible.The hadroni
 barrel 
alorimeter is a 
ylinder divided into three se
tions: the 
entralbarrel and two identi
al extended barrels. It is based on a sampling te
hnique withplasti
 s
intillator plates (tiles) embedded in an iron absorber. At larger pseudorapidi-ties, where higher radiation resistan
e is needed, the intrinsi
ally radiation-hard LArte
hnology is used for all the 
alorimeters.The EM barrel is 
ontained in a barrel 
ryostat. The solenoid is also integrated in theva
uum of the barrel 
ryostat and is pla
ed in front of the EM 
alorimeter. The barreland extended barrel hadroni
 
alorimeters support the LAr 
ryostats and also a
t asthe main solenoid �ux return.An advantage for 
alorimeters at high energies is that, where the relative resolution inthe tra
king devi
es is �p=p / p, the resolution in the 
alorimeters is �E=E / 1=pE,so it gets better with higher energies.The Ele
tromagneti
 CalorimeterThe ele
tromagneti
 
alorimeter is involved in many measurements in ATLAS. Pre
isemeasurements of the energy of ele
trons and photons are vital for the invariant massre
onstru
tion of Higgs in H ! ZZ(�) ! 4e and H ! 

. In the 
ase of H ! 

, anex
ellent invariant mass resolution is needed to identify the signal from the irredu
ible
ontinuum 

 ba
kground. The aims as de�ned in the TDR are�EE � 10%pE � 1%where the �rst term is a statisti
al term and the se
ond is a 
onstant term due to sys-temati
 un
ertainties, [7℄. E is the energy in GeV.The barrel of the EM Calorimeter is made up from two half barrels separated by a smallgap (6 mm) at z=0 and 
overs the region j�j < 1:475. The two end 
aps are ea
h me-
hani
ally divided into two 
oaxial wheels; and outer wheel 
overing 1:375 < j�j < 2:5and an inner wheel 
overing 2:5 < j�j < 3:2. 25
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Figure 2.6: A part of the a

ordion shaped EM 
alorimeter.The EM 
alorimeter 
onsists of thin lead plates (�1.5mm thi
k) immersed in a bath ofliquid argon and separated by sensing devi
es. It is a

ordion shaped in order to give
omplete � symmetry without azimuthal 
ra
ks. The a

ordian stru
ture is shown in�gure 2.6.When high energy photons, ele
trons and positrons traverse the lead, they produ
e anele
tron shower. The large number of ele
trons and positrons produ
ed in the showeris proportional to the in
ident energy. Their presen
e is dete
ted by a sensing systembetween the lead plates, the ele
trodes, be
ause the gaps between the plates are sub-je
ted to a large ele
tri
 �eld. The ele
tri
al signals 
onstitute a 
urrent whi
h is sentto preampli�ers lo
ated outside the 
ryostats.The Hadroni
 CalorimetersThe barrel se
tion of the Hadroni
 Calorimeter is also 
alled the tile 
alorimeter dueto the te
hnique used. It is a sampling 
alorimeter using iron as absorber and plasti
s
intillating tiles (plates) as the a
tive medium. The tiles are 3 mm thi
k and two ofthe sides are read out by wavelength shifting �bres into two separate photomultipliers.The tile 
alorimeter is 
omposed of one 
entral barrel and two extended barrels.The hadroni
 
alorimeter absorbs and measures the energies of hadrons, in
luding pro-tons and neutrons, pions 2 and kaons. The EndCap hadroni
 
alorimeters 
onsist of
opper absorbers immersed in LAr. Intera
tions of high energy hadrons in the platestransform the in
ident energy into a hadroni
 shower. To 
ontain the shower, the massof the hadroni
 
alorimeter is quite large (typi
al 80 tons). The shower, when travers-ing the liquid, 
auses a trail of ele
tron-ion pairs along its path whi
h migrates to thereadout ele
trode.2�0 ! 

 gives rise to ele
tromagneti
 showers seen in the EM Cal. �0 produ
ed in the hadroni

alorimeter 
an for example be seen as two ele
tromagneti
 showers in the hadroni
 
al.26



2.2. THE DIFFERENT PARTS OF THE ATLAS DETECTORA good di-jet invariant mass resolution in the H ! bb 
hannel is vital for the de-te
tion of the standard model Higgs boson in the low and intermediate mass range. Theenergy resolution for j�j < 3 in the Hadroni
 Calorimeter is�EE � 50%pE � 3%where the energy is given in GeV , [24℄A hermeti
 hadroni
 
alorimeter with a large rapidity 
overage is 
ru
ial to the mea-surement of missing transverse momentum (pmissT ) of the event.2.2.3 Muon Spe
trometerThe 
alorimeter is surrounded by the muon spe
trometer. The Muon Spe
trometer isbased on the magneti
 de�e
tion of muon tra
ks in the �eld of the toroid magnets.The momentum resolution a
hieved is very good due to three stations of high-pre
isiontra
king 
hambers, and multiple s
attering is redu
ed due to a light and open stru
ture.The muon's dominant energy loss in matter is ionisation and the 
ross se
tion for thisis small. Therefore it is possible for the muon to go through the entire dete
tor.For a heavy standard model Higgs de
aying into four muons, a 
lean signature as possi-ble is important. Combining the measurements of the muon spe
trometer and the innerdete
tor, the momentum resolution of isolated muons is expe
ted to be of the order ofa few %. A pi
ture of the Muon Spe
trometer is shown in �gure 2.7.In the barrel region, tra
ks are measured in 
hambers arranged in three 
ylindri
allayers and in the end-
ap region the 
hambers are installed verti
ally, also in three sta-tions. Over most of the �-range, a pre
ision measurement of the tra
k 
oordinates inthe prin
ipal bending dire
tion of the magneti
 �eld is provided by Monitored DriftTubes (MDTs). At large �s and 
lose to the intera
tion point, Cathode Strip Chambers(CSCs) with higher granularity are used. The MDTs provide a single-wire resolution of� 80�m. The MDTs are supposed to a
hieve an a

ura
y of � 30�m.The trigger system 
overs the pseudorapidity range j�j < 2:4. Resistive Plate Chambers(RPCs) are used in the barrel and Thin Gap Chambers (TGCs) are used in the end 
apregions.The basi
 dete
tion elements of the MDT 
hambers are aluminium tubes �lled withgas and with a 
entral W-Re wire in the middle. The CSCs are multi-wire proportional
hambers with 
athode strip readout. The pre
ision 
oordinate is obtained by measur-ing the 
harge indu
ed on the segmented 
athode by the avalan
he formed on the anodewire. Good spatial resolution is a
hieved by segmentation of the readout 
athode andby 
harge interpolation between neighbouring strips.The basi
 RPC unit is a narrow gas gap formed by two parallel resistive bakelite plates,separated by insulating spa
ers. Ea
h 
hamber is made from two dete
tor layers andfour readout strips. The primary ionisation ele
trons are multiplied into avalan
hes27



CHAPTER 2. THE ATLAS DETECTOR

Figure 2.7: The Muon Spe
trometer of the ATLAS-dete
tor. The blue parts 
orrespondto the spe
trometer.

Figure 2.8: The solenoid magnet of the ATLAS dete
tor.by a high, uniform �eld. The TGCs are similar in design to multi-wire proportional
hambers. Signals from the anode wires provide the trigger information together withreadout strips arranged orthogonal to the wires. These readout strips are also used tomeasure the se
ond 
oordinate.2.2.4 The magnet systemsThe magnet system is a joint arrangement of a Central Solenoid (CS), providing theinner dete
tor with magneti
 �eld, surrounded by three large air-
ore toroids generatingthe magneti
 �eld for the muon spe
trometer. The toroids are divided into one BarrelToroid (BT) and two End Cap Toroids (ECT). The overall sizes of the magnet systemare 26 m in length and 20 m in diameter. The CS extends over a length of 5.3 m andhas a 
ore of 2.4 m. It provides a 
entral �eld of around 2 T along the beam axis.The CS design has been of high importan
e and due to its position in front of the EM
alorimeter, the CS is designed to be as thin as possible without sa
ri�
ing operationalsafety and reliability.The BT is a large 
onstru
tion with its 25.3 metres of length and 20.1 metres of outerdiameter. It 
onsists of eight 
oils assembled radially and symmetri
ally around thebeam axis. It produ
es an approximately 
ylindri
al �eld around the dete
tor.28



2.2. THE DIFFERENT PARTS OF THE ATLAS DETECTOR

Figure 2.9: The toroids of the ATLAS dete
tor.The ECT are also made up from eight ra
etra
k, double-pan
ake 
oils in an aluminiumalloy inside a large 
ryostat. These 
oils are rotated 22.5 degrees with respe
t to theBT 
oils in order to provide radial overlap and to optimize the bending power in theinterfa
e regions of both 
oil systems. The ECTs provide a peak magniti
 �eld of 4.1 Tand a bending power of 4 to 8 Tm. They are 5 m long and the outer diameter is 10.7m. The ECTs are inserted in the barrel toroid at ea
h end and line up with the CS.
2.2.5 Trigger and data-a
quisition systemThe ATLAS trigger and data-a
quisition (DAQ) system is based on three levels of onlineevent sele
tion. Ea
h trigger level re�nes the de
isions made at the previous level and,where ne
essary, applies additional sele
tion 
riteria. The three levels are referred to asLevel One trigger (LVL1), Level Two trigger (LVL2) and Event Filter (EF). The LVL2trigger and Event Filter 
omprise the ATLAS High Level Trigger system. Figure 2.10gives a s
hemati
 view of the trigger.Starting from an initial bun
h
rossing rate at 40 MHz, 
orresponding to an intera
-tion rate of 109Hz at design luminosity, the rate of sele
ted events must be redu
ed toabout 100 Hz for permanent storage. This requires an overall reje
tion fa
tor of 107against minimum bias events and very high e�
ien
y must be retained for the rare andinteresting new physi
s events.The observation of new heavy obje
ts with masses of O(1) TeV will involve very highpT signatures. This is not a problem for the online sele
tion. However, the 
hallenge isthe e�
ient and unbiased sele
tion of lighter obje
ts with masses of O(100) GeV. TheATLAS trigger relies on the 
on
ept of physi
s obje
ts (muons, ele
trons, jets, et
) andmost of the sele
tion 
riteria used are based on the sele
tion of at most a few high pTobje
ts, su
h as 
harged leptons, photons, jets, or other high pT 
riteria su
h as missing29



CHAPTER 2. THE ATLAS DETECTORand total transverse energy.3Candidate obje
ts are typi
ally �rst identi�ed and 
rudely re
onstru
ted at LVL1. TheLVL1 trigger makes an initial sele
tion based on redu
ed granularity information froma subset of dete
tors. Pro
essing in the HLT progressively re�nes the re
onstru
tion,reje
ting fake obje
ts and improving the pre
ision on measured parameters su
h as ET .Events sele
ted by LVL1 are read out from the front-end ele
troni
s systems of thedete
tors into readout drivers (RODs) and then into readout bu�ers (ROBs). All thedete
tor data for the bun
h 
rossing sele
ted by the LVL1 are held in the ROBs untila de
ision has been made by the LVL2 trigger. The LVL2 trigger makes use of region-of-interest (RoI) information provided by the LVL1 trigger. Using the RoI information,the LVL2 trigger sele
tively a

esses data from the ROBs, moving only the data thatare required in order to make the LVL2 de
ision. If the event is a

epted by LVL2, it istransferred by the DAQ system to storage asso
iated with the EF whi
h 
onstitutes thethird level of event sele
tion. The pro
ess of moving data from the ROBs to the EF is
alled event building. Before event building ea
h event is 
omposed of many fragments,with one fragment in ea
h ROB. After the event building the full event is stored in asingle memory a

essible by an EF pro
essor.

3Transverse energy is de�ned as Energy multiplied with sin� where � is the angle between pz and pof a parti
le.30
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Figure 2.10: The trigger and DAQ system is based on three levels of online eventsele
tion. From an intera
ting rate of � 109Hz the rate of sele
ted events must beredu
ed to � 100Hz for permanent storage. A fun
tional view of the system is shownin this �gure.
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Chapter 3Theory
When a gauge-invariant and renormalizable uni�ed theory for the weak and ele
tromag-neti
 intera
tions is derived, all leptons, quarks and gauge bosons 
ome out massless. Inreality, only photons are massless so something is wrong!1 In order to keep the theoryrenormalizable, it is very important to introdu
e the masses by a me
hanism whi
h re-tains the gauge invarian
e of the Lagrangian. The me
hanism of spontaneous symmetrybreaking provides su
h a me
hanism.We �rst investigate the prin
iple of spontaneous symmetry breaking before it is ap-plied to the ele
troweak theory and then giving mass to all parti
les.3.1 Spontaneous symmetry breakingIn order to explain the idea of spontaneous symmetry breaking, we 
onsider a systemwhere the Lagrangian, L, possesses a symmetry. That means that the Lagrangian isinvariant under the 
orresponding symmetry transformations. For example, L might bespheri
ally symmetri
 and therefore invariant under rotations.In 
lassifying the energy levels of this system, essentially two situations 
an o

ur:� If a given energy level is non-degenerate, the 
orresponding energy eigenstate isunique and invariant under the symmetry transformations of L.� If an energy level is degenerate, the 
orresponding eigenstates are not invariantbut transform linearly among themselves under the symmetrytransformations ofL.Consider the lowest energy level of the system. If it is non-degenerate, the state oflowest energy is unique. If it is degenerate there is no unique eigenstate to represent theground state. If we in the 
ase of degenera
y arbitrarily sele
t one of the states as the1Neutrinos are believed to have a small but non-zero mass. 33



CHAPTER 3. THEORYground state, then the ground state no longer shares the symmetries of L. This way ofobtaining an asymmetri
 ground state, is known as spontaneous symmetry breaking.The asymmetry is due to the arbitrary 
hoi
e of one of the degenerate states. Note thatthe Lagrangian density still is invariant under the symmetry operation.The state of lowest energy is the va
uum and spontaneous symmetry breaking is onlyappli
able if the va
uum state is non-unique. We therefore assume that the va
uumexpe
tation value of one quantized �eld is non-vanishing.If this is to be the 
ase, the �eld must be a s
alar �eld, �(x), and its va
uum expe
tationvalue must be 
onstant: < 0j�(x)j0 >= 
 (3.1)The va
uum expe
tation value of any spinor �eld  (x) or any ve
tor �eld V �(x) mustvanish, however.The simplest example of a �eld theory exhibiting spontaneous symmetry breaking isthe Goldstone model whose Lagrangian is given byL(x) = [����(x)℄[���(x)℄� �2j�(x)j2 � �j�4(x)j (3.2)� = �1 + i�2 is a 
omplex s
alar �eld, and � and � are arbitrary real parameters.If we as a start 
onsider a 
lassi
al �eld theory, � is a 
lassi
al �eld and � is notinterpreted as a parti
le mass.The Lagrangian density is invariant under the global U(1) phase transformations.�(x)! �0(x) = �(x)exp(i�) (3.3)��(x)! ��0 = ��(x)exp(�i�) (3.4)This symmetry is going to be spontaneously broken.For the energy of the �eld to be bounded from below, we require � > 0.We derive the Hamiltonian density for this system by usingH = �L� _� _�� L (3.5)and split it into two parts where one of the parts, V (�) is the potential energy densityof the �eld. The expression for V (�) is given byV (�) = �2j�(x)j2 + �j�(x)j4 (3.6)For the energy to be bounded from below, � > 0. The minimum value of H(x), andhen
e of the total energy of the �eld, 
orresponds to that 
onstant value of �(x) whi
hminimizes V (�). Two di�erent situations o

ur, depending on the sign of �2.� �2 > 0: In this 
ase, the two terms in V (�) are also positive de�nite. The 
or-responding potential energy surfa
e V (�) as a fun
tion of �1(x) and �2(x). V (�)looks like a parabola and has an absolute minimum for the unique value �(x) = 0.This implies that spontaneous symmetry breaking 
annot o

ur.34



3.1. SPONTANEOUS SYMMETRY BREAKING

Figure 3.1: The potential energy� When �2 < 0, the situation is totally di�erent. The potential energy surfa
e forthis 
ase is shown in �gure 3.1. V (�) possesses a lo
al maximum at �(x) = 0 anda whole 
ir
le of absolute minima at�(x) = �0 = ���22� � 12 exp(i�) (3.7)where the phase angle � de�nes a dire
tion in the 
omplex �-plane. We see that thestate of lowest energy, the va
uum state, is not unique in this 
ase. Spontaneoussymmetry breaking will o

ur if we 
hoose one parti
ular dire
tion � to representthe va
uum ground state. Be
ause of the invarian
e of the Lagrangian densityunder the global phase transformation above, the value of � 
hosen is not signi�
antand we shall take � = 0, so that�0 = ���22� � 12 = 1p2v (3.8)is purely real.We now introdu
e two real �elds �(x) and �(x) through the relation�(x) = 1p2[v + �(x) + i�(x)℄ (3.9)�(x) and �(x) measure the deviations of the �eld �(x) from the equilibrium ground state
on�guration �(x) = �0. In terms of these �elds, the Lagrangian density be
omesL = 12[���(x)℄[���(x)℄� 12(2�v2)�2(x) (3.10)+12[���(x)℄[���(x)℄ (3.11)��v�(x)[�2(x) + �2(x)℄� 14�[�2(x) + �2(x)℄2 (3.12)35



CHAPTER 3. THEORYwhere a 
onstant term is negle
ted.The two expressions for the Lagrangian are equivalent and they must therefor lead to thesame physi
al results. We treat the terms quadrati
 in � and � in equation 3.10 as thefree Lagrangian density. It is now seen that �(x) and �(x) are real Klein Gordon �elds soon quantization they give rize to neutral spin 0 parti
les sin
e both �elds are real. The� boson has real, positive mass p2�v2 and the � boson is massless. There is a theoremby Goldstone whi
h states that for every spontaneously broken 
ontinuous symmetry,the theory must 
ontain a massless parti
le. Here, one symmetry (the invarian
e ofthe va
uum) has been broken, and 
onsequently one Goldstone boson, �, appears. NoGoldstone bosons are observed in nature, so we have to get rid of them somehow.3.2 The Higgs ModelThe Goldstone Model is easily generalized to be invariant under U(1) gauge transforma-tions. As always, we introdu
e a gauge �eld, A�(x) and repla
e the ordinary derivativesin the Goldstone Lagrangian density by the 
ovariant derivativesD� = [�� + iqA�(x)℄ (3.13)We also have to add the Lagrangian density of the free gauge �eld�14F��(x)F ��(x) (3.14)where F��(x) = ��A�(x)� ��A�(x) (3.15)In this way we obtain the Lagrangian densityL(x) = [D��(x)℄�[D��(x)℄� �2j�(x)j2 � �j�(x)j4 � 14F��(x)F �� (3.16)whi
h de�nes the Higgs model. The Lagrangian above is invariant under the U(1) gaugetransformations �(x)! �0(x) = �(x) exp (�iqf(x)) (3.17)��(x)! ��0(x) = ��(x) exp (iqf(x)) (3.18)A� ! A0� = A� + ��f(x) (3.19)The starting point is as in the analysis of the Goldsone model. We take � > 0 and
onsider the 
ases where �2 > 0 and �2 < 0 separately. In the �rst 
ase, the stateof lowest energy 
orresponds to both �(x) and A�(x) vanishing, so that spontaneoussymmetry breaking 
annot o

ur.For �2, the va
uum state is not unique whi
h leads to spontaneous symmetry breaking.To ensure Lorentz invarian
e, the ve
tor �eld A�(x) must vanish for the va
uum. Weobtain a 
ir
le of minimum H 
orresponding to �(x) taking on the values �0. As for the36



