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Zoekto
ht naar hetBrout-Englert-Higgs boson via hetverval naar W+W−
→ℓ+νℓ−ν̄ methet CMS experimentOp mi
ros
opis
h niveau kunnen de natuurwetten worden geformuleerd op basis van eenbeperkt aantal elementaire deeltjes en hun onderlinge intera
ties. Hierbij is materie opge-bouwd uit fermionen die interageren door het uitwisselen van bosonen. De elektrodynam-i
a wordt op die manier bes
hreven door de uitwisseling van massaloze fotonen. De sterkekernkra
ht, die ondermeer verantwoordleijk is voor het binden van protonen en neutronenin de kern, wordt op een analoge manier uitgewerkt. Hierbij worden massaloze gluonenuitgewisseld tussen de quarks waaruit kerndeeltjes zijn opgebouwd. De zwakke kernkra
ht,die verantwoordelijk is voor ondermeer radioa
tief verval wordt gemedieerd door massievebosonen: het neutrale Z deeltje en de geladen W+ en W−. Al deze intera
ties en fun-damentele bouwstenen worden op een 
onsistente manier behandeld in het zogenaamdeStandaard Model van de elementaire deeltjes.Ondanks haar groot voorspellend vermogen en talloze experimentele veri�
aties is hetStandaard Model nog niet volledig begrepen. Vers
hillende vragen blijven onbeantwoord.Waarom heeft het model zoveel onverklaarbare vrije parameters? Waarom kan gravitatieniet op dezelfde manier worden bes
hreven? Waarom hebben sommige elementaire deeltjeseen massa en anderen niet? Hoe ontstaan deze massa's en waarom zijn ze zo vers
hillendvan elkaar? Indien de fundamentele symmetrieën die verantwoordelijk zijn voor het bestaanvan de drie voorgenoemde intera
ties perfe
t behouden zijn, dan zouden alle elementariedeeltjes massaloos moeten zijn. Dit probleem werd in 1964 aangepakt door Brout, Englerten Higgs. Zij stelden een me
hanisme voor dat de elektrozwakke symmetrie breekt doorde introdu
tie van een extra veld, het BEH veld wiens kwantum, het zogenaamde Higgsboson, nog steeds niet experimenteel is waargenomen. Om ondermeer deze vraag te beant-woorden zijn gedurende de laatste de
ennia subatomaire pro
essen met steeds toenemendepre
isie onderzo
ht met behulp van grote deeltjesversnellers die botsingen met extreemhoge energiedi
htheden realiseren.De Large Hadron Collider (LHC) is de nieuwste en meest kra
htige deeltjesversnellerwaar dit soort onderzoek gebeurt. De LHC is in staat om bundels van ultra-relativistis
heprotonen frontaal te laten botsen met een massamiddelpuntsenergie van maximaal 14 TeV.Eén van de doelstellingen van het onderzoeksprogramma aan de LHC is het vinden of hetontkra
hten van het bestaan van het Higgs boson. In vergelijking met andere pro
essen isde produ
tie van het Higgs boson bij de LHC zeer zeldzaam. Bovendien zal het, afhanke-lijk van zijn massa die theoretis
h niet voorspeld is, kunnen vervallen in vers
hillendeeindtoestanden. Het CMS experiment, dat is opgesteld in één van de vier botsingspunteni



iibij de LHC, is ontworpen met een maximale gevoeligheid voor de dete
tie van vervalpro-du
ten afkomstig uit vervallende Higgs deeltjes. Het experiment werd in 2009 in gebruikgenomen en vergaarde tot en met juni 2011 1.1 fb−1 aan geïntegreerde luminositeit bij eenmassamiddelpuntsenergie van 7 TeV.De studie bes
hreven in dit werk 
on
entreert zi
h op het isoleren van een welbepaaldevervalmodus van het Higgs boson, namelijk het verval naar twee geladen ijkbosonen die ophun beurt weer vervallen in een lepton (muon of elektron) en hun bijbehorende neutrino:
W+W−→ℓ+νℓ−ν̄. Deze modus is het meest gevoelig voor zowel de ontdekking als de uit-sluiting van het bestaan van het Higgs deeltje in een ruim massagebied tussen 120 GeV/c2en 200 GeV/c2. Na het verkrijgen van een gegevensstaal dat verrijkt is met potentiëleHiggs gebeurtenissen zijn we in staat om een bovenlimiet te berekenen op de werkzamedoorsnede voor Higgs produ
tie bij de LHC. Wanneer deze bovenlimiet lager is dan de doorhet Standaard Model voorspelde waarde, dan kunnen we het bestaan van een StandardModel Higgs boson uitsluiten. Met 1.1 fb−1 aan vergaarde luminositeit sluiten we danook het bestaan van het Higgs deeltje binnen het Standaard Model uit in een massagebiedtussen 145 GeV/c2 en 190 GeV/c2 met een vertrouwensinterval van 95%. Indien we gebruikmaken van neurale netwerken om het gegevensstaal nog sterker te verzuiveren merken weop dat het uit te sluiten massagebied een beetje vergroot. Onze limieten zijn 
ompatibelmet 
on
urrerende teams binnen en buiten het CMS experiment. Het bekomen resultaatwijst er op dat, indien het Higgs deeltje bestaat, zijn massa moet beperkt zijn tot hetnauwe gebied 115 GeV/c2 < mH < 145 GeV/c2.Tijdens het s
hrijven van dit werk vergaarde het CMS experiment naar het einde van2011 meer gegevens en werd het gegevensstaal vijf keer groter. Hiermee was het CMS ex-periment in staat, door 
ombinatie van alle vervalmodi, het bestaan van het Higgs deeltje inhet Standaard Model uit te sluiten voor Higgs massa's groter dan 127 GeV/c2. Bovendienwerd in de gegevens een overs
hot aan vervallen in het massagebied rond 125 GeV/c2 ges-ignaleerd. Dit is mogelijk een eerste hint voor het bestaan van het Higgs deeltje. De signif-i
antie van het geobserveerde signaal bedraagt 2.5 standaardafwijkingen, hetgeen betekentdat er nog een geringe kans bestaat dat we met een statistis
he �u
tuatie van de a
hter-grond te maken hebben.Sinds april 2012 realiseert de LHC proton-proton botsingen bij een iets hogere mas-samiddelpuntsenergie van 8 TeV met zeer hoge bundelintensiteiten. Tegen het einde van2012 zal het CMS experiment minstens 15 fb−1 aan gegevens verzamelen, 
orresponderendmet een verdrievoudiging van de huidige bes
hikbare gegevens een een vertienvoudigingvan het staal gebruikt in dit werk. Deze gegevens zouden voldoende moeten zijn om hetvermoeden van het bestaan van het Higgs deeltje met een massa rond 125 GeV/c2 tebevestigen of te ontkra
hten.
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Introdu
tionAt the mi
ros
opi
 level the laws of nature 
an be formulated in terms of fundamentalelementary parti
les. Ordinary matter, that virtually 
omposes everything around us,is made of fermions that intera
t via the ex
hange of bosons. Three of the four knownfundamental intera
tions 
an be explained in this way. The ele
tromagneti
 intera
tionhappens via the ex
hange of massless photons. It is responsible for most types of 
hemistry,and ele
trodynami
 phenomena. The weak and the strong for
e were dis
overed later asthey are not as manifest for ma
ros
opi
 obje
ts. The weak intera
tion is responsiblefor radioa
tive de
ays of heavy nu
lei and the strong intera
tion is what binds protonsand neutrons together in atomi
 nu
lei. The nu
lear for
es are mediated respe
tivelyvia the ex
hange of massive W,Z bosons and massless gluons. All these intera
tions arequantitatively des
ribed in the so-
alled Standard Model of parti
le physi
s.In spite of its highly predi
tive power and the numerous pre
ise test that it passed,the Standard Model is far from being 
ompletely understood. Without even mentioningthe gravitational intera
tion, for whi
h we do not have a quantum des
ription yet, severalquestions remain open. Why are many Standard Model parameters theoreti
ally unex-plained? Why are there three repli
ated generations of elementary parti
les? Why dosome parti
les have masses and some other do not and how do these masses arise in theStandard Model? If the fundamental symmetries that are responsible for the existen
e ofthe three main intera
tions are 
onserved, all parti
les should be massless whi
h is not the
ase experimentally. This is the so-
alled ele
troweak symmetry breaking problem. In 1964Brout, Englert and Higgs proposed a me
hanism 
apable of elu
idating this last question.In this me
hanism, the mass of a parti
le arises when it intera
ts with an additionnal �eld
alled the BEH �eld. The fundamental quantum, the so-
alled BEH or Higgs boson, hasnot been found so far.In order to answer this and many other questions subatomi
 pro
esses have been probedwith in
reasing pre
ision over the last 
entury with the help of large a