3.2. THE HIGGS MODELGoldstone model, we 
hoose the real and positive value ���22� � 12 = 1p2v. We de�ne thereal �elds �(x) and �(x) by �(x) = 12 [v + �(x) + i�(x)℄ (3.20)as before.In terms of these �elds, the Lagrangian density be
omesL(x) = 12[���(x)℄[���(x)℄� 12(2�v2)�2(x) (3.21)�14F��(x)F ��(x) + 12(qv)2A�(x)A�(x) (3.22)+12[���(x)℄[���(x)℄ (3.23)+qvA�(x)���(x) + intera
tion terms: (3.24)The dire
t interpretation of equation 3.21 is not straightforward. The di�
ulties arisebe
ause of the produ
t term A����(x). These �elds are not independent and one 
an-not 
on
lude that the se
ond and third lines of the Lagrangian des
ribe massive ve
torbosons and massless s
alar bosons, respe
tively.If the degrees of freedom for the Lagrangian density are 
ounted, the problems be
omeeven more apparent. Equation 3.16 has four degrees of freedom: two from the 
omplexs
alar �eld �(x), and two from the real massless ve
tor �eld A�(x).In equation 3.21, however, the real s
alar �elds �(x) and �(x) ea
h represents one degreeand the real massive ve
tor �eld A� 
ontributes three degrees of freedom, 
orrespondingof the three independent polarization states. This makes up a total of �ve degrees offreedom. We must 
on
lude that the Lagrangian density 3.21 
ontains an unphysi
al�eld whi
h does not represent real parti
les and whi
h has to be eliminated.The s
alar �eld �(x) 
an be eliminated from the Lagrangian 3.21. For any 
omplex�eld �(x), a gauge transformation of the form 3.17 
an be found whi
h transforms �(x)into a real �eld of the form �(x) = 1p(2)[v + �(x)℄ (3.25)This is the so-
alled unitary gauge. When equation 3.25 is substituted into equation3.16, quadrati
 terms and higher-order intera
tion terms are separated.L = L0(x) + LI(x) (3.26)whereL0(x) = 12[���(x)℄[���(x)℄�12(2�v2)�2(x)�14F��(x)F ��(x)+12(qv)2A�(x)A�(x) (3.27)and LI = ��v�3(x)� 14��4(x) + 12q2A�(x)A�(x)[2v�(x) + �2(x)℄ (3.28)We interpret L0(x) as the free-�eld Lagrangian density of a real Klein-Gordon �eld �(x)and a real massive ve
tor �eld A�(x). On quantizing L0(x), �(x) gives rise to neutrals
alar bosons of mass p2�v2, and A�(x) to neutral ve
tor bosons of mass jqvj: 37



CHAPTER 3. THEORY3.3 The ele
troweak theoryWe are then in the situation where we have obtained a Lagrangian density for a reals
alar �eld and a massive real ve
tor �eld, starting from the Lagrangian density fora 
omplex s
alar �eld and a massless real ve
tor �eld. In both 
ases, the number ofdegrees of freedom is four. Of the two degrees of freedom of the 
omplex �eld �(x), onehas been taken up by the ve
tor �eld A�(x) whi
h has be
ome massive in the pro
ess;the other shows up as the real �eld �(x):This phenomenon by whi
h a ve
tor boson a
quires mass without destroying the gaugeinvarian
e of the Lagrangian density is known as the Higgs me
hanism, and the massivespin 0 boson asso
iated with the �eld �(x) is 
alled a Higgs boson.The Higgs me
hanism does not generate Goldstone bosons. In essen
e, the �eld �(x)whi
h in the Goldstone model was asso
iated with the massless Goldstone bosons, hasbeen eliminated by gauge invarian
e, and the degree of freedom of �(x) has been trans-ferred to the ve
tor �eld A�(x).When the Higgs me
hanism is applied to the ele
troweak theory, all parti
les knownto have mass a
quire mass.The Lagrangian for the uni�ed model of ele
tromagneti
 and weak intera
tions of mass-less leptons and massless gauge bosons 
an be writtenL = LL + LB (3.29)where LL is the standard leptoni
 Lagrangian density and LB is the gauge-boson La-grangian density in ele
troweak theory.The Lagrangian density 3.29 is invariant under the SU(2)�U(1) gauge transformationsof ele
troweak theory.The ne
essary formalism is an immediate extension of that of the Higgs model. Tobreak the gauge invarian
e spontaneously, we must again introdu
e a Higgs �eld whi
hhas to be a �eld with several 
omponents sin
e we now want to break the SU(2) sym-metry. �(x) = � �a(x)�b(x) � ;where �a(x) and �b(x) are s
alar �elds under Lorentz transformations.The transformation laws of �(x) under SU(2)� U(1) gauge transformations are�(x)! �0(x) = exp[ig�j!j(x)=2℄�(x) (3.30)�y(x)! �y0(x) = �y(x)exp[�ig�j!j(x)=2℄ (3.31)and under U(1) weak hyper
harge transformations a

ording to�(x)! �0(x) = exp[ig0Y f(x)℄�(x) (3.32)�y(x)! �y0(x) = �y(x)exp[�ig0Y f(x)℄ (3.33)38



3.3. THE ELECTROWEAK THEORYwhere Y is the weak hyper
harge of the �eld �(x).We now want to generalize the Lagrangian density to in
lude the Higgs �eld �(x)and its intera
tions with the gauge-boson �elds, and to 
ontinue to be SU(2) � U(1)gauge-invariant. Equation 3.29 is already gauge invariant and a generalization thatshares gauge invarian
e is L = LL + LB + LH (3.34)where LH(x) = [D��(x)℄y[D��(x)℄� �2�y(x)�(x)� �[�y(x)�(x)℄2 (3.35)where the 
ovariant derivative D��(x) is de�ned byD��(x) = [�� + ig�jW �j (x)=2 + ig0Y B�(x)℄�(x) (3.36)For � > 0 and �2 < 0, the 
lassi
al energy density is a minimum for a 
onstant Higgs�eld �(x) = �0 = � �0a�b �with �y0�0 = j�0aj2 + j�0b j2 = ��22� (3.37)The Higgs �eld of the va
uum ground state is in general not invariant under SU(2)�U(1)gauge transformations. However, it must be invariant under U(1) ele
tromagneti
 gaugetransformations in order to ensure zero mass for the photon and 
onservation of the ele
-tri
al 
harge.Again, an arbitrary Higgs �eld �(x) is parametrized in terms of its deviations fromthe va
uum �eld �0 in the form�(x) = 2� 12 � �1(x) + i�2(x)v + �(x) + i�3(x) �By means of this equation, we 
an express the Lagrangian density in terms of the fourreal �elds �(x) and �i(x); i = 1; 2; 3. The interpretation and quantization of these �eldslead to the same di�
ulties as in previous se
tions. The way to resolve them, is thesame and the unitary gauge is on
e again employed.As in the previous 
ase, the �elds �i(x); i = 1; 2; 3, are unphysi
al �elds. In the unitarygauge, they are transformed away. The W and Z bosons then aquire their masses whilethe photon remains massless sin
e the ele
tromagneti
 gauge symmetry has not beenspontaneously broken.To obtain non-vanishing lepton masses, however, the Lagrangian density has to beaugmented by adding a suitable term to it. This is done by introdu
ing the term LLH .39



CHAPTER 3. THEORY L = LL + LB + LH + LLH (3.38)The lepton and Higgs �eld are 
oupled through Yukawa intera
tions, des
ribed by theLagrangian densityLLH(x) = �gl[	Ll (x) Rl (x)�(x) + �y(x) Rl (x)	Ll (x)℄ (3.39)�g�l [	Ll (x) R�l(x)~�(x) + ~�y(x) R�l(x)	Ll (x)℄ (3.40)where gl and g�l are dimensionless 
oupling 
onstants, summations over l = e; � areimplied and R and L means right and left 
omponents of the �elds. ~� is de�ned by~�(x) = � ��b(x)���a(x) �The Lagrangian density LLH is invariant under SU(2)� U(1) gauge transformations.When the total ele
troweak Lagrangian is transformed into the unitary gauge, we obtaina rather lengthy expression whi
h 
onveniently is separated into free �elds and inter-a
tion terms. Both parts 
ontain expressions for the Higgs �eld. That is, there is freeHiggs �eld part and terms that show how the Higgs intera
t with other parti
les anditself. L = L0 + LI (3.41)where L0 =  l(i
��� �ml) l +  �l(i
��� �m�l) �l (3.42)�14F��F �� (3.43)�12F yW��F ��W +m2WW y�W � (3.44)�14Z��Z�� + 12m2ZZ�Z� (3.45)+12(���)(���)� 12m2H�2 (3.46)and where LI = LLB + LBB + LHH + LHB + LHL (3.47)The interpretation of these equations is that they 
onstitute the Lagrangian density offree �elds whi
h 
an be quantized in the usual way. For example, term 3.42 are justthe Lagrangian densities of 
harged leptons with mass ml and neutrinos with mass m�lwhile 3.43 des
ribe massless photons. Term 3.44 des
ribes 
harged ve
tor bosons withmass mW , equation 3.45 des
ribe neutral ve
tor bosons of mass mZ and the term 3.46des
ribes a neutral spin 0 boson of mass mH .The term 3.47 is the intera
tion Lagrangian density of the standard ele
troweak theory.For example, LLB is the intera
tion of leptons with gauge bosons.40



3.3. THE ELECTROWEAK THEORYIt is a remarkable feature of this expression that it allows for a determination of themasses of the ve
tor bosons, W� and Z. This is be
ause the parameters mW and mZintrodu
ed in 3.42 - 3.46 are de�ned through basi
 parameters of the theory.mW = vg2 (3.48)whi
h be
omes mW = � ��Gp2�2 1sin�w (3.49)where � = 1=137:04, the �ne stru
ture 
onstant, G is the Fermi 
oupling 
onstant,G = 1:166 � 10�5GeV �2. �w, the weak mixing angle, was �rst determined by neutrinos
attering, so mW 
ould be determined. It is also of 
ourse possible to measure mW andmZ = mW=sin �w and then determine the weak mixing angle. Espe
ially mZ was verypre
ise measured at LEP. 2The fa
t that these masses 
an be predi
ted represents strong eviden
e in support ofthe ele
troweak theory. But, of 
ourse, the experimental dis
overy of the Higgs bosonis the last and ultimate 
on�rmation.

2In 3.49 radiative 
orre
tions are negle
ted. When the renormalized masses and 
harges are used,
orre
tion terms of order in � will appear. 41
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Chapter 4Higgs phenomenologyThe possible de
ay-
hannels for a Higgs-boson are strongly dependent on the mass ofthe Higgs. The LEP experiment at CERN whi
h 
ompleted data-taking in November2000, was able to set a lower bound for the mass of the Higgs at 114.1 GeV at 95%
on�den
e level. An upper limit of 1 TeV is derived from unitarity arguments. Thetotal width of Higgs approa
hes the value of the mass itself for a very heavy parti
le.The di�eren
e between the total 
ross se
tion between interesting events su
h as Higgsprodu
tion and ba
kground events is often greater than ten orders of magnitude. Mostof the intera
tions are only intera
tions between gluons and quarks where very littleenergy is transferred. These are 
alled minimum bias events and only low momentumhadrons are produ
ed. To extra
t the signal above the very dominant QCD ba
kgroundrequires very 
lean signatures. One of these is the identi�
ation of leptons with hightransverse momentum. Leptons have a very low rate in minimum bias events but 
anbe found in sele
ted de
ay modes of many physi
s pro
esses. This need for identifyingleptons has greatly in�uen
ed the design of the ATLAS dete
tor.4.1 The results from other experiments.The LEP experiments 
ompleted data taking in November 2000 after 11 years of run-ning. The 
enter of mass energy was pushed to 209 GeV and the luminosity rea
hedabout 687pb�1. LEP was a ele
tron-positron 
ollider and LHC is now being built in thesame tunnel where LEP was pla
ed.Just before shut-down, hints of a Higgs boson dis
overy around 116 GeV appeared.However, the runs did not 
ontinue into 2001, [30℄.In September 2000, ALEPH presented a data ex
ess 
onsistent with the rea
tion e+e� !HZ ! bbqq for a Higgs boson mass of about 115 GeV. 1. The other experiments didnot 
on�rm these observations. In November 2000, L3 provided support for a signalobservation with a HZ ! bb�� 
andidate at the same mass. However, the observationswere not enough to 
laim dis
overy of a Higgs boson be
ause the observations only gave1The LEP experiments were: ALEPH, DELPHI, L3 and OPAL 43



CHAPTER 4. HIGGS PHENOMENOLOGY

Figure 4.1: The �gure shows the ��2 
urve based on results from LEP, SLD, CDFand D0 as a fun
tion of the Higgs-mass, assuming the SM to be the 
orre
t theoryof nature. The preferred value of its mass (
orresponding to the minimum of the
urve), is at 114 GeV with an experimental un
ertainty of +69 and -45 GeV. fromhttp://lepewwg.web.
ern.
h/LEPEWWG/
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4.2. HIGGS PRODUCTION

Figure 4.2: Higgs produ
tion 
ross se
tions, from [4℄a signi�
an
e of 2.1 sigmas for a Higgs with mass 115 GeV.The a
hievement was to ex
lude a Higgs boson below a mass of 114.1 GeV at 95%Con�den
e Level (the yellow part in �gure 4.1. Figure 4.1 shows the best �t of theStandard Model to the LEP data.4.2 Higgs produ
tionThe produ
tion of the Standard Model Higgs boson at LHC is expe
ted to pro
eedmainly through the diagrams shown in �gure 4.3.Gluon-gluon fusion through a quark loop is the dominant produ
tion 
hannel for allmasses. The loop is totally dominated by the top quark be
ause of the strong Higgs
oupling to the heavy top quark, [11℄.Ve
tor boson fusion be
omes in
reasingly important with in
reasing Higgs boson masses,attaining a 
ross se
tion similar to that of gluon-gluon fusion formH 1TeV . This pro
essleads to the very distin
tive signature of two jets from the two remaining quarks, emittedat small angle with the beam axis. The asso
iated Higgs produ
tion with a tt or aW/Z boson has a signi�
antly smaller 
ross se
tion but gives rise to �nal states whi
hare relatively easy to extra
t from the ba
kground be
ause of the additional signatureprodu
ed in the de
ay of the a

ompanying parti
les, [4℄. 45



CHAPTER 4. HIGGS PHENOMENOLOGY

Figure 4.3: .Feynman diagrams of the most important Higgs produ
tion pro
esses in ahadron 
ollider.46



4.3. HIGGS WIDTH

Figure 4.4: The total width of the Standard Model Higgs. Note that the width ap-proa
hes the mass itself for a very heavy Higgs. From [4℄4.3 Higgs widthThe width of a heavy Higgs is proportional to m3H and the exa
t expression is given by,[4℄, �H = 3g2128�m2W �m3H � 0:5(TeV )�2 �m3H (4.1)The total width is to a good approximation a sum of the partial widths of the three mostimportant de
ay 
hannels for a Higgs in this mass range: H ! ZZ; H !WW; H ! tt.Sin
e the 
oupling to the gauge bosons is proportional to the square of the boson mass,these de
ays are the most important, and these pro
esses dominate the width.Sin
e the width is proportional to the m3H for a heavy Higgsboson, it is 
lear this e�e
twill be more important for the width than the experimental resolution for a heavy Higgs.4.4 Higgs 
ouplingIf the SU(2) doublet Higgs �eld a
quires a va
uum expe
tation value, 
ouplings to gaugebosons and fermions arise dire
tly from equations 3.42 through 3.47.From these equations, one 
an �nd the 
oupling of the Higgs to other parti
les. One�nds, for example, that the Higgs does not 
ouple dire
tly to photons, so the H ! 

has to pro
eed some other me
hanism, for example a t-quark loop. 47



CHAPTER 4. HIGGS PHENOMENOLOGYThe 
ouplings to leptons are spe
i�ed by the vertex fa
tor -im/v, where m is the relevantlepton mass. The 
oupling of Higgs to quarks is of the same form. The vertex fa
tor
an be written �ie �mf2sin�wmW (4.2)where �w is the Weinberg angle and mW is the mass of the W boson.The Higgs-fermion 
oupling is seen from equation 4.2 to be of order mf � mw, a
ondition whi
h is satis�ed for neutrinos, ele
trons and muons, and the light quarks.Hen
e, althogh it is possible to produ
e Higgs bosons in rea
tions initiated by theseparti
les, the produ
tion rates are extremely small. For example, the 
ontribution tothe pro
ess e+e� ! ff 
oming from the Feynman diagram below will be extremelysmall, even for e+e� 
ollisions at the total CoM energy ps = mH , where the probabilityof the H resonan
e being formed is the largest.The 
ase is di�erent for gauge bosons, however. It 
an be shown from the expres-sions for 
ouplings between Higgs and ve
tor bosons that the 
oupling is proportionalto the squares of the masses of the gauge bosons.
4.5 Higgs de
ay in generalThe Higgs boson de
ays into pairs of all massive parti
les. Through loop diagrams it
an also de
ay into pairs of massless gluons and photons. An example of the latter isH ! 

 through a top-quark or W loop.After a dis
overy of a Higgs parti
le it will be important to dete
t several de
ay 
hannelsto see wether the 
oupling strength is in proportion to the mass for all fermions as thestandard model predi
ts, or not.The width of the Higgs parti
le in
reases with in
reasing mass of the Higgs and ap-proa
hes the value of the mass itself for a very heavy Higgs.Also the bran
hing ratios 
hange dramati
ally a
ross the possible range of the Higgsmass. This fa
t makes it ne
essary for di�erent sear
h strategies in di�erent massregimes.Three main regions 
an be identi�ed:� mH<120 GeV: the H ! bb de
ay mode dominates, sin
e b-quarks are the mostmassive fermions kinemati
ally a

essible in this region.� 130 GeV <mH< 2*mZ: the de
ays H !WW (�) and H ! ZZ�, where one of theve
tor bosons 
an be virtual, be
ome important and eventually dominate.� mH > 2*mZ : the Higgs boson de
ays mainly into WW or ZZ pairs, where bothbosons are real.48



4.5. HIGGS DECAY IN GENERAL

Figure 4.5: Bran
hing ratios for the Higgs as a fun
tion of Higgs mass. Note that the
ross se
tion in
reases when the full phase spa
e opens up for two real Z bosons. Thedip in the bran
hing ratios into Z is due to the in
reased probability for de
ay into Wwhen the full phase spa
e opens up for the W boson.De
ays su
h as H! 

 are rare but provide 
lean signatures against the ba
kground.This is dis
ussed below.Higgs seeks to de
ay to as heavy parti
les as kinemeti
ally allowed. In the mass rangedis
ussed in this thesis, the heaviest parti
les allowed are the top-quark, the Z0 bosonand the W�. The 
oupling to the t�quark is linear, as seen from equation 4.3, [8℄, [4℄.ig mt2mW (4.3)However, the 
ouplings to the gauge bosons are proportional to the mass of the W-bosonsquared. The vertex fa
tor for H ! ZZ is proportional with the expression given by4.4 and the vertex fa
tor for H !WW is proportional to 4.5.� m2W
os2 � = � m2Z (4.4)� m2W (4.5)Even though the mZ > mW we see from �gure 4.5 that the probability for de
ay intoa pair of W-bosons is greater than for de
aying into two Z bosons. The reason for thisis that the matrix element for the H ! ZZ should be multiplied with 12 sin
e the twoZ bosons are identi
al parti
les appearing in the �nal state, [4℄. 49



CHAPTER 4. HIGGS PHENOMENOLOGY4.6 Sear
h strategyThe main 
hannels whi
h will be used at LHC to look for a Standard Model Higgs boson
an be 
lassi�ed as follows, [11℄, [22℄:� Low mass region (mH<130 GeV). Two de
ay modes are experimentally importantin this region: H ! bb and H ! 

.The �rst one has a bran
hing ratio 
lose to 1 in most of this region, and there-fore in
lusive Higgs produ
tion followed by H ! bb has a large 
ross se
tion( 20pb). However, sin
e the signal-to-ba
kground ratio for the in
lusive produ
-tion is smaller than 10�5, it will be impossible to observe this 
hannel above theQCD ba
kground. Even at trigger level it is impossible to sele
t it be
ause H ! bbdoes not have any high jet energy or isolated lepton in the �nal state that 
ouldbe used as a trigger.However, the asso
iated produ
tion ttH;WH;ZH with H ! bb with an addi-tonal lepton 
oming from the de
ay of the a

ompanying parti
les, give rise to�nal states whi
h 
an be extra
ted above the ba
kground. These pro
esses havea mu
h smaller 
ross se
tion (<1pb), though. It also solves the trigger problembe
ause requiring a high energy lepton from the t�quark of from the gauge bosonsserves as trigger.The next step is to identify jets with b-quarks and b-tagging is used. B-tagging isbased on the long lifetime of the b-quarks whi
h 
auses se
ondary verti
es. Thejets from a b-de
ay do not 
ome from the primary vertex, but a se
ondary one,be
ause the b-quark travels around a 
m before it de
ays.Sin
e the Higgs mass has to be re
onstru
ted from two jets, the resulting masspeak will be wide. This is be
ause re
onstru
tion from jets gives trouble with in-visible energy from es
aping neutrinos and energy lost outside the jet 
one. In Httone also fa
es the problem of 
ombinatori
s sin
e the t�quarks also de
ay into b-quarks and there is an ambiguity in 
hosing whi
h b-jet to asso
iate with the Higgs.The H ! 

 
hannel has a bran
hing ratio at the level of 10�3 and therefore asmall 
ross-se
tion ( 50 fb). However, the signal-to-ba
kground ratio ( 10�2) ismu
h more favourable than for the bb 
hannel. The trigger in this 
ase is twoisolated ele
tromagneti
 
lusters in the EM Calorimeter and the ba
kground ismainly from dire
t photon produ
tion and jets faking photons.� Intermediate mass region (130GeV <mH<2mZ). The most promising 
hannels forthe experimental sear
hes are H !WW � ! 2l + 2� and H ! ZZ� ! 4l.� High mass region (mH > 2mZ). This is the best region to dis
over a Higgs bosonsignal at the LHC, sin
e the H ! ZZ ! 4l 
hannel gives rise to a gold-platedsignature, almost ba
kground free. For very large masses (mH > 500GeV ) sear
hesfor this de
ay mode will be supplemented by sear
hes for other 
hannels, su
h asH ! ZZ ! ll�� and H !WW ! l�jj. These pro
esses have a larger bran
hingratio and therefore 
an 
ompensate for the de
rease in the produ
tion 
ross se
tionfor Higgs when the Higgs mass in
reases.50



4.6. SEARCH STRATEGYThe 
hannel H ! ZZ(�) ! 4l 
an be observed in the mass region 120-700 GeV and givesrise to a very distin
tive signature, 
onsisting of four leptons. Ele
trons and muons arerequired sin
e �nal states of taus do not allow 
lean re
onstru
tion of the Higgs masspeak and are also 
ontaminated by larger QCD ba
kgrounds. The invariant mass ofthe four leptons are 
onsistent with the nominal Higgs boson mass. The expe
tedba
kgrounds and therefore the sear
h 
riteria depend on the Higgs mass. We will belowlook at the two possibilities: one where both Z are on mass shell and one where one ofthe Zs is o� mass shell.4.6.1 Higgs-de
ay where one Z is o� mass-shellThis 
hannel provides a rather 
lean signature in the mass region between 120 GeV and180 GeV. From �gure 4.5, we see that the bran
hing ratio for H ! ZZ� is quite big.A dip o

urs however where the 
hannel H !WW opens up.A good mass resolution is required to redu
e the 
ontinuum ba
kground, sin
e theexperimental resolution dominates over the intrinsi
 Higgs width in this mass range.There are both redu
ible and irredu
ible ba
kground. The irredu
ible ba
kground stemsfrom the 
ontinuum produ
ion of ZZ� and Z
� where these in turn de
ay into 4 leptons.The redu
ible ba
kgrounds are from tt and Zb�b produ
tion. Be
ause of the large topprodu
tion 
ross-se
tion, the t�t dominates. In addition to this, there is a sour
e ofba
kground when two real Zs de
ay and one or possibly both de
ay into a pair of ��swith subsequent leptoni
 de
ays into 4 leptons.The main 
uts to redu
e the ba
kground are:� Two isolated leptons with pT>20 GeV and |�|<2.5 are required to trigger theexperiment.� Two additional isolated leptons with pT>7 Gev and |�|<2.5 are required.� One pair of leptons of right 
ombination of 
harge and �avour is required to havean invariant mass in a window around the Z mass, de�ned as mZ �m12. This 
utreje
ts most of the non-resonant t�t ba
kground.� The other pair of leptons is required to have an invariant mass above a 
ertaintreshold, above 20 GeV. This 
ut redu
es 
onsiderably ba
kground both from t�t,Zb�b and Z
�.4.6.2 Higgs-de
ay where both Zs are on mass-shellIf mH > 2mZ, then both Z bosons in the �nal state are real and two pairs of leptonswith same �avour and opposite sign should have an invariant mass 
ompatible with theZ mass. In this region the ba
kgrounds, su
h as irredu
ible pp ! ZZ ! 4l are small.Furthermore, the intrinsi
 Higgs width is larger than the experimental mass resolution,therefore the dete
tor performan
e is not 
riti
al.The expe
ted ba
kground is dominated by the 
ontinuum produ
tion of Z boson pairs51



CHAPTER 4. HIGGS PHENOMENOLOGYfrom qq and gg-fusion. In this mass region, the natural width of the Higgs bosongrows rapidly with in
reasing mH and dominates the experimental mass resolution formH > 300GeV . The momenta of the �nal-state leptons are high and their measurementdoes not put severe requirements on the dete
tor performan
e. Therefore, the dis
overypotential in this 
hannel is primarily determined by the integrated luminosity. We willin later 
hapter in detail study how a dis
overy of the Higgs might be done in this
hannel.4.7 Limitations on the Higgs massSin
e the input parameters of the Standard Model are not predi
ted, the Higgs bosonmass is unknown, but may be written as a fun
tion of the va
uum expe
tation value �of the Higgs �eld, [29℄. mH = p2�� (4.6)The 
urrent value of � is 246 GeV, [29℄An upper limit on the Higgs mass 
an be given from several arguments. The so
alledtriviality bound is derived by 
onsidering the one-loop renormalization group equationand what is 
alled the triviality argument, [4℄, [29℄. An upper limit on the Higgs mass
an then be derived m2H � 4�2�23 ln �Q� � (4.7)where � is the va
uum expe
tation value of the Higgs �eld and Q is the 
ut o� energy.A 1TeV 
uto� yields an upper bound about 750 GeV.Another 
onsisten
y argument refers to va
uum stability. The requirement that theva
uum is stable, limits mH from below.A third argument 
onsiders WW ! WW s
attering, [4℄. To 
onserve unitarity, it isrequired that the s
attering amplitude for this pro
ess is below unity. It 
an be shownthat this puts a limit, mH < 1 TeV.Experimental lower bounds are set by experimental data. LEP2 and Tevatron providethese.
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Chapter 5Simulation and analysis toolsThis study has been done using the PYTHIA 6.1 Monte Carlo generator and theATHENA version 8.0.5 for the simulation of the ATLAS dete
tor.5.1 Event generatorThe PYTHIA Monte Carlo generator 
an be used to generate high-energy-physi
s events.The emphasis is on multiparti
le produ
tion in 
ollisions between elementary parti
leswhi
h in this study is proton-proton 
ollisions with the 
entre-of-mass energy 14 TeV,[21℄.In an event generator, the obje
tive is to use 
omputers to generate events as detailedas 
ould be observed by a perfe
t dete
tor. This is done in several steps by fa
tor-izing the full problem into a number of 
omponents, ea
h of whi
h 
an be handledreasonably a

urately. Basi
ally, this means that the hard pro
ess is used as input togenerate bremsstrahlung 
orre
tions, and that the result of this is then left to hadronize.The Monte Carlo method is a numeri
al te
hnique for 
al
ulating probabilities by usingsequen
es of random numbers. For the 
ase of a single, random variable, the pro
e-dure might be divided into three stages. First, a series of random values r1; r2; ::: isgenerated a

ording to a uniform distribution in the interval 0 < r < 1. Next, thesequen
e r1; r2; ::: is used to determine another sequen
e x1; x2; ::: su
h that the x valuesare distributed a

ording to some probability density fun
tion. The values of x 
an beregarded as simulated measurements, and from them the probabilities for x to take onvalues in a 
ertain region 
an be estimated.When the Monte Carlo method is used to simulate experimental data, one 
an mosteasily think of the pro
edure as a 
omputer implementation of an intrinsi
ally randompro
ess. Probabilities are naturally interpreted as relative frequen
ies of out
omes of arepeatable experiment, and the experiment is simply repeated many times on the 
om-puter, [12℄.To �rst approximation, all pro
esses in PYTHIA have a simple stru
ture at the levelof intera
tions between the fundamental obje
ts of nature, quarks, leptons and gauge53



CHAPTER 5. SIMULATION AND ANALYSIS TOOLSbosons. We might visualize the pro
ess at the LHC as proton-proton 
ollisions. However,
orre
tions to this pi
ture is ne
essary. For example:� Firstly, there are bremsstrahlung-type modi�
ations, i.e. the emission of addi-tional �nal-state parti
les by bran
hings su
h as e ! e
 or q ! qg. Be
ause ofthe largeness of the strong 
oupling 
onstant, �s, and be
ause of the gluon self-
oupling, QCD emission of quarks and gluons is espe
ially proli�
. We thereforespeak about parton showers when one single parton may give rise to a whole bun
hof partons in the �nal state.� Se
ondly, there are true higher-order 
orre
tions whi
h involve a 
ombination ofloop graphs and the soft parts of the bremsstrahlung graphs above, a 
ombinationneeded to 
an
el some divergen
es.� Thirdly, quarks and gluons are 
on�ned.An eventgenerator 
an be used in many di�erent ways. The main appli
ations 
an be
lassi�ed as below:� To give physi
ists a feeling for the kind of events one may expe
t to �nd, and atwhat rates.� As a help in the planning of a new dete
tor, so that dete
tor performan
e isoptimized, within other 
onstraints, for the study of interesting physi
s s
enarios.� As a tool for devising the analysis strategies that should be used on real data, sothat signal-to-ba
kground 
onditions are optimized.� As a method for estimating dete
tor a

eptan
e 
orre
tions that have to be appliedto raw data, in order to extra
t the true physi
s signal.� As a 
onvenient framework within whi
h to interpret the observed phenomena interms of a more fundamental underlying theory.5.2 The ATHENA frameworkThe event generator gives us the physi
s of a bare 
ollision. In order to be able to extra
tinformation from a 
ollision in an experiment, large dete
tors are used. In a simulationstudy, it is therefore important to analyze how the dete
tor is a�e
ting what happenedin the 
ollision and how the results will look for us.The o�
ial 
ode for fast simulation in ATLAS is Athena-Atlfast, an Obje
t Orientedpa
kage written in C++. This 
ode 
omes from a pre-existing Fortran version.The purpose of the ATHENA ar
hite
ture framework is to provide software whi
h ful�lsthe requirements of the physi
ist developer and physis
ist analysist in the 
onstru
tion54



5.3. ATLFAST, DESIGN AND FUNCTIONALITYand use of programs for performing 
ommon tasks, su
h as re
onstru
tion, dete
tor sim-ulation, visualization et
.ATHENA has an obje
t-oriented design, guaranteeing ease of use, �exibility and well-spe
i�ed methods for using the servi
es that the ar
hite
ture provides.The appli
ation framework 
onsists of a number of 
omponent software blo
ks whi
hhave fun
tionality provided by well-de�ned interfa
es. These interfa
es are the 
ompo-nent's link to the outside world. Communi
ation to and from this obje
t 
an only takepla
e in a

ordan
e with the rules spe
i�ed by the methods de�ned on the interfa
e.Thus, the fun
tionality of ea
h software 
omponent is 'en
apsulated' within the obje
t,and any user of this obje
t therefore does not, and should not, know how the obje
t isperforming its task.This in
reases ease of use, as only the methods spe
i�ed on the interfa
e need to beknown to make use of the obje
t. Indeed, the fun
tionality may 
hange without theuser ever realising, [28℄.5.3 ATLFAST, design and fun
tionalityThe ATLFAST dete
tor simulation pa
kage is a tool for simulating the key aspe
ts ofthe ATLAS dete
tor response in a parametrised way. It provides a list of stable, �nal-state parti
les from the event generator, [24℄. More spe
i�
, using a list of monte 
arloparti
les from PYTHIA, it produ
es the following output information:� re
onstru
ted jets� isolated ele
trons and photons� isolated and non-isolated muons� missing transverse energy� simple trigger response� 
harged tra
k parametersIn the analysis, ATLFAST is invoked after PYTHIA. ATLFAST is essentially a programfor fast dete
tor simulation and physi
s analysis. It 
an be used for fast event-simulationin
luding the most 
ru
ial asp
ts mentioned above. Jet re
onstru
tion in the 
alorime-ters, momentum/energy smearing for leptons and photons, magneti
 �eld e�e
ts andmissing transverse energy. It is important to note that ATLFAST o�ers only an approx-imate, parametrized simulation of the dete
tor. A more realisti
 situation is to use fullsimulation.The level of simulation is somewhere between parton-level and full simulation. It isas a

urate as the full simulation at mass resolution, jet re
onstru
tion e�
ien
y and55



CHAPTER 5. SIMULATION AND ANALYSIS TOOLSmissing transverse energy resolution. At reprodu
ing e�
ien
ies for lepton and photonisolation it is not as a

urate as full simulation, however. The dete
tor e�e
ts are sim-pli�ed in ATLFAST 
ompared to full simulation. It leaves out all e�e
ts due to detailsin the shape of parti
le showers in the 
alorimeters and 
harged tra
k multipli
ity injets. The parameterization of photon, ele
tron and muon momentum resolution, thehadroni
 
alorimeter energy resolution and the e�e
t of the ATLAS magneti
 �eld onjet re
onstru
tion are reasonably a

urate, [18℄, [24℄.5.4 The analysis software: ROOTROOT is an obje
t-oriented framework aimed at solving the data analysis 
hallenges ofhigh-energy physi
s.The phrase framework means that the basi
 utilities and servi
es, su
h as I/O andgraphi
s are provided by the program and the user does not have to make these thingshimself. ROOT, being a HEP analysis framework, provides a large sele
tion of HEPspe
i�
 utilities su
h as histograms and �tting.The drawba
k of a framework is of 
ourse that the user is 
onstrained to it and has tolearn the framework interfa
es.Obje
t-Oriented Programming o�ers 
onsiderable bene�ts 
ompared to the old Pro
edure-Oriented Programming. Among these advanteges are� En
apsulation: for
es data abstra
tion and in
reases opportunity for reuse� Sub 
lasses and inheritan
e: make it possible to extend and modify obje
ts� Class hierar
hies: provides a �exible me
hanism for modelling real-world obje
tsIn this study, version 3.10/01 of ROOT from O
tober 2003 is used, [23℄ .5.5 Higgs width 
al
ulation with Hde
ayHde
ay is a program for Higgs boson de
ays in the Standard Model and its supersym-metri
 extensions. The program is self-
ontained (with all subroutines in
luded), and
al
ulates the de
ay widths and bran
hing raios a

ording to the 
urrent level of theo-reti
al knowledge.Hde
ay is written in FORTRAN 77. A small input �le is used to tell the programwhat kind of Higgs boson that is to be 
onsidered and also the mass range of interest.The output is written to text �les giving the 
al
ulated bran
hing ratios and total width,[25℄
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Chapter 6Some aspe
ts of full simulation;dete
tor performan
e
After a detailed simulation at parton level, the dete
tor is simulated, as des
ribed in theprevious 
hapter. Though ATLFAST might be a reasonably a

urate approximation ofthe dete
tor, full simulation might be 
alled for in many 
ir
umstan
es.An a

urate des
ription of the dete
tor as possible might prove valuable in many stagesof the experiment. Full simulation might reveal problems in the design with respe
tto the physi
s potential at a time when it is still possible to do something about it.The quality of the re
onstru
tion 
an also be 
he
ked as well as the impa
t on thephysi
s due to fakes and known dete
tor imperfe
tions. When the dete
tor is running,a 
areful simulation is important for 
alibrations and the general understanding of thedata. Ideally, full simulation must des
ribe all 
ra
ks and dead 
hannels as well as the
orre
t noise patterns.Though the full analysis of H ! ZZ ! 4l will not be 
arried out using full simulation,some aspe
ts of full simulation will be studied. Ele
tron and muon re
onstru
tion usingfull simulation and a 
omparison of full simulation and fast simulation of some aspe
tsimportant to the dis
ussion in this thesis, will be dis
ussed.6.1 Full simulationMost important for the full simulation is that the dete
tor is modelled in a 
orre
t and
omplete way. GEANT is a tool to visualize a parti
le intera
tion with a spe
i�
 ge-ometry. Every single, tiny detail in the dete
tor design is implemented in the geometry.That is, every 
able, all glue and all the material is in
luded. Geant in
ludes all thedi�erent types of intera
tions in a dete
tor, su
h as radiation, multiple s
attering, 
on-versions of photons, and energy loss pro
esses. This is done by following every parti
leas it passes through the dete
tor, losing energy on its way while intera
ting with thematerial in the dete
tor.An important point is that the format of the full simulation output is the same as57