elerators produ
-ing high energy 
ollisions. The Large Hadron Collider is the largest and most powerfula

elerator in the world build up to date. At the LHC beams of ultra-relativisti
 protons
ollide at a 
enter of mass energy up to 14 TeV. One of the main goals of the LHC physi
sprogram is to assert the existen
e or the absen
e of the BEH boson. Compared to otherknown parti
les, the BEH boson is expe
ted to be produ
ed at a mu
h lower rate at theLHC. Moreover, depending on its mass, whi
h is an unknown parameter, it will de
ayinto di�erent �nal states. The CMS dete
tor was designed in order to a
hieve a very highsensitivity to the possible �nal states originating from BEH boson de
ays.In the present study e�orts were 
on
entrated on one parti
ular de
ay mode of theBEH boson. One year of LHC data was analyzed and an upper limit on the produ
tionrate 
ould be set for a large range of BEH mass hypothesis, with an ex
lusion for theStandard Model BEH parti
le in the mass range 145 ≤ mH ≤ 190 GeV/c2. This thesisis organized in the following way and divided mainly in two parts. In the �rst part we will



2 Introdu
tiondis
uss general aspe
ts of the BEH boson and the experimental apparatus. The se
ond partof this work will deal in greater detail with the sear
h of the BEH parti
le in a parti
ularde
ay 
hannel.In the �rst Chapter an introdu
tion on the Standard Model of parti
le physi
s is given.An emphasis is put on the BEH me
hanism. In Chapters 2 and 3 the various de
aysand produ
tion modes of the BEH boson are dis
ussed. A short review of results fromprevious experiments as well as short summary on alternative approa
hes to the ele
troweaksymmetry breaking problem are given. In Chapter 4 we will dis
uss the 
hara
teristi
s ofboth the LHC and the CMS dete
tor.In Chapter 5 we look at the �nal state of a BEH boson de
aying to two W bosonsand their respe
tive de
ays to two leptons and two neutrinos. We will dis
uss the �nalstate topology of the signal and its main ba
kgrounds. We will show that, although amass peak re
onstru
tion is impossible due to the la
k of kinemati
 
onstraints on the�nal state, a 
lever sele
tion of the kinemati
al variables 
hara
terizing the �nal state
an help in dis
riminating the signal from the main irredu
ible WW ba
kground. InChapter 6 we will des
ribe how the re
onstru
tion of the parti
les relevant to this analysisis performed in CMS. Finally, In Chapter 7 and 8 a phase-spa
e region that enhan
es thesignal-to-ba
kground ratio will be progressively isolated and �nal upper limits on the BEHprodu
tion rate with one year of LHC data will be obtained.The present thesis is based on the following list of publi
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Chapter 1Theoreti
al Ba
kgroundVarious high energy physi
s experiments have shown with a high degree of 
on�den
e thatordinary matter is made of fermions. They appear in nature in two distin
t 
ategories.Ele
trons (e), muons (µ), taus (τ) and their asso
iated neutrinos (νe, νµ, ντ ) are 
alledleptons. They intera
t via the weak and, if 
harged, the ele
tromagneti
 for
e. On theother hand the quarks (u, d, c, s, t, b) 
an also intera
t strongly. These three for
es havebeen su

essfully des
ribed within a uni�ed approa
h in the theory by Glashow, Salam andWeinberg known today as the Standard Model of parti
le physi
s [1�3℄. In the StandardModel, the ele
tromagneti
, weak and strong intera
tion are mediated respe
tively by thephoton, the W and Z bosons, and the gluons .In this 
hapter we will see how the Standard Model is formulated. First, we introdu
ethe basi
 rules needed in order to 
onstru
t the Lagrangian of a theory of relativisti
 par-ti
les in the 
ontext of quantum me
hani
s (Quantum Field Theory). We will see thatgauge invarian
e is ne
essary in order to des
ribe intera
ting parti
les; we will treat �rstthe simple 
ase of the U(1) abelian group and then move to SU(N) (non-abelian 
ase). Inparti
ular we will see that a fully gauge invariant theory prohibits the existen
e of mas-sive parti
les. We will then see how spontaneous symmetry breaking of a gauge theory inthe simple 
ase of s
alar ele
trodynami
s 
an solve this issue. In the se
ond part of this
hapter we will show the Lagrangian of Standard Model, by 
on
entrating mainly on theele
troweak se
tor. After this insight, we will then des
ribe how to spontaneously breakthe SU(2)L × U(1) to U(1)em via the Brout-Englert-Higgs-Guralnik-Hagen-Kibble me
ha-nism [4�6℄, in order to give mass to parti
les. Finally, we will review all the intera
tionsand their strength within the Standard Model framework.In the following for simpli
ity, instead of referring to the BEHGHK, or BEH boson (orequivalently the me
hanism), we will often refer to as simply the Higgs boson (me
hanism)or as the s
alar.1.1 Ingredients1.1.1 Basi
 prin
iplesIn quantum �eld theories, �elds, and in general any operator (su
h as the Hamiltonian orthe Lagrangian), are des
ribed in terms of 
reation and annihilation operators that a
t onmulti-parti
les states. The 
omplete derivation of the se
ond quantization of �elds is outof s
ope here and 
an be found in [7,8℄. In su
h theories, a given state is des
ribed by the