CHAPTER 6. SOME ASPECTS OF FULL SIMULATION; DETECTORPERFORMANCEfor the later real, experimental data su
h that the re
onstru
tion routines 
an be iden-ti
al for the two streams.ATLFAST di�ers from full simulation not only be
ause it is a parametrization. Italso runs the re
onstru
tion.In a real experiment, the output from the dete
tor is a set of energy deposits, for exam-ple. It tells how mu
h energy depositted in di�erent parts of the EM Calorimeter, theleakage of energy into the Hadroni
 Calorimeter et
. The output also tells us where inthe dete
tor a parti
le has passed. We might for example have a set of hits in the ID andenergy deposit in the EM Calorimeter. This information needs further treatment. Whenre
onstru
tion is run, the information is translated into measured quantities. ATLFASTprovides this information right away and also a set of high level physi
s obje
ts, su
h asele
trons, photons, muons and jets.6.1.1 Ele
tron re
onstru
tionThe information from full simulation in ATHENA is stored in a 
ombined ntuple 
alledCBNT Athena. It provides information from several algorithms and 
ontains a list ofmany variables with information from the re
onstru
tion.The information provided by the CBNT needs further re�nement before the analysis
an start. We need to 
onstru
t high level physi
al obje
ts from the set of hits, energymeasurements et
.The ele
tron re
onstru
tion in ATLAS starts with the identi�
ation of an ele
tromag-neti
 
luster in the 
alorimeters, [27℄. Cuts on the shower shapes in the �rst and these
ond sampling of the EM 
alorimeter and the leakage into the �rst sampling of thehadroni
 
alorimeters are used to separate 
lusters produ
ed by ele
trons or photonsfrom 
lusters produ
ed by jets.The result from this is stored in the variable eg_IsEM, whi
h is zero if the 
luster sur-vives the 
uts. That is, ele
trons and photons have eg_IsEM=0 in the Ntuple. Sin
eEp � 1 for ele
trons, a 
ut on this value 
an be used to separate ele
trons from other
harged parti
les. These 
uts are as follows:0:8 < Ep < 1:3; j�j < 1:37 (6.1)0:7 < Ep < 2:5; j�j > 1:37 (6.2)There are two tra
king algorithms in the ATLAS software, xKalman and iPatRe
. HereiPatRe
 is used. There is a 
learly visible tail to the right in �gure 6.1. The ele
-tron emits photons on its way due to bremsstrahlung pro
esses. It 
an be shown thatthe angular distribution for photon emission is peaked in the dire
tion of the ele
tron.Be
ause of this, the energy of the ele
tron is 
orre
t re
onstru
ted while the ele
tronmomentum is re
onstru
ted too low. That is the reason for the tail to the right.58
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Figure 6.1: E over p for four 
lusters when a Higgs with mass 130 GeV has de
ayed.The 
lusters 
orrespond to ele
trons. No 
uts applied.When it is demanded that the ele
tromagneti
 
luster should have a tra
k in the ID,the E over p distribution be
omes as in �gure 6.2. To separate ele
trons from photonsit is demanded that the energy deposit in the EM Calorimeter should have a mat
hingtra
k in the Inner Dete
tor. This tra
k should mat
h the energy deposit both in spa
eand in energy. That is, the tra
ks within a 
one with R = 0:07 in the � � �-spa
e aresele
ted. The Ep ratio should be � 1 when using the energy from the Calorimeter andthe pT that is 
al
ulated from the tra
k information. The tra
k should also be a goodtra
k with a small value of �2 and have several hits in the ID.The ele
tron e�
ien
y is obtained by dividing the histogram of re
onstru
ted ele
-trons as a fun
tion of j�j by that of the 
orresponding generated 'truth' ele
trons fromPYTHIA. The 
ut on shower shape on re
onstru
tion time is an e�
ient 
ut, a

ordingto [27℄. To ensure isolated ele
trons from the MC-truth an isolation 
ut on ET < 5 wasapplied with the egtruth_etIsol variable. This variable gives ET found in the isolation
one around e/g position. In �gure 6.3, a dip in the e�
ien
y is visible in the regionaround j�j = 1:5. This is expe
ted and 
orresponds to the transition between the 
en-tral and the end
ap region of the LAr 
alorimeter. It is also 
lear that the ele
tronre
onstru
tion e�
ien
y is 
lose to 0.9.When the e�
ien
y is plotted with ATLFAST in �gure 6.4 two things be
ome 
lear.First, the dip at j�j = 1:5 is absent, indi
ating that the fast simulation is not as detailedas full simulation. This is also evident from the shape of the distribution. The e�
ien
yfor ATLFAST is pra
ti
ally independent of j�j while is not the 
ase for full simulation.The e�
ien
y is also lower. ATLFAST does not re
onstru
t leptons as e�
iently as fullsimulation. In 6.4, the lepton re
onstru
tion e�
ien
y 0.9 is in
luded.The sele
tion 
riteria for ele
trons in the ATLAS experiment are:A detailed shower-shape analysis in the very �ne-grained ele
tromagneti
 
ompartments59
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Figure 6.2: E over p when a 
orresponding tra
k to the ele
tromagneti
 
luster is de-manded. We see that the number of entries fall.
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Figure 6.3: Ele
tron e�
ien
y as a fun
tion of j�j when iPatRe
 has been used astra
king algorithm. This e�
ien
y in
ludes trigger e�
ien
ies, geometri
al a

eptan
eand re
onstru
tion e�
ien
ies.
60



6.1. FULL SIMULATION
eta ratio

Entries  18588
Mean   -0.006547
RMS     1.441

eta
-3 -2 -1 0 1 2 3

E
ff

ic
ie

n
cy

0

0.1

0.2

0.3

0.4

0.5

0.6

eta ratio
Entries  18588
Mean   -0.006547
RMS     1.441

eta ratio

Figure 6.4: The ele
tron e�
ien
y as a fun
tion of eta obtained by ATLFAST. Thereis a lower e�
ien
y whith ATLFAST over the whole pseudorapidity region and there
onstru
tion is not as detailed as with full simulation.of the 
alorimeters, a sear
h for high-pT tra
ks and a mat
h between the 
lusters andtra
ks. Further re�nement is possible via the identi�
ation and 
orre
t treatment in 
asethe ele
tron has undergone Bremsstrahlung, the requirement of a transition radiationsignal from the transition tra
ker (TRT) and the appli
ation of isolation 
riteria.
6.1.2 Muon re
onstru
tionThe results shown for muons are from [27℄. Athena 
ontains two muon re
onstru
tionpa
kages, MuonBox and Moore/Muid. The sele
tion 
riteria for muons are:Muon: the muon sele
tion will in a �rst step make use of the external muon spe
trom-eter to determine the muon momentum and 
harge. A re�nement of this informationwill then be obtained by sear
hing for tra
ks in the Inner Dete
tor and mat
hing and
ombining these 
andidates with the muon tra
k segment. Isolation 
riteria may alsobe applied, using for example information from the 
alorimeters.Figure 6.5 shows the e�
ien
y with whi
h MuonBox �nds muons as a fun
tion of j�jfor three di�erent ranges of pT with pT > 10 GeV. This in
ludes muons from B and Dde
ays but not from ��de
ays and K de
ays. Muons from the latter 
an be found andre
onstru
ted giving an e�
ien
y of greater than one. However, an isolation 
ut willgreatly redu
e the number of muons from �s and Ks.The plot shows that the e�
ien
y is independent of pT . The dip at j�j = 0 si due to gapsin the muon system for servi
es. The e�
ien
y is apart from this very good. However,the drop in e�
ien
y for j�j > 2 is not understood, [27℄. 61
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Figure 6.5: Muon re
onstru
tion e�
ien
y as a fun
tion of j�j from MuonBox. From[27℄.
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6.2. DETECTOR PERFORMANCE6.2 Dete
tor Performan
eWhen an ele
tron with a 
ertain energy, say 100 GeV hits the 
alorimeter, the measuredenergy will not in general equal exa
tly 100 GeV. There is a 
ertain resolution for mea-suring the energy, or any other quantity. A slightly modi�ed de�nition from the onefound in [5℄ says:Let z be the response of the dete
tor when the quantity Z is being measured. Theresolution is de�ned as the standard deviation �z of the distribution D(z) in the mea-sured quantity z for a mono
hromati
 input distribution, Æ(Z� < Z >).When the energies and momenta of ele
trons and muons are measured, the dete
tor'sability to measure these quantities pre
isely are important. It is also 
ru
ial to knowthe resolution of ea
h measured quantity in the dete
tor. Another point of interest ishow well these aspe
ts are simulated by the simulation software.In [5℄ it was 
ondu
ted a survey of the momentum resolution for ele
trons and muonsat di�erent momenta and di�erent pseudorapidities. It is important to investigate theresolution for di�erent momenta and di�erent energies be
ause �EE � 1pE and �pp � p.To study the resolution at di�erent pseudorapidities is important be
ause the responseand resolution is in general not the same in di�erent parts of the dete
tor.
Ele
tron ResolutionEle
trons with de�nite momentum was �red into the dete
tor at di�erent angles. Itwas shown that the momentum resolution gets better when the momentum in
reases.This is be
ause the value of momentum is obtained from an energy measurement sin
eEp � 1. Sin
e the resolution gets better for in
reasing energy, the momentum resolutiongets better as well.The measurement of ele
tron energy and momentum in the ATLAS experiment willbe 
arried out by a joint e�ort between the Inner Dete
tor and the Ele
tromagneti
Calorimeter.Muon ResolutionMuon identi�
ation and re
onstru
tion will be 
arried out by employing the Inner De-te
tor and the Muon Spe
trometer at ATLAS. Sin
e the Muon Spe
trometer is thesub-dete
tor farthest from the 
ollision point, the muons are subje
ted to multiple s
at-tering, energy-loss �u
tuations as well as the overall pre
ision of the Spe
trometer.From �gure 6.7 it is 
lear that the resolution in the muon momentum is dominated bydi�erent fa
tors in di�erent pT intervals: 63
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Figure 6.6: The momentum resolution for ele
trons as a fun
tion of momentum. Thepseudorapidity is 
onstant and equals 2.03. It is 
lear from the pi
ture below that themomentum resolution gets better when the momentum in
reases. This is be
ause themomentum 
an be 
al
ulated from the energy and �EE � 1pE From [5℄

Figure 6.7: Contributions to the momentum resolution in the muon spe
trometer. Thevalues are averaged over j�j < 1:5 in the left �gure and over j�j > 1:564



6.2. DETECTOR PERFORMANCE

Figure 6.8: The transverse momentum resolution in the barrel-toroid region. Only themuon spe
trometer is used here. From [7℄� pT>300 GeV. The resolution is dominated by the pre
ision of the magneti
 �eld.� 30 GeV <pT < 300 GeV. The resolution is dominated by multiple s
attering, hen
ethe total amount of material traversed is vital.� pT<30 GeV, energy loss �u
tuations in the 
alorimeter be
omes important anddominates.The e�e
ts of material obstru
tions and a

eptan
e losses on the momentum resolu-tion are 
learly visible in �gure 6.8. For example, many 'bumps' are visible. These
orrespond to values of � where the resolution is dominated by multiple s
attering invoussoirs or struts of the barrel toroid, [7℄.In �gure 6.9 the performan
e of the muon spe
trometer is plotted. For �xed values ofpT , the fra
tion of phase spa
e over whi
h the momentum resolution is better than agiven value is shown. This �gure illustrates that the momentum resolution of the muonspe
trometer is better than 5% over 80% of the phase spa
e for pT between 10 GeV and300 GeV.
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Figure 6.9: Correlation between a

eptan
e and maximum momentum resolution. Onlythe muon spe
trometer is used in the measurement. From [7℄
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Chapter 7The analysisThis 
hapter des
ribes the analysis. First, the signal (the pro
ess H ! ZZ ! 4l) andthe ba
kground (all other pro
esses with 4l in the �nal state) are re
onstru
ted. Inorder to determine wether we 
an see the signature of a Higgs boson in the given massrange, we plot the invariant mass of the signal and the ba
kground. First, these areplotted in di�erent histograms before they are plotted in the same histogram. From thisS+B (signal+ba
kground) histogram, the signi�
an
e is 
al
ulated for the signal. Thesigni�
anse is a measure to whi
h extent one 
an 
laim dis
overy of a new parti
le ornot.7.1 Introdu
tionThe produ
tion of Higgs with PYTHIA is done by swit
hing o� all pro
esses (msel=0)and then turning on the Higgs produ
tion setting the relevant ISUB numbers in theMSUB array. In this analysis, we are using ISUB=3, 102, 123, 124 to produ
e theHiggs. In addition, there are other, less important produ
tion 
hannels. They are givenby ISUB numbers 24, 26, 103, 121 and 122, and they have mu
h lower bran
hing ratio.The pro
esses with ISUB numbers are listed in table 7.1. The produ
tion pro
esseswith a smaller bran
hing ratio are summarized in table 7.2.ISUB PROCESS � � BR(mb) Fra
tion (%).3 ff ! H 2.661E-13 2.27102 gg! H 8.170E-12 69.82123 ff 0 ! ff 0H(ZZfusion) 7.740E-13 6.86124 ff 0 ! f 00f 000H(W+W�fusion) 2.063E-12 18.30Table 7.1: The fra
tion of di�erent Higgs produ
tion pro
esses at a Higgs mass of 200GeV.These tables were made by generating 50000 events and 
omparing the 
ross se
tiontimes bran
hing ratio for Higgs de
aying into two Z bosons times bran
hing ratios for67



CHAPTER 7. THE ANALYSISISUB PROCESS � � BR(mb) Fra
tion (%)24 ff ! ZH 1.201E-14 0.1126 ff 0 !WH 2.875E-13 2.55121 gg ! qqH 7.373E-14 0.65122 gq ! qqH 5.071E-14 0.45Table 7.2: The fra
tion of rare Higgs produ
tion pro
esses at a Higgs mass of 200 GeV.Higgsmass [GeV℄ Cross se
tion times bran
hing ratio [mb℄200 1.118E-11240 9.582E-12280 7.865E-12320 6.846E-12360 6.718E-12400 5.634E-12500 2.802E-12600 1.466E-12Table 7.3: The produ
tion 
ross se
tion times bran
hing ratio of the Higgs boson forin
reasing Higgs mass. The bran
hing ratio is also multiplied by bran
hing ratio for Zde
aying into leptons.Z de
aying into two leptons.1In a proton proton 
ollider, the main produ
tion pro
esses are 102, 123 and 124, i.e. gg,ZZ and WW fusion. Other pro
esses of lower 
ross se
tions may be of interest, however,be
ause of distin
t �nal states whi
h are easy to extra
t above the ba
kground. Forexample, in the 
ase of H ! bb, the dire
t produ
tion 
annot be e�
iently triggerednor extra
ted above the large QCD ba
kground. The asso
iated produ
tion with a Wor Z boson or a tt pair are the only possible pro
esses to observe this signal. The lep-toni
 de
ays of the W boson or semi-leptoni
 de
yas of one of the top quarks providean isolated high-pT lepton for triggering and redu
tion of ba
kground. The Higgs-bosonsignal might thus be re
onstru
ted as a peak in the invariant jet-jet mass spe
trum oftagged b-jets.Pro
ess 3 
ontains 
ontributions from all quark �avours, but is dominated by the sub-pro
ess tt ! h0, i.e. by the 
ontribution from the distribution of top quarks in thequark sea inside the proton. A

ording to the PYTHIA manual, this pro
ess is knownto overestimate the 
ross se
tion for Higgs produ
tion as 
ompared with a more 
areful
al
ulation based on the subpro
ess gg! tth0, pro
ess 121. The di�eren
e between thetwo is that in pro
ess 3 the t and t are added by the initial-state shower, while in 121the full matrix element is used. The pri
e to be paid is that the 
ompli
ated multibody1The pro
ess with ISUB number equal to 103, 

 ! H has vanishing 
ross-se
tion in PYTHIA andis swit
hed o�.68



7.1. INTRODUCTIONphase spa
e in pro
ess 121 makes the program run slower. It would be double-
ountingto in
lude the same �avour both with 3 and 121, [21℄.The de
ay of the Higgs boson is 
ontrolled by the MDME swit
h. This swit
h makesit possible to turn on and o� various de
ays 
hannels for all parti
les. The de
ay ofHiggs into two Z bosons is swit
hed on and all other pro
esses are swit
hed o�. Furtheron, ea
h Z is allowed to de
ay into a lepton pair. The probability for Z de
aying intoleptons is the same for all �avours of leptons, around 3%.We will only �nal states where the leptons 
ome from Z bosons. That is, we willnot take into 
onsideration ele
trons and muons that 
ome from tau lepton de
ay. Zde
aying into taus will also be ignored.�+ ! �+ + �� + �� (7.1)�� ! �� + �� + �� (7.2)The � will de
ay further into ele
trons in the pro
ess�+ ! e+ + �e + �� (7.3)�� ! e� + �e + �� (7.4)The tau 
an also de
ay dire
tly into an ele
tron. The probability that the tau will de
ayinto an ele
trons is approximately the same as it will de
ay into a muon. The probabilitythat a tau will de
ay a

ording to one of the pro
ess above, is around 17%. Tau-leptonsdo not allow 
lean re
onstru
tion of the Higgs mass peak sin
e neutrinoes appear in the�nal state. The tau 
hannel is also 
ontaminated by large QCD ba
kground. There-fore we will not use �nal state with four ele
trons or muons originating from taus inre
onstru
tion of the Higgs mass peak. States with four leptons 
oming from a Higgsde
aying through a tau, 
ould be 
onsidered as ba
kground. However, this ba
kgroundis reje
ted sin
e the invariant mass of four leptons from this de
ay 
hain will not mat
hthe invariant mass of two Z bosons.Let us 
onsider the produ
tion 
ross-se
tion times bran
hing ratio for H ! ZZ ! 4l.We will denote this quantity B and de�ne it as the produ
tion 
ross-se
tion for Higgs,times the probability the Higgs will de
ay into two Z-bosons times the probability thatone Z-boson will de
ay into 2 leptons squared.B = � � Br(H ! ZZ)� Br2(Z ! ll) (7.5)where l = e; �.In �gure 7.1 B is plotted as a fun
tion of the Higgs mass. The shape of the plotre�e
ts the fa
t that the produ
tion 
ross se
tion for Higgs de
reases for in
reasingHiggs mass, while the bran
hing ratio for H ! ZZ is approximately 
onstant in theregion of interest. The peak o

urs where the full phase spa
e of two real Z bosonsopens up.The plot is made using 30 runs with ATLFAST, two for every 5 GeV at low luminosityand 1000 events. B is plotted using the average of the two results at ea
h point. 69
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Figure 7.1: Cross-se
tion times bran
hing ratio for H ! ZZ ! 4l as a fun
tion of Higgsmass at high luminosity.7.1.1 E�
ien
yThe number of events in a histogram is given by the formulaN = �L� (7.6)where N is the number of re
onstru
ted events, � is the 
ross-se
tion and L is theintegrated luminosity. � is the e�
ien
y.The e�
ien
y 
an be fa
torized into � = �lepton��
uts��dete
tor where �lepton is the leptonre
onstru
tion e�
ien
y whi
h is estimated to be 0.9 for ea
h lepton in the ATLASdete
tor, [5℄. �
uts is the e�
ien
y of the 
uts whi
h are imposed and 
an be de�ned as�
ut = events a

eptedevents in total (7.7)We will study the e�e
t of 
uts in great detail in the subsequent parts of this 
hapter.Of 
ourse we want high e�
ien
y for signal and low e�
ien
y for ba
kground.�dete
tor is the e�
ien
y due to geometri
al a

eptan
e, �geom, trigger e�
ien
y and otherfeatures of the dete
tor and the data a
qusition system.To investigate the e�
ien
y, a sample of 3930 events of H ! ZZ ! 4l was generated.Table 7.4 shows how many events with four leptons that were re
onstru
ted. We seethat 2168 out of 3930 events are re
onstru
ted with four leptons in the �nal state. This
orresponds to an e�
ien
y of 55:2%. In the remaining 1762 events one or more leptonis lost due to geometri
al a

eptan
e, trigger e�
ien
y et
. For 
ompleteness, the e�e
tof the 
uts introdu
ed in later se
tions is also in
luded in table 7.4.Figure 7.2 shows the number of �nal states with zero, one, two, three and four leptonsin the �nal state.It is important to note that ATLFAST does not in
lude lepton re
onstru
tion e�
ien
y.70



7.1. INTRODUCTION
elec

Entries  3930

Mean    1.692

RMS     1.296

Underflow       0

Overflow        0

Number of electrons in final state
0 1 2 3 4 5 6

N
u

m
b

er
 o

f 
ev

en
ts

0

200

400

600

800

1000

1200

1400

1600
elec

Entries  3930

Mean    1.692

RMS     1.296

Underflow       0

Overflow        0

muons

Entries  3930

Mean    1.692

RMS     1.302

Underflow       0

Overflow        0

Number of muons in final state
0 1 2 3 4 5 6

N
u

m
b

er
 o

f 
ev

en
ts

0

200

400

600

800

1000

1200

1400

1600
muons

Entries  3930

Mean    1.692

RMS     1.302

Underflow       0

Overflow        0

Figure 7.2: The lepton e�
ien
y. The �gure shows how many events in total withdi�erent number of leptons in the �nal state when a Higgs has de
ayed into four leptons.Flavour No 
uts One 
ut Two 
uts4 ele
trons 514 511 3834 muons 519 516 3832e; 2� 1135 1123 838Total 2168 2150 1604Table 7.4: The 
apability of the ATLAS dete
tor for re
onstru
ting �nal states withfour leptons from a Higgs boson with mass 320 GeV. The �gures are the number ofevents with four leptons. 'One 
ut' refers to a 
ut on the pT of leptons while 'two 
uts'refers to an additional 
ut on the pT of one of the Z bosons.With re
onstru
tion e�
ien
y is understood the 
apability to identify a set of hits inthe dete
tor and energy measurements with a lepton. This is supposed to be 0.9 forevery lepton. Consequently, ea
h entry in table 7.4 should be multiplied with 0:94 toyield the 
orre
t number of a

epted events.Another point of interest is that ATLFAST does not handle for example pair produ
tion.It is not di�
ult to imagine an event where a Higgs has de
ayed into four leptons butwhere the leptons re
overed are not the leptons from the Higgs. One or more leptonsfrom the Higgs boson 
ould for example be misidenti�ed to be a part of a jet or anele
tron 
ould be mistaken as a photon. If one or more ele
trons are then produ
edin pair produ
tion, we have an event with four leptons in the �nal state where not allleptons 
ome from a Higgs. In this manner, events with more than four leptons 
an alsobe generated. From �gure 7.2 we see that �nal states with more than four leptons donot o

ur with fast simulation. To study these things, full simulation is 
alled for.Another important issue, is that the dete
tor's e�
ien
y is a fun
tion of j�j. This sam-ple 
orresponds to a Higgs with mass 280 GeV. With a more heavy Higgs boson for71



CHAPTER 7. THE ANALYSISexample, the kinemati
s of the leptons would 
hange and the sensitivity in that regionof the dete
tor 
ould very well be di�erent. However, it was shown in 
hapter six thatATLFAST's parametrization of the dete
tor gives a lepton re
onstru
tion e�
ien
y 
on-stant in �.To see how the ba
kground is re
onstru
ted, we generate a sample of 45715 ba
kgroundevents. From table 7.5 it is 
lear that only 14081 out of 45715 events are re
onstru
tedwhi
h 
orresponds to 30:80%. To 
ut on the number of leptons is therefore a way toredu
e the ba
kground sin
e the fra
tion of kept events is smaller than for the signal.One reason that fewer ba
kground events are re
onstru
ted with four leptons in the �nalstate might be that ba
kground events tend to be minimum bias events with a higherprobability to lose leptons down the beamline.Flavour No 
uts One 
ut Two 
uts4 ele
trons 3507 3244 6434 muons 3583 3407 7182e; 2� 6991 6526 1281Total 14081 13177 2642Table 7.5: Re
onstru
ted ba
kground events with four leptons in the �nal state. Thesenumbers must also be multiplied with 0:94 to a

ount for lepton re
onstru
tion e�
ien
y.
7.1.2 De�nitionsBefore the invariant mass of the signal is re
onstru
ted, we need some de�nitions.� Hard pro
ess: Initially two beam parti
les, in our 
ase protons, are 
oming intowards ea
h other. Normally ea
h parti
le is 
hara
terized by a set of partondistributions, whi
h de�nes the partoni
 substru
ture in terms of �avour 
ompo-sition and energy sharing. One shower initiator parton from ea
h beam starts o�a sequenze of bran
hing, su
h as q ! qg, whi
h build up an initial-state shower.One in
oming parton from ea
h of the two showers enters the hard pro
ess whi
his the head-on 
ollision of these two partons. In the hard pro
ess a number ofoutgoing partons are produ
ed, usually two, It is the nature of this pro
ess thatdetermines the main 
hara
teristi
s of the event.� Initial state radiation: Initial state radiation, ISR, is the emission of a photon ora gluon (or a massive ve
tor boson) from one of the partons entering the hardpro
ess before the 
ollision o

urs.� Final state radiation: Final state radiation, FSR, is the emission of a photon ora gluon (or a massive ve
tor boson) from one on the partons in the hard pro
essafter the 
ollision has taken pla
e.72



7.2. RECONSTRUCTION OF THE SIGNAL� Multiple intera
tions: the possibility that several parton pairs undergo hard inter-a
tions in a hadron-hadron 
ollision, and thereby 
ontribute to the overall eventa
tivity, in parti
ular at low pT .We are going to re
onstru
t the invariant mass of four leptons 
oming from a Higgsboson of various masses. First, we swit
h o� all physi
al e�e
ts, su
h as ISR, FSR,the width of the Higgs boson and multi-intera
tion. Then we turn these e�e
ts on andstudy how they a�e
t the signal.When we perform this part of the analysis, no attention will be paid to relative andabsolute s
aling of the histograms and we will use fairly large statisti
s. When we aregoing to 
al
ulate the signal signi�
an
e, however, it is important that the histogramsare drawn with 
orre
t relative and absolute normalization.7.2 Re
onstru
tion of the signalWhen re
onstru
ting the invariant mass of the Higgs-boson, events with four identi�edleptons are 
hosen. The leptons are required to be in the pseudorapidity range j�j < 2:5with 
orre
t �avour and 
harge, i.e. the event should 
ontain either two e+e� pairs, two�+�� pairs or one e+e� pair and one �+�� pair. Ea
h lepton pair originates from a Zand hen
e the Z boson mass 
an be re
onstru
ted by �nding the 
orre
t pair of leptons.We will 
omment on this in later se
tions.To re
onstru
t the Higgs mass, however, it is not ne
essary to know whi
h leptonsthat originate from whi
h Z. We know that when the ba
kground is negle
ted, all fourleptons stem from the same Higgs boson. Therefore we use the formula for invariantmass to 
al
ulate the Higgs mass on the basis of the momenta and energies of the fourleptons in ea
h event.The formula for the invariant mass of a parti
le that de
ays into four parti
les ismH =vuut( 4Xj=1 Ej)2 � ( 4Xj=1 Pj)2 (7.8)In order to 
al
ulate the signi�
an
e of a potential dis
overy of the Higgs boson it isimportant to know what kind of 
urve that best �ts the given distribution. The AT-LAS TDR assumes that the distribution is best �tted with a Gaussian with a standarddeviation whi
h is a 
onvolution of the Higgs width and the experimental resolution. Inthe following se
tions we will 
he
k this assumption.In the next subse
tions, we are going to �t the mass distributions with various fun
tionsand it is appropriate to 
omment on the error in the width of the distributions insubsequent 
hapters. For a Gaussian distribution, the fra
tional standard deviation of sis approximately 1p2n for n large, [31℄. s is the standard deviation of the sample. So wehave the following expression for the error in the standard deviation for a �tted 
urve:73
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Figure 7.3: The invariant mass of four ele
trons originating from a Higgs boson withmass 200 GeV. The histogram is �tted with a Gaussian. All physi
al e�e
ts su
h as isr,fsr, multiple s
attering and the width of the Higgs, are turned o�. Refer to table 7.6for the standard deviation for the �tted Gaussian�s = sp2n (7.9)where n is the number of entries in a histogram. This number is in the subsequentse
tions fairly large, and the errors in the errors are omitted over the whole.7.2.1 All physi
al e�e
ts swit
hed o�The expression for the �tted distribution given in the TDR is given by�m =r( �h2:36)2 + (0:02 �mH)2 (7.10)where �h is the intrinsi
 width of the Higgs boson and mH is the Higgs-mass.2Sin
e all physi
al e�e
ts now have been swit
hed o�, this expression redu
es to�m = 0:02 �mH (7.11)When the intrinsi
 width of the de
aying parti
le is ignored, the resulting width ofthe mass plot is a fun
tion of experimental e�e
ts only. As dis
ussed in 
hapter 2 onexperimental methods, the energy and momentum resolution for ele
trons and muonsis not a 
onstant as a fun
tion of energy. The term 0:02 �mH is an approximation ofthe dete
tor e�e
ts that in�uen
es on the broadness of the distribution, [7℄.2The relationship between the width (full width at half maximum), �, and the standard deviation,�, is � = 2:35�74
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Figure 7.4: The invariant mass of four muons from a Higgs with mass 200 GeV. Allphysi
al e�e
ts are turned o�. Note the the broader distribution 
ompared with theele
trons in �gure 7.3. Refer to table 7.6 for the standard deviation of the �ttedGaussian.
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Figure 7.5: The invariant mass of four ele
trons and four muons from a Higgs bosonwith mass 300 GeV. Initial state, �nal state radiation is swit
hed o� as well as Higgswidth and multiple s
attering. The left �gure shows the ele
trons while the right �gureshows the muons. Refer to table 7.6 for the standard deviation of the �tted Gaussians.75
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Figure 7.6: The invariant mass of four ele
trons and four muons from a Higgs bosonwith mass 500 GeV. Initial state and �nal state radiation is swit
hed o� as well as Higgswidth and multiple s
attering. Left 
orresponds to ele
trons and right to muons. Referto table 7.6 for the standard deviation of the �tted Gaussians.It is 
lear from �gures 6:3�6:6 that the width is di�erent for ele
trons and muons. Thisis be
ause the experimental resolution is very di�erent when one measures the momentaand the energy of a parti
le.The experimental resolution when measuring energy is given by�EE � 10%pE � 1%while the experimental resolution when measuring momentum is given by�pp � pso it is 
lear that the relative un
ertainty gets better when energy measurements areperformed for in
reasing energy while the resolution gets worse when momenta mea-surement are performed at higher momenta, [7℄.For ele
trons, the energy is measured in the ele
tromagneti
 
alorimeter and the mo-mentum is measured on basis of tra
king. For muons the momentum is measured andthe energy is 
al
ulated from the momentum.The experimental resolution for ele
trons is for all Higgs masses 
omparable to [5℄ butthe experimental resolution for muons is signi�
antly bigger than in [5℄ and [7℄. In orderto investigate this, an approximate value of the experimental resolution for ele
tronsand muons was 
al
ulated.The starting point for these 
al
ulations was the energies and momenta for four ele
tronsor four muons from the de
ay of a 500 GeV Higgs without any intrinsi
 width. Onestandard deviation for energy and momentum was added at the same time for ea
h76



7.2. RECONSTRUCTION OF THE SIGNALmH �ele
tron �muon �0:02�mH200 1.79 5.94 4300 2.36 14.01 6500 3.22 37.01 10Table 7.6: The standard deviations from the �tted Gaussians in GeV. All physi
ale�e
ts ex
ept pure dete
tor resolution are swit
hed o�. The TDR-parametrization ofthe dete
tor resolution is shown for 
omparison.lepton. In ea
h 
ase, the mass di�eren
e was 
al
ulated. The resolutions in energy,angles and momenta were taken from [7℄. For ea
h lepton, a mass di�eren
e was obtainedand an approximate value for the dete
tor resolution would then be the square root ofthe sum of the squared mass-di�eren
es.For ele
trons, the experimental resolution was 
al
ulated to be � 3:8 GeV.For muons, the resolution in energy and momentum was 
al
ulated to be � 28:8 GeV.The formula used is presented in equation 7.12.mkH =vuut( 4Xj=1 Ej +�Ek)2 � ( 4Xj=1 Pj +�Pk)2 (7.12)where k = 1; 2; 3; 4.�Pj =s��px�jpj�jpj�2 + ��py�� ���2 + ��pz�� ���2 (7.13)The 
omponents of the momentum are given in spheri
al 
oordinates.These results are in reasonable agreement with the standard deviations in table 7.6 forthe experimental resolution. See also appendix B.To 
on
lude: the resolution for the energy and momentum for ele
trons and muons asgiven in [7℄ lead to an approximate value for the standard deviation of the invariantmass plot whi
h is in agreement with the standard deviations given in table 7.6.7.2.2 Higgs width swit
hed onSee table 7.7 for the width of the higgs boson as a fun
tion of mass. The width ofthe Higgs is 
al
ulated using HDECAY whi
h is a program for 
al
ulating among otherthings, widths for Standard Model and Supersymmetri
 Higgs bosons.When the Higgs width is in
luded in the simulation, the distribution should have awidth 
omparable to the 
onvoluted width as given by equation 7.10. In �gure 7.7 isplotted the sigmas of the �tted Gaussians as well as the sigmas expe
ted from 7.10.However, when 7.10 was applied, 0:02mH was repla
ed with the expressions for the77



CHAPTER 7. THE ANALYSISHiggsmass [GeV℄ Width [GeV℄100 0.2598E-02200 1.426300 8.505400 29.27500 67.89600 122.9Table 7.7: The width of the Higgs boson for in
reasing Higgs mass.
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Figure 7.7: The standard deviations of �tted Gaussians as well as 
al
ulated widths.experimental resolution obtained in the previous se
tion.Narrow parti
le states whi
h are broadened signi�
antly by experimental resolution willtend to have a Gaussian shape, while wide states for whi
h the experimental resolution isless important may be more nearly Breit-Wigner shaped. A relatively light Higgs wherethe experimental resolution is the most important will therefore have a more Gaussianform than a heavier one where the Breit-Wigner form is more dominant.From the plots 7.8 to 7.10 it is 
lear that the width in
reases 
ompared to the plotswhen the intrinsi
 width was not in
luded. It is also evident that the e�e
t of in
reasedHiggs' width is more important for a heavy Higgs.We also see that there is a di�eren
e between ele
trons and muons. This is be
ausethe experiemental resolution 
an not be ignored 
ompared to the intrinsi
 widht of theHiggs.7.2.3 ISR and FSR swit
hed on.When we turn on initial state and �nal state radiation we allow for emission of photonsand gluons from the in
oming partons and from the partons after the 
ollision.78
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Figure 7.8: The invariant mass of four ele
trons and four muons from a Higgs withmass 200 GeV. Now the Higgs width has been in
luded. The left �gure 
orresponds toele
trons while the right one is for muons. Refer to table 7.8 for the standard deviationsof the �tted Gaussians
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trons and four muons from a Higgs withmass 300 GeV. The Higgs width is in
luded. The histograms have been �tted withGaussian distributions and we 
learly see that the agreement is not too god anymore.As before ele
trons to the left and muons to the right. Refer to table 7.8 for the standarddeviations of the Gaussians. 79
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Figure 7.10: The invariant mass of four ele
trons and four muons from a Higgs withmass 500 GeV. The Higgs width is in
luded and is more important than the experimentalresolution. The Gaussian distribution is no longer a very good approximation to thehistogram. Ele
trons to the left and muons to the right. See table 7.8 for the standarddeviations of the Gaussians. mH �ele
tron �muon200 2.34 5.72300 6.58 16.35500 39.83 59.72Table 7.8: The standard deviations from the �tted Gaussians in GeV. The intrinsi
Higgs width has now been in
luded in the simulation. Wee see that this a�e
ts thewidth of the �tted Gaussians and it is most prominent for heavy Higgs sin
e the widhtof the Higgs in
reases proportional to m3H for heavy Higgs.The ISR and FSR e�e
ts result in a slightly broader distribution. But the most pro-noun
ed e�e
t are the tails that now appear be
ause of ISR and FSR. These e�e
ts aremost important for ele
trons be
ause the 
ross se
tion for emission of ISR and FSR isproportinoal to the inverse of the mass squared. The mass of the muon is approximately200 times the mass of the ele
tron. ISR and FSR are the most important e�e
ts forenergy loss in matter for ele
trons and muons. For muons and other heavy parti
les,inelasti
 
ollisions with the atomi
 ele
trons of the material are the dominant reasonsfor energy loss.7.2.4 All e�e
ts in
ludedWhen the e�e
t of multiple s
attering is inl
uded in the simulation, this does not a�e
tthe mass distribution. This is 
lear from the values of the widhts in table 7.9 and table80
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Figure 7.11: Invariant mass of four ele
trons and muons from a Higgs with mass 200GeV boson when initial state and �nal state radiation have been added as well. Wesee that Gaussian distributions no longer �t very well and that the width of the �ttedGaussian in
reases. See table 7.9 for the sigmas of the �tted Gaussians.
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Figure 7.12: Invariant mass of four ele
trons and muons from a Higgs with mass 300GeV boson when initial state and �nal state radiation have been added as well. Wesee that Gaussian distributions no longer �t very well and that the width of the �ttedGaussian in
reases. See table 7.9 for the sigmas of the �tted Gaussians. 81
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Figure 7.13: Invariant mass of four ele
trons and muons from a Higgs with mass 500GeV boson when initial state and �nal state radiation have been added as well. Wesee that Gaussian distributions no longer �t very well and that the width of the �ttedGaussian in
reases. Refer to table 7.9 for the standard deviations of the �tted Gaussiandistributions. mH �ele
tron �muon200 3.3 6.84300 8.00 18.26500 41.62 61.47Table 7.9: The standard deviations from the �tted Gaussians. Now the ISR/FSR is also
onsidered in addition to the intrinsi
 width of the Higgs in the simulation. We see aslighly broader distribution.7.10.7.3 Fitting of histogramsThe purpose of this se
tion is to determine what kind of 
urve whi
h best �ts the shapeof the invariant mass plot of Higgs bosons of di�erent mass.It was seen in the previous se
tion that the Gaussian distribution is not appropriateto �t the signal when we take into 
onsideration initial state radiation, �nal state ra-diation and the intrinsi
 Higgs width. The Gaussian was only appropriate when thesee�e
ts were negle
ted and only experimental e�e
ts o

ured.When 
al
ulating the signi�
an
e of a signal, the 
urve that best �ts the histogramis important. It is therefore ne
essary to determine what kind of distribution this is. As82