10 Theoreti
al Ba
kgroundnumber of parti
les, their momenta, and eventually other quantum numbers (su
h as theirspin, 
harge ..). A n-parti
le state 
an be noted as:
|p1, α1;p2, α2; ...;pn, αn〉 (1.1)where pi label the parti
le momenta and αi their additional quantum numbers. The reasonwhy we need to deal with multi-parti
le states in a relativisti
 theory of quantum me
hani
sis that a

ording to the un
ertainty prin
iple, large energy �u
tuation 
an o

ur in a veryshort time, allowing for the 
reation of large number of parti
les (sin
e E = m 1). Thismeans that the number of parti
les of a system 
annot be �xed in the equation of motionbut has to be derived dynami
ally.A general theory of relativisti
 �elds is des
ribed by its Lagrangian density L. L is afun
tion of the �elds φα, their derivatives ∂µφα and eventually of spa
e-time itself 2:
L = L(x, φα(x), ∂µφα(x)) (1.2)Poin
aré invarian
eFor the theory to be able to des
ribe relativisti
 �elds the Lagrangian needs to be a Lorentzs
alar, i.e its expression must involve only expli
itly 
ovariant terms 3. Furthermore,translational invarian
e (that also implies energy 
onservation) restri
ts the general formof L to:
L = L(φα(x), ∂µφα(x)) (1.3)RenormalizabilitySaying that a theory is renormalizable is equivalent to the statement that the physi
s ofinterest at energies E ≪ Λ is largely insensitive to the higher-energy (shorter distan
es)physi
s appropriate to the s
ale Λ. Translated in the language of quantum �eld theorythis is ensured if there are enough measurable parameters in the theory able to absorb theultraviolet divergen
es that appear at high order 
al
ulations in perturbative series. Thisgeneral 
ondition may be summarized by the requirement that all the parameters thatappear in the Lagrangian must have a dimension 4 in powers of mass equal or greater than0. For instan
e a theory of 
omplex s
alar �elds given by:

L = −(∂µφ)†(∂µφ) − aφ†φ− b(φ†φ)2 (1.4)is renormalizable, sin
e [φ] = 1, [L] = 4 and therefore [b] = 0.1We adopt the unit system: ~ = c = 12We 
hoose the metri
 ηµν = diag[−,+, +, +]3It is also 
onvenient to 
hose the �elds φα(x) to transform in representations of the Lorentz group4The dimension in powers of mass of a given quantity is indi
ated by the notation [. . .℄



1.1 Ingredients 111.1.2 Gauge FieldsSo far, we have introdu
ed general rules that guide us in guessing the form of the Lagrangianof a non-spe
i�
 theory. Let us 
onsider now the Lagrangian of a free fermion �eld. TheDira
 Lagrangian density is given by:
LFree

Dirac = −ψ̄(6∂ +m)ψ (1.5)where 6∂ ≡ γµ∂µ,
5 and ψ̄ = ψ†iγ0. In the two following subse
tions we will showthat the invarian
e of the Lagrangian under a group of lo
al transformations implies theexisten
e of a set of �elds intera
ting with the Dira
 �eld. We will �rst start with thesimple abelian group U(1) and then move to the SU(N) non abelian 
ase.U(1) gauge intera
tion: Quantum Ele
trodynami
sFirst 
onsider the following U(1) lo
al transformation on the Dira
 �eld:

ψ(x)→eiqα(x)ψ(x) (1.6)The fun
tion α(x) is a real phase and depends on the spa
e-time position (this is whythe symmetry transformation is said to be lo
al) and q is a small real number. Thenthe Lagrangian density in (1.5) is 
learly not invariant under the transformation in (1.6)be
ause of the term involving the derivative of ψ. The mass term is indeed invariant undersu
h transformation. Consider now the existen
e of a ve
tor �eld Aµ(x) (spin 1) and de�nethe 
ovariant derivative as:
Dµ ≡ ∂µ − iqAµ(x) (1.7)Then, provided that while the Dira
 �eld ψ(x) transforms as 1.6 the ve
tor �eld Aµ(x)transform as:

Aµ(x)→Aµ(x) + ∂µα(x) (1.8)the Lagrangian
LInt

Dirac = −ψ̄(6D +m)ψ (1.9)is invariant under the U(1) lo
al transformation (1.6). Now, in order to have a full des
rip-tion of the dynami
s of �elds, we have to add a kineti
 term for the gauge �eld whi
h hasto be a fun
tion of the Maxwell tensor Fµν , written in a 
ovariant way. We 
an then writethe Quantum Ele
trodynami
s (QED) Lagrangian, in an expanded form:
LQED = −1

4
FµνF

µν − ψ̄(6∂ +m)ψ + iqψ̄γµAµψ

= LMaxwell + LDirac + LInt (1.10)5The γµ matri
es satisfy the Cli�ord algebra anti-
ommutation relations {γµ, γν} = 2ηµν . The 
hoi
eof the metri
 imposes the following 
hoi
e for the γµ matri
es: γ0 =

 

0 −i

−i 0

! , γi =

 

0 −iσk

iσk 0

!,where σk are the Pauli matri
es.



12 Theoreti
al Ba
kgroundTo summarize, imposing lo
al U(1) gauge invarian
e is equivalent to adding a spin 1massless �eld to the des
ription of the system. This parti
le 
an be identi�ed with thephoton and appears to be 
oupled to the fermion with a 
oupling strength equal to the
harge q.It is worth stressing at this point that the gauge �eld (i.e the photon) appears to bemassless in this framework. As a matter of fa
t, a mass term of the form:
LGauge

Mass =
1

2
m2

AAµA
µ (1.11)would manifestly violate gauge invarian
e (to see this expli
itly substitute Aµ by (1.8) inby (1.11)).SU(N) gauge intera
tion: non-abelian 
aseThe goal of this subse
tion is to explore the possibility of adding more ve
tor parti
leintera
tions. The idea of non-abelian gauge symmetries, even though �rst proposed byPauli, was formalized by Yang and Mills in 1954 [9℄. Let us look at the 
ase where the
omplex Dira
 �eld in (1.6) be
omes an n-plet and transforms as:

ψ(x)→V (x)ψ(x) (1.12)where V (x) is an element of the SU(N) group 6. V 
an be expanded in the neighborhoodof unity by using N2 − 1 hermitian matri
es 
alled the group generators 7:
V (x) = 1 + igαa(x)ta + O(α2) (1.13)The 
ommutation relations between the generators 
an be generally written as:

[ta, tb] = ifabctc (1.14)where fabc are the stru
ture 
onstants of the group (this tensor is 
ompletely antisym-metri
). Pro
eeding by analogy with the U(1) 
ase we 
an de�ne the 
ovariant derivativeas:
Dµ ≡ ∂µ − igAa

µ(x)ta (1.15)introdu
ing as many ve
tor �elds as generators. If we write the in�nitesimal transformationlaws for ψ and Aa
µ as:

ψ(x)→(1 + igαa(x)ta)ψ(x)

Aa
µ(x)→Aa

µ(x) + ∂µα
a(x) − gfabcAb

µ(x)αc(x)
(1.16)then we obtain, as in the previous subse
tion, that Dµψ transforms the same way as ψ.For the ve
tor �eld tensor term in the Lagrangian to be invariant under (1.16) it has to bede�ned as:

F a
µν = ∂µA

a
ν − ∂νA

a
µ + gfabcAb

µA
c
ν (1.17)Finally, we 
an write down the gauge invariant Yang-Mills Lagrangian:

LY ang−Mills = −1

4
F a

µνF
aµν − ψ̄(6∂ +m)ψ + igψ̄γµAa

µt
aψ (1.18)6SU(N) is a Lie group 
onsisting of all N × N hermitian matri
es satisfying det(U) = 17For N=2,3 the generators are respe
tively the 3 Pauli and the 8 Gell-Mann matri
es



1.1 Ingredients 13This Lagrangian des
ribes the equations of motion of a fermion 
oupled to N2 − 1 ve
tor�elds with a 
oupling strength g. The main di�eren
e with U(1) 
ase, besides the numberof gauge �elds, is its non-abelian nature parameterized by (1.14). These additional terms inthe �eld tensor F a
µν introdu
e 
ubi
 and quarti
 terms in Aa

µ in L leading to self-intera
tinggauge �elds.1.1.3 Spontaneous symmetry breakingIn the previous se
tion we have learned how to build a theory of intera
ting fermions andve
tor �elds by requiring gauge invarian
e. Nevertheless we have seen that in su
h theoriesthe masses of gauge bosons vanish in order for the Lagrangian to stay symmetri
 undersu
h gauge transformations. We will review here a me
hanism that allows to dynami
allygenerate massive bosons by spontaneously breaking the original invarian
e.Goldstone theorem: global symmetryThe Goldstone theorem applies whenever a system is invariant under a given symmetry butthe ground state of the theory is not. The symmetry in this 
ase is said to be spontaneouslybroken. In this 
ase, states the theorem, there must exist one massless boson, s
alar orpseudo-s
alar, asso
iated to ea
h generator that does not annihilate the va
uum. Thistheorem, �rst guessed by Nambu [10℄ and then formalized by Goldstone [11,12℄ is of 
ru
ialimportan
e in several physi
al 
ontexts, ranging from solid state physi
s, to �uid dynami
s,to parti
le physi
s). We will see here how it applies to a simple example. Consider a theoryof a 
omplex s
alar that is U(1) global invariant (similar to that given by (1.4)):
L = −(∂µφ)∗(∂µφ) − λ

[

φ∗φ− µ2

2λ

]2 (1.19)The potential V = λ
[

φ∗φ− µ2

2λ

]2 is shown in Figure 1.1 for di�erent sign 
ombinationsof the parameters λ and µ. In addition we require that the potential to be bounded frombelow (λ > 0). For the ground state not to be U(1) invariant µ2 must also be positive. Weend up with the Mexi
an hat potential shown in Fig. 1.1(a). The ground state de�ned by
|φ| =

√

µ2

2λ = v or φ = veiθ is 
learly not U(1) invariant. Now 
onsider a small perturbationaround the va
uum parameterized respe
tively by two small real �elds σ(x) and η(x) inthe real and in the 
omplex dire
tion so that φ = v + σ + iη. The new theory, negle
tingthe intera
tion terms, gets rephrased as:
Lbroken = −(∂µσ)(∂µσ) − 4λv2σ2 − (∂µη)(∂

µη) (1.20)We ended up with a massive �eld, σ, that 
orresponds to an ex
itation that 
osts energy(the radial dire
tion in Figure 1.1(a)) and a massless �eld, η, that relates to the 
ost-less ex
itation around the va
uum minima. η is therefore the massless Goldstone bosonasso
iated to the U(1) symmetry breaking.



14 Theoreti
al Ba
kground(a) µ2 > 0, λ > 0 (b) µ2 < 0, λ > 0

(
) µ2 > 0, λ < 0 (d) µ2 < 0, λ < 0

Figure 1.1: Shape of the Higgs potential as a fun
tion of the 
omponents of the 
omplexs
alar �eld. The four possible sign 
ombinations for the parameters µ and λ. In (b) theground state is trivial, in (a) there is an in�nite number of them, and they all violate theLagrangian U(1) symmetry. (
) and (d) are non-stable be
ause the resulting Hamiltonianis not bound from below.The BEHGHK me
hanism: lo
al symmetryIn 1964 BEHGHK 8 had the idea to apply the Nambu-Goldstone theorem to gauge symme-tries [4�6℄. They dis
overed that unlike in the global symmetry 
ase the Goldstone bosonswere absorbed by the longitudinal degrees of freedom of the ve
tor bosons, allowing toprovide them with a mass. We dis
uss here the instru
tive 
ase of s
alar ele
trodynami
s(SQED) in order to prepare the ground for the ele
troweak symmetry breaking me
hanism.SQED is the simplest extension of QED one 
an imagine. One single 
omplex s
alar isadded to the theory, this �eld transforming under the U(1) lo
al gauge group as:
δφ = iqα(x)φ (1.21)while the gauge �eld Aµ transforms as previously as (1.8). The 
ovariant derivative a
tingon φ is then given by

Dµφ = ∂µφ− iqAµφ (1.22)8An a
ronym for: Brout, Englert, Higgs, Guralnik, Hagen, Kibble



1.2 Building the Standard Model 15The SQED Lagrangian is then written as (we do not 
onsider the fermioni
 part here):
LSQED = −1

4
FµνF

µν −DµφD
µφ∗ − V (φ∗φ)