7.3. FITTING OF HISTOGRAMS

170 180 190 200 210 220 230
0

50

100

150

200

250

300

350

400

450

170 180 190 200 210 220 230
0

50

100

150

200

250

Figure 7.14: The invariant mass of a Higgs of 200 GeV when the experimental resolution,the intrinsi
 Higgs width, isr/fsr and multiple intera
tion are in
luded. Refer to table7.10 for the standard deviations of the �tted Gaussians.
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Figure 7.15: The invariant mass of a Higgs of 300 GeV when the experimental resolution,the intrinsi
 Higgs width, ISR/FSR and multiple intera
tion are in
luded. Se table 7.10for the sigmas of the Gaussians.
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Figure 7.16: The invariant mass of a Higgs of 500 GeV when the experimental resolution,the intrinsi
 Higgs width, ISR/FSR and multiple intera
tion are in
luded. In table 7.10the sigmas of the Gaussians are listed.mH �ele
tron �muon200 3.32 6.66300 8.32 18.21500 39.18 61.45Table 7.10: The standard deviations from the �tted Gaussians when all e�e
ts arein
luded. The width in this table and in table 7.9 are the same.was seen in se
tion 6.2, a Gaussian distribution is the best 
hoi
e when experimentale�e
ts are taken into a

ount. The Breit-Wigner distribution takes into a

ount thetails and the shape of the distribution if experimental e�e
ts are negle
ted. And indeed,a sum of a Gaussian and Breit-Wigner gives the best shape of the 
urve when �ttingthe histograms. This is not only due to a better �2=ndf for su
h a fun
tion, but is alsore�e
ted in a higher number of 'found' events when integrating a sum of Breit-Wignerand a Gauss, than when integrating only a Breit-Wigner or only a Gaussian.Gaussian and Breit-Wigner distributionThe Gaussian (or normal) probability distribution fun
tion (p.d.f) of the 
ontinuousrandom variable x is de�ned byf(x;�; �2) = 1p2��2 exp��(x� �)22�2 � (7.14)where � and �2 denote the mean and varian
e of the p.d.f84



7.3. FITTING OF HISTOGRAMSThe Breit-Wigner p.d.f. of the 
ontinuous variable x is de�ned byf(x; �; x0) = 1� �=2�2=4 + (x� x0)2 (7.15)where the parameters x0 and � 
orrespond to the mass and width of a resonan
e parti
le.An unstable parti
le may be 
hara
terized by its lifetime at rest, � , or equivalentlyby its natural de
ay width � = 1=� . For heavy states, as the Higgs, that 
an not bedire
tly observed, the lifetime is inferred from peaks in the mass distributions and it
an be shown that the shape of these peaks is best des
ribed by the Breit-Wigner dis-tribution.In general, the parti
le will de
ay through a number of di�erent 
hannels. A heavyHiggs will for example in most 
ases de
ay into two Z bosons, two W bosons or a ttpair. The total de
ay width � is equal to the sum of the partial de
ay widths for thevarious 
hannels.In the plots in �gures 7.17 and 7.18 all e�e
ts su
h as ISR, FSR and multiple s
atteringhave been in
luded and both ele
trons and muons are 
onsidered.3 As will be explainedlater, when we 
al
ulate the signi�
an
e we need both the �tting fun
tion of the signaland the �tting fun
tion of the ba
kground when both the 
uts on the pT of the leptonsand the 
uts on the pT of the Z have been applied. Sin
e the 
uts depend on the Higgsmass, it is ne
essary to �nd these fun
tions both for signal and ba
kground for thedi�erent Higgsmasses.mH True Int BW effBW �2=ndf BW Int Gauss+BW effBWG �2=ndf BWG200 949 855 0.9 60/52 875 0.92 44/51240 1512 1338 0.88 86/56 1370 0.9060 60/56280 1604 1411 0.88 111/65 1470 0.92 68/64320 1504 1333 0.88 115/70 1360 0.90 90/69360 1562 1379 0.88 124/68 1433 0.92 75/67400 1362 1100 0.81 133/65 1150 0.85 95/64500 730 583 0.80 90/45 622 0.85 44/44600 387 296 0.76 31/26 328 0.85 23/25Table 7.11: The table shows the relation between the true number of signal eventsand the number events re
overed when integrating a Breit-Wigner distribution and aBreit-Wigner+Gaussian distribution in the mass window �� 2 � �3That is, we in
lude all three 
hannels, 4e; 4� and 2e2� 85
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Figure 7.17: The signal from a 200 GeV Higgs. In the left �gure the distribution is�tted with a Gaussian and in the right �gure the distribution is �tted with a Breit-Wigner distribution. The Gaussian is broader than the Breit-Wigner, thereby in
ludingmore of the events on the sides but the Breit-Wigner is higher and �ts the tails of thedistribution better.
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Figure 7.18: The signal from a 360 GeV Higgs. In the �gure to the left the distributionis �tted with a sum of Breit-Wigner and a Gaussian distribution. In the right �gurethe distribution is �tted with a Breit-Wigner only. Sin
e the value of �2=ndf is 
loserto one, this is a better �t to the histogram.
86



7.4. BACKGROUND
signal, two cuts

Entries  730

Mean    496.2

RMS     70.42

Underflow       0

Overflow        6

 / ndf 2χ  51.12 / 42

p0        2.17± 43.42 

p1        2.0± 490.1 

p2        1.69± 48.14 

Invariant mass [GeV]

200 300 400 500 600 700 800 900

E
ve

n
ts

0

10

20

30

40

50

signal, two cuts
Entries  730

Mean    496.2

RMS     70.42

Underflow       0

Overflow        6

 / ndf 2χ  51.12 / 42

p0        2.17± 43.42 

p1        2.0± 490.1 

p2        1.69± 48.14 

signal, two cuts2
Entries  730

Mean    496.2

RMS     70.42

Underflow       0

Overflow        6

 / ndf 2χ  81.86 / 42

p0        3.23± 54.43 

p1        2.4± 489.7 

p2        3.67± 72.81 

Invariant mass [GeV]

200 300 400 500 600 700 800 900

E
ve

n
ts

0

10

20

30

40

50

signal, two cuts2
Entries  730

Mean    496.2

RMS     70.42

Underflow       0

Overflow        6

 / ndf 2χ  81.86 / 42

p0        3.23± 54.43 

p1        2.4± 489.7 

p2        3.67± 72.81 

Figure 7.19: The signal from a 500 GeV Higgs. In the left �gure the distribution is �ttedwith a Gaussian pluss a Breit-Wigner and in the left, the �t is a Breit-Wigner.7.4 Ba
kgroundFor the H ! ZZ ! 4l signal in the mass range 200 < mh < 600 GeV, the dominantba
kground is the 
ontinuum produ
tion of two Z bosons through qq ! ZZ and gg !ZZ where the two Z bosons de
ay further into 4l. The total produ
tion 
ross-se
tiontimes bran
hing ratio is given in [10℄ as 44 fb for mZZ > 200GeV .For 20000 generated ba
kground events, the produ
tion 
ross se
tion times bran
hingratio was 70.63 fb. A

ording to [5℄ and [10℄, the same 
ross se
tion times bran
hingratio is 63.3 fb, whi
h is 11% lower. The reason for this is other 
hoi
es of default PDFs.4 The 
hoi
e of pdf is set by MSTP(51) and the default fun
tion is now CTEQ 5L, asopposed to CTEQ 3L whi
h was the previous default fun
tion. Table 7.12 shows the
ross se
tions for di�erent 
hoi
es of parton distribution fun
tions.Parton distribution fun
tion Cross se
tion [fb℄CTEQ 5L (leading order) 70.8CTEQ 3L (leading order) 63.4Table 7.12: The table shows the 
ross se
tion for di�erent 
hoi
es of PDF'sThe only way to generate the ba
kground in PYTHIA is through the ISUB=22 pro
ess,qq ! ZZ. However, this is not the only way to produ
e two Z bosons in nature sin
egluons also 
ontribute through gg ! ZZ. Therefore, the 
ross se
tion for qq is multi-plied by 1.3. a

ording to [10℄ and [14℄.The mass distribution for the leptons produ
ed in qq ! ZZ is shown in �gure 7.30. We4PDF: parton distribution fun
tion. Is a parametrization of the energy and momentum distributionshared by the partons (quarks and gluons) in a hadron. 87
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Figure 7.20: Feynman diagram of the irredu
ible qq ba
kground. The lines to the left
orresponds to an in
oming quark and an in
oming anti-quark whi
h ea
h emits a Z0boson (the wavy lines). Ea
h Z0 de
ays into two leptons (the four lines to the right)
g
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Z
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Figure 7.21: Feynman diagram of the irredu
ible gg ba
kground. Two in
oming gluonsemit two Z0 through a box pro
ess.
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7.4. BACKGROUND
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Figure 7.22: The invariant mass of four leptons originating from two ba
kground Zbosons. Note the 
hara
teristi
 peak at around 110 GeV. In this histogram, the invariantmass from all de
ay 
hannels are in
luded.
see in �gure 7.22 a 
hara
teristi
 top at around 110 GeV. This is be
ause PYTHIA in-
ludes the full interferen
e between the 
� and the Z0 in the matrix elements. Thereforethe progagators peak both around mZ and when the mass ! 0. The latter divergen
eis solved by a lower 
uto� (in CKIN(41) and CKIN(43)) at 12 GeV. Therefore there arethree mass thresholds: one at 2*12 = 24 GeV, one at 12 + mZ = 100 and one at 2 �mZ= 180. In �gure 7.23 the same pro
ess is shown, but now the interferen
e betweenvirtual gamma and the Z boson is turned o� using MSTP(43) equal to 2.From �gure 7.22 it is also seen that the peak o

urs at a value greater than theinvariant mass of two Z bosons. In the matrix element for qq ! ZZ there is a pole forE = 2mZ sin
e when the integration over the phase spa
e is 
arried out the result isproportional to p=E = p1� 4m2Z=E2
m whi
h 
learly vanishes for E
m = 2mZ . How-ever, this is to �rst order in perturbation theory, only. At this resonan
e energy, higherorder 
orre
tions have to be taken into a

ount and parton density fun
tions, as well.To dis
uss this is beyond the s
ope of this text, but an examination of higher orderterms will show that the peak o

urs at values above 2mZ .In order to �nd a suitable fun
tion to �t the ba
kground, several 
andidates were tried.When both the 
ut on transverse momentum of lepton and the 
ut on transverse mo-mentum of the Z boson were applied, a polynomial was �rst tried sin
e a polynom isvery �exible and 
an �t several shapes if the degree is high enough.However, it turned out that a Landau distribution was the best 
andidate for �tting theba
kground when two 
uts were applied. 89
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Figure 7.23: The invariant mass of four leptons originating from two ba
kground Zbosons. Interferen
e e�e
ts are not in
luded and the 
hara
teristi
 peak around 110GeV is absent.
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Figure 7.24: The ba
kground �tted with a Landau distribution
90



7.5. CORRECT ABSOLUTE AND RELATIVE SCALINGThe Landau distributionThe Landau distribution is a probability density fun
tion that most often is used indes
ribing the energy loss when a 
harged parti
le traverses a layer of matter of a giventhi
kness, [12℄. It is given by f(�; �) = 1��(�) (7.16)The fun
tion �(x) is given by�(x) = 1� Z exp (�u log u� �u)sin�u du (7.17)The LANDAU fun
tion in ROOT is given with mpv(most probable value) and sigma.The Landau fun
tion has been adapted from the CERNLIB routine G110 denlan.7.5 Corre
t absolute and relative s
alingIn this se
tion we will use the 
ross se
tions and luminosity to derive the 
orre
t numberof signal events and ba
kground events for one year of running with LHC at high andlow luminosity. The expressions 'high' and 'low' luminosity will be 
lari�ed shortly.We de�ne the integrated luminosity asL = Z Ldt (7.18)where L is the instantaneous luminosity.If two bun
hes of protons 
ontaining n1 and n2 parti
les 
ollide with frequen
y f , theinstantaneous luminosity is approximately given asL = f � n1 � n24��x�y (7.19)where �x and �y 
hara
terize the Gaussian transverse beam pro�les in the horizontaland verti
al dire
tions.Instantanous luminosity is often expressed in units of 
m�2s�1 and tends to be a largenumber. It is a measure of how many parti
les that o

upies a 
ertain area at a giventime.The initial parti
le distribution at the sour
e is often far from Gaussian, but, by the timethe beam rea
hes high energy, a normal distribution is a good approximation, thanksto the 
entral limit theorem of probability and diminished importan
e of spa
e 
hargee�e
ts.The design luminosity for LHC is Lhigh = 1034
m�2s�1. Two phases are foreseen for theLHC. During startup and the �rst months of running, LHC will be running at low lu-minosity Llow = 1033
m�2s�1. This redu
es the huge pile up and is therefore attra
tive.91



CHAPTER 7. THE ANALYSISOne year of high luminosity operation at LHC is equivalent to � 100(fb)�1 of integratedluminosity whi
h is seen by multiplying the instantanious luminosity by the number ofse
onds in a year and use the fa
t that 1b = 10�28m2.In order to 
al
ulate the expe
ted number of Higgs de
ays through a 
ertain 
hannel ayear, we need the 
ross-se
tion and bran
hing ratio for Higgs de
aying a

ording to this
hannel. PYTHIA is here used to get the 
ross se
tion times bran
hing ratio.For a higgs-mass of 190 GeV the 
ross-se
tion times bran
hing ratio is 9.138 fb whi
hgives 914 Higgs-events a year at high luminosity sin
e N = � � L. For a higgs-massof 230 GeV the 
ross-se
tion times bran
hing ratio is 9.457 fb. This translates into 946Higgs-events a year at high luminosity.The 
ross se
tion for the ba
kground pro
ess qq ! ZZ ! 4l is 70.33 fb. And as previ-ously mentioned, the only way to generate ba
kground events using PYTHIA is throughthis pro
ess. To also in
lude the 
ontribution from gluon fusion we multiplie the 
rossse
tion by a fa
tor 1.3. This gives a total 
ross-se
tion of 91.429 fb and 
orrespondingly� 9000 events.7.6 CutsIn order to minimize the irredu
ible ba
kground, a 
ut on the pT -distribution of the fourleptons is imposed. The two leading leptons are required to have transverse momenta 5above 20 GeV, whereas the other two are required to have transverse momenta above 7GeV. In the following these 
uts will be 
alled standard 
uts.In �gure 7.25, 7.26 and 7.27 is shown the distribution of the transverse momen-tum for all four leptons both for Higgs-bosons with mass mH = 200 GeV, mH = 320GeV and mH = 500 GeV. The pT plots in
lude �nal states with four ele
trons, fourmuons and the di-ele
tron/di-muon �nal state.Now, these plots suggest that in order to redu
e the number of ba
kground events, weimpose a 
ut on the pT as done in the TDR. And, indeed, when we apply the loosesele
tion 
uts on the ba
kground, the number of events is redu
ed with approximately6:2%. When the same 
uts are applied on the signal, the number of events is redu
edby less than 1%. For any 
ut, the relative amount of lost ba
kground events should bemore than for the signal.Now, 7.25, 7.26 and 7.27 
learly show that when the four signal leptons 
ome from aheavy Higgs boson, the distribution of transverse momentum is shifted towards largervalues of pT . This is not surprising sin
e a heavy obje
t has more energy and momentumto give to its de
ay produ
ts.This suggests that the 
ut in the TDR on 20 GeV for the two leading leptons and 7GeV for the other two is too loose. And, as 
an be seen in 7.29, when the Higgs massin
reases, the minimum value of pT of the hardest of the leptons, also in
reases.5Transverse momentum: pT =qp2x + p2y92
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Figure 7.25: The pT distribution of four leptons. The distributions of both ba
kgroundand signal are drawn. The shaded distribution 
orresponds to the signal whi
h is thede
ay of a Higgs with mass 200 GeV. The units on the axis are 'number of events' onthe y-axis and 'transverse momentum in GeV' on the x-axis.
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Figure 7.26: The pT distribution of four leptons. The distributions of both ba
kgroundand signal are drawn. The signal leptons originates from a Higgs with mass 320 GeV.The signal 
orresponds to the shaded area. We see that the transverse momentum forthe signal now is shiftet towards higher values of pT . 93
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Figure 7.27: The pT distribution of four leptons. The distributions of both ba
kgroundand signal are drawn. The signal leptons originate from a Higgs with mass 500 GeV.The signal 
orresponds to the shaded area. We see that the transverse momentum forthe signal now is shiftet towards higher values of pT . The redu
ed number of signalevents due to de
reasing 
ross se
tion of Higgs produ
tion is 
learly visible. The unitson the axis are as in �gure 7.26.
Mass[GeV]