= LQED + LHiggs (1.23)The va
uum expe
tation value v (vev) is, as in the previous 
ase not invariant under thesymmetry. However the di�eren
e with respe
t to the global symmetry 
ase is that the
ovariant derivative a
ting on φ will mix up terms 
ontaining the Goldstone boson andthe ve
tor �eld Aµ. To see how the ve
tor a
quires a mass we 
hoose the unitary gauge(φ∗ = φ) and expand in powers of h = φ − v. We then realize that all the 
ross termsvanish. We end up with (again negle
ting higher order terms)
Lbroken = −1

4
FµνF

µν − (∂µh)(∂
µh) − 4λv2h2 − q2v2AµA

µ (1.24)With this pro
edure the photon has be
ome massive. We started with 2 degrees of freedom(d.o.f) for the photon (massless spin-1 parti
le) plus 2 d.o.f for the s
alar (
omplex s
alar).We ended up with a massive photon (3 d.o.f) plus 1 massive real s
alar (1 d.o.f). We havetransfered the d.o.f of the Goldstone boson to the longitudinal d.o.f of the photon. Thisexample is purely instru
tive: indeed the photon is known to be massless, and as we willsee later, the U(1) group stays unbroken in the Standard Model.1.2 Building the Standard ModelIn the previous se
tion we have reviewed the general 
on
epts that are ne
essary to builda quantum theory of intera
ting fermions and ve
tor bosons, and studied a pro
edure thatallows to generate a mass term for the gauge bosons. Here we will spe
i�
ally write downwhat the �eld 
ontent of the Standard Model is. We will derive the most general set ofintera
tions 
ompatible with the elementary parti
les that have been observed up to now.1.2.1 Parti
le ContentThe three main for
es 9 (the strong, the ele
troweak and the ele
tromagneti
) are under-stood as due to the ex
hange of spin-1 parti
les between fermions. We start from theassumption that the gauge group is SU(3)c × SU(2)L × U(1)Y . The eight spin-1 bosonsasso
iated with SU(3)c
10 are the gluons and are denoted by Ga

µ (a = 1..8). Gluons arethought to be massless, they 
arry a 
olor index (not expli
itated here) and they 
ouple toquark and themselves, sin
e SU(3) is a non-abelian group. They are the bosons related tothe strong intera
tion. The three spin-1 parti
les asso
iated with SU(2)L, W b
µ (b = 1..3),and with U(1)Y , Bµ, are related via the Brout-Englert-Higgs me
hanism (detailed in thenext se
tion) to the ele
troweak and ele
tromagneti
 for
e. The subs
ript `L' indi
atesthat only the left-handed fermions transform under SU(2)L, while the Y subs
ript is theso-
alled hyper
harge, the quantum number 
onserved via the Bµ ex
hange, to be dis-tinguished from the ele
tri
 
harge Q. They are in fa
t related via the Gell-Mann andNishijma relation, Q = I3 + Y , where I is the weak isospin (this equality will be derivedlater).9We do not dis
uss the gravitational intera
tion here, whi
h is an entire subje
t on its own10The subs
ript c denotes 
olor



16 Theoreti
al Ba
kgroundfamily I family II family IIIleptons νe ≤ 3 eV νµ ≤ 0.19 MeV ντ ≤ 18 MeV
e ∼ 0.51 MeV µ ∼ 106 MeV τ ∼ 1.78 GeVquarks u ∼ 7 MeV c ∼ 1.2 GeV t ∼ 175 GeV
d ∼ 3 MeV s ∼115 MeV b ∼ 4.25 GeVTable 1.1: List of known fermions and their masses divided in three familiesAs stated before, the basi
 
onstituents of matter are fermions and they appear innature in three �repli
ated� families 11. Ea
h family is divided in leptons and quarks.Leptons do not intera
t via the strong for
e (i.e they do not ex
hange gluons) while quarksdo. Nevertheless both are sensitive to the ele
troweak intera
tion. The list of fermions andtheir measured mass is summarized in the Table 1.1.Sin
e the SU(2)L group pi
ks only the left-handed 
omponent of a �eld, it is 
onvenientto de
ompose the Dira
 spinor into two Majorana spinors. So if e is the Dira
 spinor ofthe ele
tron �eld, then we 
an write:

e =

(

eL

eR

) (1.25)
= PLE + PRE (1.26)where PL and PR are the proje
tors on the left/right 
omponents of the spinor while Eand E are respe
tively the Majorana spinors built from the left and right parts of e:

E =

(

eL

iσ2e
∗
L

)

, E =

(

−iσ2e
∗
R

eR

) (1.27)On the other hand, sin
e neutrinos show up in nature as pure left-handed parti
les, welabel the 
orresponding Majorana spinor by ν (equivalent to E for the ele
tron). We noteby Lm and Qm the left-handed SU(2)L doublets respe
tively 
orresponding to leptons andquarks:
Lm =

(

νm

Em

)

, Qm =

(

Um

Dm

) (1.28)and by Em, Um, Dm the 
orresponding right-handed singlets. The transformation prop-erties of the fermions under the di�erent gauge groups 
an be summarized in a 
ompa
t11Families will be labeled by the index m=1..3



1.2 Building the Standard Model 17form by giving the dimension of their representation:
PLLm =

(

PLνm

PLEm

)

→ (1,2,−1
2)

PLQm =

(

PLUm

PLDm

)

→ (3,2,+1
6)

PREm → (1,1,−1)

PRUm → (3,1,−2
3)

PRDm → (3,1,−1
3)

Ga
µ → (8,1, 0)

W b
µ → (1,3, 0)

Bµ → (1,1, 0)
(1.29)

The �rst two numbers in parenthesis are the dimensions of the SU(3)c and SU(2)L repre-sentations, and the third number is the eigenvalue of the generator Y of the U(1)Y group 12.This symboli
 notation is a 
ondensed way of writing down the full transformation of the�elds (to be 
ompared with (1.16)):
δLm =

[(

− i

2
g1ω1(x) +

i

2
g2ω

a
2(x)σa

)

PL +
( i

2
g1ω1(x) −

i

2
g2ω

a
2(x)σ∗a

)

PR

]

Lm

δQm =
[( i

6
g1ω1(x) +

i

2
g2ω

a
2(x)σa +

i

2
g3ω

a
3(x)λa

)

PL

+
(

− i

6
g1ω1(x) −

i

2
g2ω

a
2(x)σ∗a − i

2
g3ω

a
3(x)λ∗a

)

PR

]

Qm

δEm = [ig1ω1(x)PL − ig1ω1(x)PR]Em

δUm =
[(

−2i

3
g1ω1(x) −

i

2
g3ω

a
3(x)λ∗a

)

PL +
(2i

3
g1ω1(x) +

i

2
g3ω

a
3(x)λa

)

PR

]

Um

δDm =
[( i

3
g1ω1(x) −

i

2
g3ω

a
3(x)λ∗a

)

PL +
(

− i

3
g1ω1(x) +

i

2
g3ω

a
3(x)λa

)