0 50 100 150 200

E
ve

n
ts

0

5

10

15

20

Mass[GeV]
0 50 100 150 200

E
ve

n
ts

0

10

20

30

Mass[GeV]
0 50 100 150 200

E
ve

n
ts

0

10

20

30

Mass[GeV]
0 50 100 150 200

E
ve

n
ts

0

10

20

30

40

Figure 7.28: The pT distribution of four leptons from a Higgs boson of mass 500 GeV.Only the signal is plotted and 
ompared to �gure 7.27 it is now easier to see the pTdistribution.94
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Figure 7.29: The lepton with smallest value of pT as a fun
tion of Higgs mass. Onlysignal leptons shown. The blue line 
orresponds to the leading lepton, the read line
orresponds to the next to leading lepton, the green line 
orresponds to the next tosmallest value of pT and the last line shows the lepton with smallest value of pT . Theunits on the axes are 'Higgs mass in GeV' on the x-axis and 'pT in GeV' on the y-axis.To systematize the new 
uts that are imposed on the transverse momentum, we sum-marize them in table 7.13. The table shows the minimum values of the transversemomenta for the four leptons for in
reasing Higgs mass. We now apply the standardHiggs mass New 
ut on pT [GeV℄ Cut 'name'200 7, 7, 20, 20 Standard 
ut240 7, 7, 20, 30 Cut 1280 7, 7, 20, 30 Cut 1320 7, 10, 20, 30 Cut 2360 7, 10, 22, 35 Cut 3400 7, 10, 22, 45 Cut 4500 7, 15, 35, 45 Cut 5600 7, 20, 40, 50 Cut 6Table 7.13: Shown here is a table with the new 
uts on the transverse momentum (GeV)and in in
reasing order. The 
uts are named 'standard 
ut', '
ut 1', et
.
ut and the new 
uts on the signal leptons for di�erent masses and the ba
kground.Table 7.14 shows the ratio of leptons whi
h is kept of the signal when we impose thestandard 
uts proposed by the TDR. Also in
luded is the fra
tion kept when the new
uts are applied.We see that that the e�e
t on the number of signal events when the new 
uts are appliedis none. For any 
ut, the relative amount of lost ba
kground events should be more thanfor the signal. Sin
e the introdu
tion of new 
uts, as seen in table 7.14, does not a�e
t95



CHAPTER 7. THE ANALYSISthe number of signal events 
ompared to the standard 
uts, this is a good idea if theamount of lost ba
kground is bigger in ea
h 
ase.Higgs mass Standard 
uts (%) New 
uts (%)200 98.74 98.74240 98.49 98.49280 99.17 99.17320 99.36 99.36360 99.47 99.47400 99.42 99.42500 99.74 99.74600 99.51 99.51Table 7.14: The table shows the fra
tion of leptons kept when we impose the Standard
uts and the New 
uts on the signal. The numbers are in per 
ent.When the standard 
ut and the new 
uts are imposed on the ba
kground, it be
omes
lear that the number of ba
kground events is redu
ed by a mu
h larger fra
tion thanthe number of signal events. This indi
ates that it might be a good idea to imposethe new 
uts. In table 7.15 is shown the fra
tion of ba
kground events kept when thestandard 
ut and the new 
uts are applied.Kind of 
ut Events kept in (%)No 
ut 100Standard 
ut 93.58Cut 1 93.03Cut 2 92.52Cut 3 91.44Cut 4 85.55Cut 5 79.60Cut 6 65.68Table 7.15: The fra
tion of events kept when we impose the standard 
uts and the new
uts on the ba
kground.In �gures 7.31, 7.32 and 7.33 are shown the signal above the ba
kground for someHiggsmasses. We see that it 
an be di�
tult to identify the signal in some 
ases.When the Higgs mass is around 200 GeV, the signal is on the top of the ba
kgroundand 
areful Monte Carlo simulations of the ba
kground is needed.For a Higgs with mass 320 GeV, the signal is very easy to identify above the 
ontinuousba
kground.Sin
e the 
ross se
tion for Higgs produ
tion falls with in
reasing Higgs mass, the numberof simulated events is redu
ed for in
reasing Higgs mass and the peak is more di�
ultto identify above the ba
kground as is the 
ase in �gure 7.33. Here a 600 GeV Higgs isplotted and is almost invisible above the ba
kground.96
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Figure 7.30: The distribution of invariant mass of four leptons from ba
kground eventswhen the new 
uts on transverse momentum have been applied.
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Figure 7.31: The signal plus ba
kground plotted for a Higgs boson with mass 200 GeVin the same hisogram. No 
uts have been applied. The horisontal axis is 'invariantmass in GeV' and the y-axis is 'Number of events'. Sin
e the Higgs mass 
orrespondsto the peak in the ba
kground distribution, it is not easy to identify the signal abovethe ba
kground.
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Figure 7.32: The signal plus ba
kground plotted for a Higgs boson with mass 320 GeV.No 
uts have been applied.
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Figure 7.33: The signal plus ba
kground plotted for a Higgs boson with mass 600 GeV.No 
uts have been applied. The signal is now almost invisible over the ba
kground. But
ompared with 7.32 it is possible to see 'something' above the ba
kground.
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Figure 7.34: The signal and ba
kground plotted in the same histogram. The Higgs massis 320 GeV. The standard 
uts have been applied.We now apply the standard 
uts and the new 
uts and see how these 
uts a�e
t thesignal and ba
kground. We plot the signal and ba
kground in the same histogramagain. In �gures 7.34 and 7.35 the distribution for invariant mass for signal from aHiggs with mass 320 GeV and ba
kground is shown when the standard 
uts and thenew 
uts are applied. From these �gures, it is not easy to see wether the new 
uts onthe pT -distribution of the leptons in the �nal state had any impa
t or not. This will notbe 
lear, however, before the signi�
an
e is 
al
ulated.In �gures 7.36 and 7.37 the standard 
ut and the new 
uts are applied on the signaland ba
kground for a Higgs boson with mass 600 GeV. We see that it is di�
ult toidentify the peak above the ba
kground even when the 'new' 
uts are applied. Thissuggests that an additional 
ut is 
alled for.Sin
e the Z-bosons from Higgs de
ays are produ
ed through the two-body de
ay of aheavy obje
t, ba
kground 
an be reje
ted by requiring that the transverse momentumof the harder of the two Z-bosons, pmax(Z1;Z2)T , to be larger than a 
ertain treshold value.It is therefore very important that we re
onstru
t in ea
h event the 
orre
t value of thetransverse momentum of the two Z bosons. In order to do that, it is ne
essary to �ndthe 
orre
t 
ombination of the leptons in ea
h event that re
onstru
t the Z-bosons.In the events where the two Z bosons have de
ayed into leptons of di�erent �avour,ele
trons and muons, there are no di�
ulties �nding the 
orre
t 
ombination of leptonsthat re
onstru
t the two Z bosons. The de
ay 
hannels areZ ! e+ + e�Z ! �+ + ��The invariant mass of ea
h Z boson is re
onstru
ted by pi
king the muon and antimuon99
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Figure 7.35: The signal plus ba
kground plotted in the same histogram. The Higgsmass is 320 GeV. The new 
uts have been applied
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Figure 7.36: The signal plus ba
kground plotted in the same histogram. The Higgsmass is 600 GeV. The standard 
uts have been applied and a 
ut on the invariant massis applied to zoom in to the mass window of interest.
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Figure 7.37: The signal plus ba
kground plotted in the same histogram. The Higgs massis 600 GeV. The new 
uts have been applied and a 
ut on the invariant mass is appliedto zoom in to the mass window of interest. It is 
lear that there is almost no di�eren
ebetween this �gure and �gure 7.36. It is also 
lear that the signal is totally hidden bythe ba
kground.and the ele
tron and positron and 
al
ulating the invariant masses in the two 
ases. In�gure 7.38 we have re
onstru
ted the invariant mass of the two Z bosons in the eventswhere there are two ele
trons and two muons in the �nal state.When both Z bosons de
ay into leptons of same �avour (that is, both Z de
ay for ex-ample into ele
trons) we fa
e a problem of 
ombinatori
s. The reason is that there isnot a unique way to 
ombine the ele
trons and positrons to give two Z bosons. In ea
hsu
h event, given an ele
tron, there are two positrons we 
an 
hoose from in order tore
onstru
t the mass of the Z boson and also 
on
erve 
harge and lepton number.In �gure 7.39 is plotted both 
orre
t and wrong 
ombinations of the invariant massof two leptons. We see a 
ontinuous, 
ombinatorial ba
kground with a peak near the Zmass at approximately 91 GeV.In order to re
onstru
t the invariant mass distribution of the Z bosons, it is ne
essaryto pi
k the right ele
tron and the right positron. To do this, we make use of the KFELEarray. The arrays of energy and momentum are sorted by the absolute value of thetotal momentum. Therefore, a routine was written to identify the entries in the KFELE
ontaining ele
trons and the entries 
ontaining muons. The same entries in the PXELE,PYELE and PZELE arrays 
orrespond to the same parti
le. Then the invariant massof the two 
ombinations is 
al
ulated and the 
ombination that minimizes a 
hi-squarefun
tion is 
hosen.The truth information from ATHENA version 7.0.3 has been 
hanged in ATHENA ver-sion 8.0.5. Instead of knowing the energy, momenta and the mother of ea
h lepton,ATHENA now provides the PDG ID, the transverse momentum, � and � for every 'in-101
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Figure 7.38: The invariant mass of the Z when one Z has de
ayed into ele
trons andone Z has de
ayed into muons. The �gure to the left shows the re
onstru
ted Z-massfrom the ele
tron/positron pair, while the �gure to the right is the Z-mass from themuon/anti-muon pair.
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Figure 7.39: The invariant mass of two leptons. Both 
orre
t and wrong 
ombinationsare plotted in the same histogram.
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Figure 7.40: The invariant mass of the two Z bosons. The left Z boson has de
ayed intotwo muons while the Z boson in the right �gure has de
ayed into two ele
trons.
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Figure 7.41: The invariant mass of both ele
tron/positron pairs originating from one Z.In the plots below the 
orre
t 
ombination is plotted and above, the 
ombination thatminimizes a �2 is plotted.
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CHAPTER 7. THE ANALYSIS� [GeV℄, re
onstru
ted 
ombinations 2.98 2.98� [GeV℄, true 
ombinations 2.17 2.56Table 7.16: The standard deviations in GeV of the �tted Gaussians to the re
onstru
tedZ mass plot and the true Z mass plot.
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Figure 7.42: The distribution of the transverse momentum of the hardest of the Z bosonsboth for signal and ba
kground. The Higgs mass is 400 GeV and we 
learly that the
ut on the transverse momentum of the Z bosons is an e�
ient 
ut. The shaded area
orrespond to the pT distribution of the signal.teresting parti
le' su
h as leptons, photons and jets. From the provided information,the three 
omponents of the momentum for ea
h parti
le are 
al
ulated as well as theenergy.When the mass plots are �tted with Gaussian distributions, the plots of 
orre
t pairshave a smaller standard deviation, see table 7.16.In �gure 7.42 the distribution of transverse momentum of the hardest of the Z-boson isplotted when the two Z bosons originate from a Higgs with mass 400 GeV. The standard
ut on the pT has been applied. It is 
lear from �gure 7.42 that a signi�
ant amountof ba
kground is lost when we set a 
ut on the transverse momentumThe new 
ut on the transverse momentum of the leptons is strongly 
orrelated withthe 
ut on the transverse momentum of the Z boson. We see that the e�e
t on theba
kground by introdu
ing the new 
ut in addition to the 
ut on the pT of the Z isminimal. See �gure 7.44. Be
ause of this, we from now use the standard 
ut on the pTof the leptons as well as the Z 
ut.104
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Figure 7.43: The signal plus ba
kground for a Higgs of mass 200 GeV. Both the 
ut onthe transverse momenta of the leptons are applied as well as the 
ut on the pT on the Z.
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Figure 7.44: .The signal plus ba
kground plotted in the same histogram when the stan-dard 
ut on the pT of the leptons and the 
ut on the tranvserse momentum of the Zboson are used. Higgs mass = 320 GeV.
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Figure 7.45: .The signal plus ba
kground plotted in the same histogram when the new
ut on the pT of the leptons and the 
ut on the tranvserse momentum of the Z bosonare used. Compare with �gure 7.44. The Higgs mass is 320 GeV.
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Figure 7.46: The signal plus ba
kground when mass of Higgs is 400 GeV. Compare with�g 7.51.
106



7.6. CUTS
Z cutsTs+b, std+p

Entries  713

Mean    597.7

RMS     125.6

Underflow       0

Overflow       39

Invariant mass [GeV]
0 100 200 300 400 500 600 700 800 900 1000

E
ve

n
ts

0

5

10

15

20

25

30

35

40

45
Z cutsTs+b, std+p

Entries  713

Mean    597.7

RMS     125.6

Underflow       0

Overflow       39

Figure 7.47: The signal plus ba
kground from a Higgs with mass 600 GeV. Cut on pTZ is applied.7.6.1 Further 
utsCut on the angle between the letpons from the Z boson with highest pTIn the 
entre of mass system of the Higgs boson, the two Z0 bosons will be produ
edba
k to ba
k and in the 
entre of mass system of a Z0 boson the two leptons will alsobe produ
ed ba
k to ba
k. This means that the angle between the leptons in this frameis 180 degrees.The Z bosons are boosted and we use the Lorentz transformations to determine therelationship between an angle in the rest frame of a Z0 and the laboratory system.
os� = 
os� 0 + v
1 + v
 
os� 0 (7.20)where � 0 is the angle between the leptons in the rest frame of the Z0-boson and the � isthe same angle in the laborary system. From 7.20 it 
an be seen than a greater boostgives a smaller angle in the lab frame sin
e the value of 
os � in
reases when v in
reases.An e�
ient 
ut is to require the angle between the leptons from the hardest Z boson tobe smaller than 90 degrees, as is seen from �gure 7.48. This 
ut is appropriate only forintermediate Higgs masses. For mH = 200 GeV, the 
osine of the angle was 
hosen tobe greater than -0.4.For mH = 500 GeV and mH = 600 GeV, the 
osine of the angle between the leptonswas required to be greater than 0.5. See �gure 7.49.However, we might suspe
t a 
orrelation. The two leptons are from a Z0 with a largeboost and hen
e a large pT value. There might be a 
orrelation between the 
ut on alarge value of pT of the Z0 and the 
ut on the angles between the leptons from the sameZ0. 107
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Figure 7.48: The distribution of angles between the leptons from the hardest of the Zbosons. The signal 
orresponds to a Higgs with mass 280 GeV. Both distributions forsignal and ba
kground are shown. The ba
kground is shown in the left �gure and thesignal is plotted in the right �gure. The value shown is the 
osine to the angle.
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Figure 7.49: The same as �gure 7.48, but now the mass of the Higgs boson is 600 GeV.
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Figure 7.50: The invariant mass of four leptons when the 
ut on angle between leptonsis applied. Compared with 7.44 the signi�
an
e is expe
ted to be somewhat higher.
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Figure 7.51: The invariant mass of signal and ba
kground for a Higgs with mass 400GeV. The 
ut on angle between leptons is applied.
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Figure 7.52: Invariant mass of signal plus ba
kground for a Higgs with mass 600 GeV.Cut on angle between leptons is applied.
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Figure 7.53: The 
orrelation between the pT of the hardest Z0 boson and the anglebetween the leptons from the same boson, for a Higgs boson with mass 280 GeV.
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Figure 7.54: The 
orrelation between the pT of the hardest Z0 boson and the anglebetween the leptons from the same boson from the ba
kground events. From the plotit is 
lear that the hardest Z0 in the ba
kground events generally have a lower valueof pT and that the hardest Z0 does not generally have a small angle between its de
ayprodu
ts. However, when the value of pT in
reases, the opening angle de
reases in this
ase, too.Cut on the angle between the planes de�ned by the de
aying leptonsThe two leptons from the same Z boson de�ne a plane and from the momentum ve
torsof these two leptons, the normal ve
tor to ea
h plane is 
al
ulated.To see wether a 
ut on the angle between these normal ve
tor 
ould be imposed, thedistribution of this angle is plotted for the signal and ba
kground in �gure 7.56. A
orrelation plot between the pT of the hardest Z0 and the angle is presented in �gure7.55. We see from this plot that there is not a very strong 
orrelation between thepT and the angle. However, �gure 7.56 shows that there is no obvious value for theangle to pla
e the 
ut. No matter where we pla
e the 
ut, a large fra
tion of the signaldisappears.This be
omes 
lear from �gures 7.57 and 7.58 where the number of events be
omesrather small, so the e�
ien
y be
omes low.Therefore, when 
al
ulating the signi�
an
e of the signal, this 
ut will not be in
ludedbe
ause of the great loss of e�
ien
y.7.6.2 Summary of 
utsIn this se
tion, the e�e
ts of all the 
uts are summarized. We see how the di�erent 
utsa�e
t the number of signal events and ba
kground events for di�erent Higgs masses.111
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Figure 7.55: Correlation between the pT of the hardest Z0 boson and the angle betweenthe normal ve
tors of the planes de�ned by the de
aying leptons. We see no 
orrelationbetween high pT and the value of the 
osine of the angle.
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Figure 7.56: The distribution of angles between the normal ve
tors to the planes of theleptons when the two Z0 bosons have de
ayed. The signal 
orresponds to a Higgs withmass 280 GeV. The signal is to the left while the ba
kground is in the right box.
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Figure 7.57: When the 
ut on the angle between the de
aying planes is applied, thenumber of events left be
omes rather small. mH = 320 GeV.
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Figure 7.58: The signal plus ba
kground in the same histogram when the Higgs massequals 400 GeV and all 
uts are applied.
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CHAPTER 7. THE ANALYSISmH No 
uts NLEP=4 pT lep pTZ Angle lep Angle Z200 5600 3008 2970 949 683 52240 4800 2621 2593 1512 1196 429280 3930 2168 2150 1604 1440 494320 3423 1877 1865 1504 1421 122360 3360 1893 1883 1562 1501 507400 2820 1554 1545 1288 1260 414500 1400 770 768 650 646 211600 733 405 403 328 326 113Table 7.17: The number of signal events for di�erent higgs masses left when su

essive
uts are applied.mH No 
uts NLEP=4 pT lep pTZ Angle lep Angle Z200 45715 14081 13177 4844 3527 150240 45715 14081 13177 3583 2821 750280 45715 14081 13177 2642 2198 574320 45715 14081 13177 2011 1723 63360 45715 14081 13177 1517 1333 346400 45715 14081 13177 1166 1041 280500 45715 14081 13177 642 593 158600 45715 14081 13177 385 355 89Table 7.18: The number of ba
kground events for di�erent higgs masses left whensu

essive 
uts are applied.7.7 Cal
ulating the signi�
an
eThe signi�
an
e of the signal is an important quantity. It tells wether there is a signalpresent in the histogram or not. It 
ould be that what appears to be a signal is onlystatisti
al and random �u
tuations of the ba
kground.We therefore need a quantitive measure to determine when we 
an say that there is asignal. We typi
ally say we have 
on
lusive eviden
e for a signal if the number of entriesin a peak is �ve times more than the estimated error in what is taken as ba
kgroundevents.The starting point of the signi�
an
e 
al
ulation is a histogram whi
h 
ontains bothsignal and ba
kground in 
orre
t absolute and relative s
aling. The histogram 
an beobtained from simulation when real data do not exist, or from data in a real experiment.We will 
al
ulate the signi�
an
e for three di�erent situations. First, the signi�
an
e is
al
ulated when only the pT 
ut on the leptons is used. Se
ondly, when the 
ut on thepT of leptons and the 
ut on the pT of the hardest Z0 boson are applied. The signi�
an
ewill lastly be 
al
ulated when the additional 
ut on the angle between the leptons fromthe hardest of the Z boson is introdu
ed. We will not in
lude the 
ut introdu
ed on the114
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Figure 7.59: The signal from a Higgs with mass 200 GeV plus ba
kground when bothpT 
uts are applied. The signal and ba
kground is �tted with a sum of a Breit-Wignerand a fourth degree polynomial. It is 
lear that the Breit-Wigner and a polynomial donot �t the shape of the signal and ba
kground too well.angles between the planes of the leptons from the Z0-de
ay.7.7.1 The 
ounting methodThe easiest and most straightforward aproa
h of �nding the signi�
an
e of the sig-nal is with the 
ounting method. First, we �t the S+B histogram with a Gaussian,Breit-Wigner or a sum plus an exponential, polynomial or another fun
tion, where theGaussian/Breit-Wigner is an approximation of the signal and the other fun
tion is anapproximation of the ba
kground.To �nd the number of signal and ba
kground events, we integrate the �tting fun
-tion in the S+B histogram in a given mass interval. To get the 
orresponding numberof events, the obtained number (whi
h is the area under the fun
tion) is divided by thebin-width. The number of ba
kground events under the �tted ba
kground fun
tion issubstra
ted in the same mass interval. The formula for 
al
ulating the signi�
an
e isS = NS+B �NBpNB (7.21)where S is the signi�
an
e, NS+B is the total number of events in the mass interval andNB is the number of events under the �tted 
urve of the ba
kground.The mass window is a symmetri
al interval around the mean value of the �tted Gaussian:�� �� (7.22)115
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Figure 7.60: The signal from a Higgs with mass 280 GeV plus ba
kground when bothpT 
uts are applied. The signal and ba
kground is �tted with a sum of a Breit-Wignerand a fourth degree polynomial. Also here it is 
lear that the shape of the 
ontour isnot too well des
ribed by the Breit-Wigner and the polynomial.
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Figure 7.61: The signal plus ba
kground in the same histogram when the two pT 
utshave been applied. mH = 240 GeV. The distribution has been �tted with a sum of aGauss and a Breit-Wigner for the signal and a Landau distribution for the ba
kground.
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Figure 7.62: The signal plus ba
kground in the same histogram when the two pT 
utshave been applied. The distribution has been �tted with a sum of a Gauss and aBreit-Wigner for the signal and a Landau distribution for the ba
kground. mH=320GeV.
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Figure 7.63: The signal plus ba
kground in the same histogram when the two pT 
utshave been applied. The distribution has been �tted with a sum of a Gauss and aBreit-Wigner for the signal and a Landau distribution for the ba
kground. mH=360GeV. 117
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Figure 7.64: The signal plus ba
kground in the same histogram when the two pT 
utshave been applied. The distribution has been �tted with a sum of a Gauss and aBreit-Wigner for the signal and a Landau distribution for the ba
kground. mH=500GeV.
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Figure 7.65: The ba
kground �tted with a Landau distribution. The 
uts on the ba
k-ground are optimized for a Higgs with mass 500 GeV. Two 
uts have been applied, thepT 
uts on leptons and the Z.
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Figure 7.66: The ba
kground �tted with a Landau distribution. The 
uts on the ba
k-ground are optimized for a Higgs with mass 240 GeV. Now three 
uts have been applied,the pT 
uts on leptons and the Z, as well as the 
ut on the angle between the leptonsfrom the hardest of the Z bosons. We see a god agreemnt between the histogram andthe �tted 
urve.
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Figure 7.67: The signal plus ba
kground in the same histogram �tted with a sum ofa Breit-Wigner, Gaussian and Landau distribution. The 
uts on the ba
kground areoptimized for a Higgs with mass 240 GeV. Three 
uts have been applied, the pT 
uts onleptons and the Z, as well as the 
ut on the angle between the leptons from the hardestof the Z bosons. 119



CHAPTER 7. THE ANALYSISwhere � is the standard deviation of the �tting fun
tion. The only parameter that variesfreely here, is the window parameter �. It is for every mass of the Higgs boson 
hosenin a way that maximises the signi�
an
e.The number of signal events, NS 
an be treated as a Poisson variable with mean �S andthe number of ba
kground events 
an be treated as a Poisson variable with mean �B.Suppose these means are without errors. The total number of events NS+B = NS +NBis therefore a Poisson variable with mean � = �S + �B. The probability to observe nevents is thus f(n; �S; �B) = (�S + �B)nn! exp [�(�S + �B)℄ (7.23)Suppose now that an experiment has been 
arried out that �nds nobs events. In orderto quantify our degree of 
on�den
e in the dis
overy of a new e�e
t, i.e. �S 6= 0, theprobability to observe nobs events or more from ba
kground alone is 
al
ulated. This isgiven by, [12℄ P (n � nobs) = 1 � nobsXn=0 �nbn! e�b (7.24)Sin
e the number of events is a Poisson distributed variable, the varian
e equals themean, and hen
e the standard deviation (the error) is given by p�. Therefore, the errorof the number of events in a given bin, equals the square root of the number of eventsin the bin.This explains the formula for signi�
an
e. If the number of 'extra' events ex
eeds �vetimes the error in the expe
ted ba
kground, we 
laim dis
overy for a new parti
le.Goodness-of-�tWe begin with a histogram with the observed x value with N bins. Suppose the numberof entries in bin i is ni, and the number of expe
ted entries due to the �tting fun
tionis �i. The most 
ommonly used goodness-of-�t test is based on Pearsons �2 statisti
�2 = NXj=1 (ni � �i)2�i (7.25)Sin
e �2 is a fun
tion of random numbers (dis
repan
y between measured and expe
tednumber of events in a bin), it is itself a random variable. If the data (n1; ::; nN) arePoisson distributed with mean values (�1; ::; �N) and if the number of entries in ea
hbin is not too small (ni � 5) one 
an show that the test statisti
 7.25 will follow a �2distribution for N degrees of freedom.Sin
e the standard deviation of a Poisson variable with mean �i is equal to p�i, the �2statisti
 gives the sum of squares of the deviations between observed and expe
ted values,measured in units of the 
orresponding standard deviations. Sin
e the expe
tation valueof the �2 distribution is equal to the number of degrees of freedom, the ratio �2=N shouldbe approximately one.120
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Figure 7.68: The signi�
an
e obtained by the TDR for 30 fb�1 and the result fromthis thesis when only the pT 
ut on the leptons are imposed. The result obtained here,denoted 'obtained', are somewhat lower due to 
hanges in the 
ross se
tions.7.7.2 Results and dis
ussionIn this se
tion, the results are given. The signi�
an
es are presented for di�erent massesand di�erent 
uts, see table 7.19. A 
omparison with [5℄ and [7℄ is also done.In [7℄ the signi�
an
es are presented when only the pT 
ut on the leptons is applied,and for 30fb�1 and for 100fb�1 when the pT 
ut on the Z0 is applied as well. In [5℄, thesigni�
an
es are given for 100fb�1 and only the pT 
ut on the leptons.The signi�
an
es presented for an integrated luminosity of 100fb�1 are obtained from asimple res
aling of the signi�
an
es presented for 500fb�1.Higgs mass [GeV℄ 200 240 280 320 360 400 500 600S=pB, one 
ut, 30fb�1 13.1 11.2 12.0 12.8 14.4 11.5 5.9 4.0S=pB, one 
ut, 100fb�1 23.6 18.3 21.6 23.0 22.3 20.7 10.6 7.1S=pB, two 
uts, 100fb�1 36.3 29.8 29.9 33.1 29.9 24.4 17.8 9.8S=pB, two 
uts, 500fb�1 59.1 63.3 64.9 61.9 65.6 59.1 32.1 28.1S=pB, three 
uts, 500fb�1 67.2 56.8 63.2 61.0 65.8 59.1 40.2 28.6Table 7.19: The signi�
an
e of the signal for di�erent Higgs masses and when thedi�erent 
uts are applied. None of the TDR signi�
an
es are listed here.We will now di
uss the signi�
an
es obtained for one 
ut and two 
uts here and in [7℄.The signi�
an
es obtained in this thesis in the 
ase of one 
ut are found to be a littlelower than in [5℄ and [7℄. In [7℄, PYTHIA 5.7 has been used whi
h operates with abigger value of the 
ross se
tion for the signal and lower value for the 
ross se
tion forthe ba
kground than in this thesis. 121
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Figure 7.69: The signi�
an
e from the TDR (above) and obtained here (below) whenthe pT 
ut on the leptons and the Z0 are applied. The �gure 
orresponds to one year ofhigh luminosity, 100(fb)�1.
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Figure 7.70: The signi�
an
e obtained when the pT 
uts on the leptons and the Z0 areapplied, denoted 'two 
uts'. When the 
ut on the angle between the leptons is appliedas well, a slightly better signi�
an
e is obtained for some masses.
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7.7. CALCULATING THE SIGNIFICANCEThe values here for the 
ross se
tion for the signal are � 10%� � 30% lower. For theba
kground, the value of the 
ross se
tion used in this thesis is � 10% higher.If we 
onsider the 
hanges in the 
ross se
tions, we 
an make an estimate of how thesigni�
an
es obtained 
an be s
aled to 
ompare with the TDR-results. The results pre-sented here 
an be multiplied by � 1:3 
ompared to [7℄. Besides this, two things areimportant. The �rst is that [7℄ assumes a Gaussian distribution and operates with a90% e�
ien
y in a mass window of �1:64�. This is too optimisti
. However, in table7.11 it was also shown that when the integration pro
edure was employed � 10% of thesignal was lost due to ina

ura
ies. Some lost signi�
an
e is regained by keeping this inmind. When this is done, the results are 
omparable. This 
an seen from �gure 7.68.In the 
ase where two pT 
uts are introdu
ed, the results obtained here and in theTDR 
an be 
ompared when we take into a

ount the fa
tors mentioned above. In�gure 7.69 the signi�
an
es obtained here and in the TDR are 
ompared when thetwo pT 
uts are imposed. The integrated luminosity 
orresponds to 100(fb)�1: If thesigni�
an
es obtained in this thesis are multiplied with � 1:3, to a

ount for the 
hangesin 
ross se
tion, we see that mu
h of the lost signi�
anse is regained. When adjustingfor the too optimisti
 TDR result, and the lost e�
ien
y due to integration, even moree�
ien
y is regained.From �gure 7.70 it is seen that the signi�
an
e is slightly improved when imposingthe new 
ut on the angle between the leptons produ
ed by the hardest of the Z0 bosons.However, the extra 
ut did not make a very big di�eren
e, due to the 
orrelation betweenthe angle and the pT .7.7.3 Dis
overy LimitHaving found the signal e�
ien
ies, the dis
overy limit might be 
al
ulated for di�erentHiggs masses. The limit is 
al
ulated from the expe
ted number of ba
kground at someintegrated luminosity. When the number of observed events passes the ex
lusion limit,it 
an no longer be treated as a �u
tuation of the ba
kground and when it rea
hes thedis
overy limit, a signal is surely seen. Both the required number of events for dis
overyand the dis
overy luminosity might be 
al
ulated to estimate how long the experimenthas to run before dis
overy. By assuming a mass hypothesis and �nding the number ofba
kground events in the appropriate mass range, formula 7.6, Ns; dis
 � 5pbg, is usedto 
al
ulate the required number of signal events before 5 � is rea
hed. In �gure 7.71,the dis
overy limit as a fun
tion of Higgs mass is plotted for 200GeV < mH < 600GeV .By using Ldis
 = Ns; dis
�s the dis
overy luminosity is estimated. Ldis
 for several Higgsboson masses is shown in �gure 7.72. Sin
e one year of high luminosity 
orresponds to100(fb)�1, we see that the Higgs boson in this mass range will be dis
overed within ayear, using H ! ZZ ! 4l only.
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Figure 7.71: The dis
overy limits as a fun
tion of Higgs mass.
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Figure 7.72: The dis
overy luminosity in (fb)�1 as a fun
tion of Higgs mass. The Higgsboson will be disovered within on year of full luminosity.
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Chapter 8Con
lusions and outlook
In this thesis a study of H ! ZZ ! 4l has been presented. The simulation software wasPYTHIA on generation level and ATLFAST on dete
tor level. The study was 
arriedout using ATHENA 8.0.5.The signal and ba
kground was �rst 
onsidered separately. It was shown that a sum ofBreit-Wigner distribution and a Gaussian distribution best �ts the signal mass distribu-tion. For the ba
kground, the pro
ess qq ! ZZ ! 4l was generated by PYTHIA. Sin
ePYTHIA does not o�er gg! ZZ, the 
ross se
tion was multiplied with 1.3 to a

ountfor this additional 
ontribution to the ba
kground. It was also studied what fun
tionthat best �ts the ba
kground when both the 
uts proposed by the TDR are applied andthe result was that a Landau distribution is the fun
tion that gives the best �2=n:d:f .The signal plus ba
kground was then generated and drawn in the same histogram fora variety of Higgs masses. The 
uts proposed by the TDR were imposed on signal andba
kground to improve the signal to ba
kground ratio. To 
al
ulate the signi�
an
e, thesignal plus ba
kground was �tted with a sum of Breit-Wigner, a Gauss and a Landau dis-tribution. To �nd the number of signal and ba
kground events, the signal+ba
kgroundfun
tion was integrated in a 
ertain symmetri
al window around the mean value of thesimulated signal. To maximise the signi�
an
e, the range of this symmetri
al windowwas 
onsidered separately in ea
h 
ase. The signi�
an
e was de�ned as S = Ns=pNb.The signi�
an
e was found to be a little lower 
ompared to both [5℄ and [7℄. Thereason for this is that the 
ross se
tions have 
hanged for Higgs produ
tion in PYTHIA6.1 
ompared to PYTHIA 5.7 used in [7℄.The same 
ross se
tions for Higgs produ
tion were used in this thesis as in [5℄. However,the 
ross se
tion for ba
kground was in
reased by � 10% in this thesis, due to a 
hangein default PDF in PYTHIA.In [5℄ and [7℄ the signi
an
e was estimated by the same formula as in this thesis, butthe number of events was found by 
ounting the number of events in a mass window�1:64� around nominal Higgs mass and not by �tting and integrating as done here.The number of events found when integrating is generally lower than found by 
ounting.125



CHAPTER 8. CONCLUSIONS AND OUTLOOKThe e�e
t of a new 
ut on the angle between the leptons de
aying from the hardestZ-boson was also studied and the signi�
an
e was seen to improve for all Higgs masses.When this third 
ut was imposed, the dis
overy luminosity was also plotted and it wasshown that the Higgs boson 
an be found after less than one year of running at LHCusing only the 
hannel dis
ussed in this thesis, if 200GeV < mH < 600GeV , of 
ourse.The existen
e of the Higgs boson remains the most important predi
tion of the standardele
tro-weak theory whi
h has not yet been veri�ed by experiment. When (if) found,the properties of the Higgs parti
le and its 
ouplings to other parti
les will have to bedetermined experimentally. Any deviations from the predi
tions of the Standard Modelwill point towards a more 
ompli
ated Higgs se
tor than the one des
ribed by the Stan-dard Model. And, sin
e the LHC rea
hes energies beyond the s
ale of the SM we will innear future see what new physi
s that hide at higher energy regimes. Di�erent modelshave been proposed, but only future will show what s
enarios emerge at higher energieswhen the LHC starts.
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Appendix AHiggs simulation Parameters� PYTHIA 6.221, ATHENA 8.0.5, Hde
ay 2.0, ROOT 3.10/01 were used in thisthesis.� In the jobOptions-8.0.5 �le, a number of parameters were set:� To generate Higgs produ
tion, the following parameters were set:"pysubs msel 0","pysubs msub 3 1","pysubs msub 102 1","pysubs msub 103 1","pysubs msub 123 1","pysubs msub 124 1"� For Higgs de
ay with subsequent de
ays of the Z0 bosons to four leptons:"pydat3 mdme 225 1 1","pydat3 mdme 182 1 1","pydat3 mdme 184 1 1"� For produ
tion of the ba
kground pro
ess:"pysubs msub 22 1"� Isr/fsr swit
hes:"pypars mstp 61 0","pypars mstp 71 0"� Treatment of interferen
e between Z0=
�"pypars mstp 43 2"� Multiple intera
tions:"pypars mstp 81 0","pypars mstp 82 0" 127



APPENDIX A. HIGGS SIMULATION PARAMETERS� Higgs width:"pypars mstp 110 25","pypars parp 110 0.0000001"� To ensure wanted dete
tor simulation, some parameters were set inAtlfastAlgs/Atlfast_CBNT.txt:� GlobalEventDataMaker.Luminosity = 1 or 2;� MuonMaker.MuonSmearKey = 3;The �rst parameter sets the luminosity while the se
ond ensures 
ombined dete
tore�ort for muons re
onstru
tion
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Appendix BExperimental resolutionIn 
hapter 7, it was dis
ussed how the experimental resolution 
ould be 
al
ulated byadding one standard deviation in energy and momentum for ea
h lepton and subse-quently take the square root of the sum of the squared mass di�eren
es.The reason it is important to add one standard deviation in energy and momentum atthe same time, is that an energy measurement and a momentum measurement is 
or-related. For muons, the energy is 
al
ulated from the momentum. For ele
trons, thereis a momentum measurement from tra
king and an energy measurement from the EM
alorimeter, but the error in momentum goes like the error in energy above some energybe
ause E � jpj.The spread in the mass distribution was 
al
ulated using the following expressions:mkH =vuut( 4Xj=1 Ej +�Ek)2 � ( 4Xj=1 Pj +�Pk)2 (B.1)and �Pj =s��px�jpj�jpj�2 + ��py�� ���2 + ��pz�� ���2 (B.2)where k = 1; 2; 3; 4 and the 
omponents of the momentum are given bypx = p sin � 
os � (B.3)py = p sin � sin � (B.4)pz = p 
os � (B.5)The partial derivatives are 
al
ulated in ordinary manner. The numeri
al values for ��and �� were found in the TDRs.For ele
trons:� �E � pE 129



APPENDIX B. EXPERIMENTAL RESOLUTIONand �gure 4-19 on page 115 in [7℄, volume 1, determines the resolution as a fun
tion ofenergy. The angular resolutions are found on page 110-111 of [38℄.For muons: The energy is 
al
ulated from E = pp2 +m2. This gives �E = pE �pand it 
an be shown that �p � p2. On page 60 of [7℄, volume 1, the angular resolutionfor muons 
an be found and the resolution in momentum 
an be found in �gure 6-17 inthe same.
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