PR

]

Dm

δGa
µ = ∂µω

a
3(x) − g3f

a
bcω

b
3(x)G

c
µ

δW a
µ = ∂µω

a
2(x) − g2ǫ

a
bcω

b
2(x)W

c
µ

δBµ = ∂µω1(x) (1.30)where ω1, ωa
2 and ωb

3 are the real lo
al phases introdu
ed by a general SU(3)×SU(2)×
U(1) gauge transformation.1.2.2 The LagrangianNow that the parti
le 
ontent and the �eld transformations have been shown, we 
an writedown the gauge invariant, renormalizable Lagrangian involving those �elds 13:

Lf−g = −1

4
Gα

µνG
αµν − 1

4
Wα

µνW
αµν − 1

4
BµνB

µν (1.31)
−1

2
L̄m 6DLm − 1

2
Ēm 6DEm − 1

2
Q̄m 6DQm − 1

2
Ūm 6DUm − 1

2
D̄m 6DDm12It is worth noting that sin
e the left and right parts of a Majorana spinor are 
omplex 
onjugate of oneanother (see 1.27) the right part transforms in the adjoint representation, for instan
e PRQm transformsas (3̄,2,- 1

6
)13Even though 
ompatible with gauge invarian
e, we will ignore the terms − g2

3
Θ3

64π2 ǫµνλρGαµνGαλρ −
g2

2
Θ2

64π2 ǫµνλρW αµνW αλρ − g2

1
Θ1

64π2 ǫµνλρBµνBλρ, that are not relevant for the following dis
ussion.



18 Theoreti
al Ba
kgroundwhere:
Gα

µν = ∂µG
α
ν − ∂νG

α
µ + g3f

α
βγG

β
µG

γ
ν (1.32)

Wα
µν = ∂µW

α
ν − ∂νW

α
µ + g2ǫαβγW

β
µW

γ
ν (1.33)

Bµν = ∂µBν − ∂νBµ (1.34)and the 
ovariant derivatives are:
DµLm = ∂µLm +

[

i

2
g1Bµ − i

2
g2W

α
µ σa

]

PLLm

+

[

− i

2
g1Bµ +

i

2
g2W

α
µ σ

∗
a

]

PRLm (1.35)
DµQm = ∂µQm +

[

− i

6
g1Bµ − i

2
g2W

α
µ σa −

i

2
g3G

α
µλa

]

PLQm

+

[

i

6
g1Bµ +

i

2
g2W

α
µ σ

∗
a +

i

2
g3G

α
µλ

∗
a

]

PRQm (1.36)
DµEm = ∂µEm − ig1BµPLEm + ig1BµPREm (1.37)
DµUm = ∂µUm +

[

−2i

3
g1Bµ − i

2
g3G

α
µλa

]

PRUm

+

[

2i

3
g1Bµ +

i

2
g3G

α
µλ

∗
a

]

PLUm (1.38)
DµDm = ∂µDm +

[

i

3
g1Bµ − i

2
g3G

α
µλa

]

PRDm

+

[

− i

3
g1Bµ +

i

2
g3G

α
µλ

∗
a

]

PLDm (1.39)Note that this theory des
ribes massless fermions and bosons. Unlike the 
ase of equation(1.18) where gauge invarian
e only forbids a mass term for the gauge bosons, here thereis neither a mass term for the fermions. Su
h a term would in fa
t also violate gaugeinvarian
e. To see why, let us write down what a mass term for an ele
tron would be:
Lwould−be = meēe

= me(ēPRe+ ēPLe)

= me(ĒPRE + ĒPLE) (1.40)Let's look for instan
e at ĒPRE. PRE is a singlet under SU(2)L and has Y = −1. Onthe other hand, ĒPR = E†βPL = E†PRβ is the 
onjugate of PLE so it has a non-trivialtransformation under SU(2)L and Y = +1
2 . The same argument applies for the otherterm in sum. Left and right 
omponents have di�erent gauge transformation laws under

SU(2)L × U(1)Y the mass term (1.40) 
annot be gauge invariant. It is therefore 
lear atthis point that the Lagrangian de�ned in (1.32) 
annot be 
omplete be
ause it des
ribes atheory of massless fermions and bosons.We will use the idea introdu
ed in Se
tion 1.1.3 to generate masses. Therefore wepostulate the existen
e of one SU(2)L doublet of 
omplex s
alar φ that transforms as (wenote by φ̃ its 
omplex 
onjugate):
φ =

(

φ+

φ0

)

→ (1,2, 1
2)

φ̃ = iσ2φ
∗

(

φ0∗

−φ+∗

)

→ (1,2,−1
2 )

(1.41)



1.2 Building the Standard Model 19The terms that de�ne the 
ouplings with the gauge bosons and produ
e their mass termsare given by the 
ovariant derivatives. In addition the s
alar doublet needs to be 
oupled tothe fermions (whi
h will ultimately produ
e the masses for the fermions). We 
an thereforewrite the most general 
ovariant and gauge invariant Higgs Lagrangian:
LHiggs = −(Dµφ)(Dµφ†) − V (φ†φ)

−(fmnL̄mPREnφ+ hmnQ̄mPRDnφ+ gmnQ̄mPRUnφ̃+ h.c.) (1.42)A few 
omments on the 
hoi
e of the s
alar �eld:We know that we want to generate via the spontaneous symmetry breaking me
hanism3 masses for the gauge bosonsW± and Z0 and leave the photon massless. This means thatthe va
uum needs to break 3 generators of the SU(2)L × U(1)Y symmetry while leaving
U(1)em unbroken. This also means that we need at least 3 d.o.f (the massless Goldstonebosons) to be absorbed by the longitudinal d.o.f of theW± and Z0. Also, a gauge invariantterm must be built in order to give masses to the fermions via the Yukawa terms. Now,in order to make a SU(2) singlet out of a doublet (the left-handed fermion) and a singlet(the right-handed fermion) the simplest 
hoi
e appears to add in between a doublet 14.We also want the Yukawa potential to be a singlet under U(1)Y . This restri
ts the 
hoi
eof the 
harges of the Higgs 
omponent. Consider for instan
e the term L̄mPREnφ. PREnhas Y = −1 while L̄mPR = L†

mPLβ has Y = 1
2 . This implies that φ must be Y = 1

2 andsubsequently that its SU(2)L 
omponents must respe
tively 
harged and neutral. We alsoneeded to de�ne the 
onjugate φ̃ su
h that its hyper
harge is the opposite to φ. This isne
essary for the term involving the up quarks to be hyper
harge neutral as well.Now we have to de�ne the potential V (φ†φ) su
h that the theory remains gauge invari-ant and renormalizable: 15
V (φ†φ) = λ

[

φ†φ− µ2

2λ

]2 (1.43)
= −µ

2

4λ
− µ2φ†φ+ λ(φ†φ)2 (1.44)To de�ne 
ompletely the s
alar se
tor we also need to know the gauge transformation laws:

δφ =
i

2
ωa

2σ
aφ+

i

2
ω1φ (1.45)

Dµφ = ∂µφ− i

2
g1Bµφ− i

2
g2W

α
µ σaφ (1.46)We 
an �nally write down the 
omplete Standard Model Lagrangian:

LSM = Lf−g + LHiggs (1.47)Note that LHiggs parameterizes most of our ignoran
e in the theory. Lf−g 
ontains fourparameters (the 3 gauge 
ouplings), while LHiggs 
ontains 10 masses and the 4 CKMmatrix parameters (that will be de�ned later).14Combine a spin 1
2
parti
le with a spin 0. The only way to produ
e a spin 0 is to add another spin 1

2
.Of 
ourse one 
ould make a more 
ompli
ated 
hoi
e, i.e adding 3 spin 1

2
(adding 3 doublets), or one spin

1
2
and one spin 1 (one doublet and one triplet)15Gauge invarian
e imposes only terms of the form f(φ†φ), renormalizability forbids terms with a powerhigher than 4.
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al Ba
kground1.2.3 The Ele
troweak symmetry breaking me
hanismThe gauge invarian
e of LHiggs allows us to 
hoose a parti
ular gauge to derive the spe
trumof the theory. We 
hoose the so-
alled unitary gauge, in whi
h the �eld φ is de�ned by:
φ =





0
1√
(2)

(v +H(x))



 (1.48)where H is a real s
alar �eld and v is the norm of φ that minimizes the potential. It ispossible to show that any SU(2)L rotation on φ will produ
e a general SU(2)L doublet.We note by the way that no �eld 
on�guration with H(x) 6= −v is gauge invariant. Theva
uum expe
tation value v is found by minimizing the potential V :
v2 =

µ2

λ
(1.49)In order to identify the new theory spe
trum and intera
tions, we need to expand LHiggs.Thekineti
 term equals to:

−(Dµφ)†(Dµφ) = −1

2
∂µH∂

µH − 1

8
(v +H)2g2

2(W
1
µ − iW 2

µ)(W 1µ + iW 2µ)

−1

8
(v +H)2(g1Bµ − g2W

3
µ)(g1B

µ − g2W
3µ) (1.50)the potential V to:

V = λv2H2 + λvH3 +
λ

4
H4 (1.51)and after expanding the Yukawa terms we 
an write the expanded LHiggs :

LHiggs = −1

2
∂µH∂

µH − λv2H2 − λvH3 − λ

4
H4

−1

8
(v +H)2g2

2 |W 1
µ − iW 2

µ |2

−1

8
(v +H)2(g1Bµ − g2W

3
µ)2

− 1√
2
(v +H)[fmnĒmPREn + h.c.]

− 1√
2
(v +H)[gmnŪmPRUn + h.c.]

− 1√
2
(v +H)[hmnD̄mPRDn + h.c.] (1.52)1.2.4 Mass spe
trumSo far we have seen that the invarian
e of the Lagrangian under the gauge group transfor-mations implies vanishing masses for fermions and bosons. In order to solve this issue, wehave added to the theory an additional s
alar doublet whose ground state violates gaugeinvarian
e. In this se
tion we will see that this spontaneous symmetry breaking allows togenerate the masses of bosons and fermions.



1.2 Building the Standard Model 21BosonsThe �rst boson emerging in this new theory is of 
ourse the real s
alar H. Its mass 
an beeasily read from LHiggs by identifying a term of the form 1
2mHH

2. We �nd:
m2

H = 2λv2 = 2µ2 (1.53)Let us now 
onsider the term −1
8g

2
2v

2|W 1
µ − iW 2

µ |2. By 
omparing it to −1
2M

2
1W

1
µW

1µ and
−1

2M
2
2W

2
µW

2µ we have
M2

1 = M2
2 =

g2
2v

2

4
(1.54)It is natural to ask why these masses are equal, sin
e this might be related to some sym-metry that leaves the va
uum invariant. By solving:

δ

(

0

v

)

= (
i

2
ωa

2σ
a +

1

2
ω1)

(

0

v

)

= 0 (1.55)We �nd ω1
2 = ω2

2 = 0 and ω1 = ω3
2 . So the transformation that leaves the va
uum invariantis I3 + Y = Q. It is said that the SU(2)L × U(1)Y is broken to the U(1) ele
tromagneti
group U(1)em. Let us see how the W a transform under U(1)em. By using (1.30) we �ndthat:

δ

(

W 1
µ

W 2
µ

)

=

(

0 ω

−ω 0

)(

W 1
µ

W 2
µ

)

= 0 (1.56)The eigenve
tors of this transformations are the well known W+, W− bosons de�ned by:
W±

µ =
1√
2
(W 1

µ ∓ iW 2
µ) (1.57)the mass term now written as a fun
tion of W+ and W− is:

M2
WW+

µ W
−µ where M2

W =
g2
2v

2

4
(1.58)By looking at −1

8v
2(g1B

µ − g2W
3µ)2 we may now de�ne the ve
tor boson Zµ as

Zµ =
g2W

3
µ − g1Bµ

√

g2
1 + g2

2

= cos θWW 3
µ − sin θWBµ (1.59)where θW is the angle of rotation from the original basis to the physi
al one. Similarly weidentify the state orthogonal to the Z0 boson as the massless photon Aµ:

Aµ = sin θWW 3
µ + cos θWBµ (1.60)and the masses of the two bosons Z0 and Aµ are:

M2
Z =

1

4
(g2

1 + g2
2)v

2 (1.61)
MA = 0 (1.62)
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al Ba
kgroundWe have found the symmetry that leaves the ground state invariant is the U(1)emgroup. This unbroken symmetry is responsible for the degenera
y of the W bosons massesand the masslessness of the photon γ. To summarize, the three �would be� Goldstonebosons asso
iated with three broken generators of SU(2)L × U(1)Y were absorbed by thelongitudinal d.o.f of the gauge bosons, �giving� them a mass. The subgroup U(1)em wasunbroken in the pro
ess so the photon is massless. The ele
troweak symmetry breakingme
hanism 
an therefore be understood s
hemati
ally as three out of the four availabledegrees of freedom introdu
ed by the doublet being eaten by the massive bosonsW+, W−,
Z0.FermionsThe terms that 
ouple the s
alar H to the fermions are in general not diagonal (see (1.50)).However it is always possible the rotate the fermions in a new basis where fmn, gmn, hmnare diagonal. We 
an therefore write in this new basis (we use the same label for thefermions although they should be understood as primed, sin
e they have been rede�ned):

Lfermions
mass = − 1√

2
v
[

fmĒmPREm + gmŪmPRUm + hmD̄mPRDm + h.
 ] (1.63)Let us write down one of these terms:
ĒmPREm + h.
 = ĒmPREm + ĒmPLEm

= ēmem (1.64)we then have:
Lfermions

mass = − 1√
2
v
[

fmēmem + gmūmum + hmd̄mdm

] (1.65)where the masses 
an be easily read. For instan
e the ele
tron mass, me = vfe√
2
. Note thatwith this pro
edure the neutrinos νm remain massless.1.3 The Intera
tionsIn the last se
tion we have derived the full parti
le 
ontent and mass spe
trum of theStandard Model. Here we will extra
t the terms 
orresponding to the intera
tions.1.3.1 The Higgs 
ouplingsThe Higgs 
ouplings 
an be easily read from the LHiggs equation 1.50. The Higgs self-
ouplings are given by:

LH−H = −m
2
H

2v
H3 − m2

H

8v2
H4 (1.66)the Higgs-Gauge intera
tions:

LH−G = −2M2
W

v
HW+

µ W
−µ − M2

Z

v
HZµZ

µ (1.67)
−M

2
W

v2
HHW+

µ W
−µ − M2

Z

2v
HHZµZ

µ (1.68)



1.3 The Intera
tions 23and the Higgs-fermion 
ouplings 
an dire
tly be read from:
LH−f = −

∑

f

mf

v
f̄fH (1.69)The Feynman rules for some of these intera
tions are given in Figure 1.2 We note thatevery other parti
le that 
ouples to the Higgs does it with a strength at least proportionalto the parti
le mass (the photon is no ex
eption, sin
e it has no mass, it does not 
ouplesto the Higgs). For the fermions the 
oupling is m

v where m is the mass of the parti
le. v ismeasured from experiment [13℄ to be ≈ 246GeV . So the 
ouplings to the fermions are ingeneral very small (only the top quark has a big 
oupling and surprisingly 
lose to 1). Ingeneral the heavier the parti
le, the higher its 
oupling to the Higgs.
f

f̄

H

W+
µ

W−
ν

H

Zµ

Zν

H

≡ −imf

v ≡ −2iM2
W

v ≡ −iM2
Z

vFigure 1.2: Feynman diagrams and rules for the 
ouplings of the fermions and gauge bosonsW's and Z to the Higgs bosonWe note that the Higgs intera
tions preserve C, P, and T invarian
e 16. Unlike all theother parti
les presented here, the Higgs is the only one that has yet to be dis
overed. Thedis
ussion on its existen
e being the subje
t of this thesis, the next 
hapter will be entirelydedi
ated to this undis
overed parti
le.1.3.2 The Ele
troweak se
torThe ele
troweak intera
tions are divided in gauge self 
ouplings and gauge-fermions 
ou-plings. The di�eren
e is that they do not appear expli
itly in the Lagrangian in masseigenstate basis.Bosons self-intera
tionsThese are extra
ted from the SU(2)L se
tor only (sin
e U(1)Y is abelian).
LG−G = −1

4
W a

µνW
aµν

= −1

2
g2ǫabcWa

µνW
bµW cν − 1

2
g2
2ǫabcǫadeW

b
µW

c
νW

dµW eν (1.70)
= Lcubic + Lquartic16C,P and T denote respe
tively 
harge 
onjugation, parity, and time reversal transformations.
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al Ba
kgroundwhere Wa
µν = ∂µW

a
ν − ∂νW

a
µ . They 
an be written as:

Lcubic = LWWγ + LWWZ (1.71)
Lquartic = LWWWW + LWWZZ + LWWγγ + LWWZγ (1.72)we will not write expli
itly all these terms here. However, note that the WWγ intera
tionis purely ele
tromagneti
, so its 
oupling has to be the ele
tri
 
harge e. The usefulrelation between the g1 and g2 
ouplings and the ele
tri
 
harge e is derived by equatingthe 
oupling found by doing the expli
it 
al
ulation of LWWγ to e:

e = g2 sin θW (1.73)Fermion gauge intera
tionsThe fermion-bosons terms are derived from the 
ovariant derivative terms in the La-grangian:
LG−f = −1

2
L̄m 6DLm − 1

2
Ēm 6DEm − 1

2
Q̄m 6DQm − 1

2
Ūm 6DUm − 1

2
D̄m 6DDm (1.74)Isolating only the terms involving the W± bosons produ
es the so-
alled 
harged 
urrentintera
tions (CC). They 
an be written as:

LCC =
ig2

2
√

2

[

W+
µ (ν̄ ′mγ

µ(1 + γ5)e
′
m + Vmnū

′
mγ

µ)(1 + γ5)d
′
m)

+W−
µ (ē′mγ

µ(1 + γ5)ν
′
m + (V †

mn)d̄′mγ
µ)(1 + γ5)u

′
m)

] (1.75)� TheW± only 
ouple to the left-handed fermions be
ause of the presen
e of the 1+γ5matrix (1+γ5

2 = PL). This gives rise to the well known V-A (Ve
tor-Axial) stru
tureof the Standard Model.� Vmn is the Cabibbo-Kobayashi-Maskawa (CKM) matrix. It parameterizes the ro-tation to the fermions mass eigenstate basis mentioned in Se
tion 1.2.4. Only thequarks appear to be a�e
ted by this rotation. In reality the leptons are as well, butsin
e there is no mass term for the neutrinos, the rede�nition of νm 
an be 
hosenequal to that of em and sin
e these matri
es are unitary the fa
tor be
omes 1 for theleptons. But one has to keep in mind that the leptons appearing in this equation arerotated with respe
t to the ones in the original Lagrangian given by (1.74).� The CKM matrix 
an be parameterized by 4 independent parameters (three anglesand one phase).� One impli
ation of the di�eren
e between quarks and leptons is that CC intera
tionsdo not 
hange lepton �avor while they 
an 
hange quark �avor. One 
onsequen
eis that the 
ouplings of W± to leptons are the same for ea
h �avor, implying forinstan
e that W's always de
ay in equal proportion to e, µ and τ .� Sin
e CC intera
tions pi
k up only the left-handed 
omponents of spinors, they ex-pli
itly violate 
harge 
onjugation (C) and parity (P). But sin
e time-reversal (T) is
onserved then (CP) is also 
onserved.



1.3 The Intera
tions 25The other type of fermion gauge intera
tions in the ele
troweak se
tor are the neutral
urrent intera
tions (NC) involving photons and Z's. They 
an be summarized as:
LNC =

∑

f

ieAµf̄γ
µQf +

ie

sin θW cos θW

∑

f

Zµf̄ γ
µ(gV + γ5gA)f

= Lem + LZf̄f (1.76)where the sum runs over the 
harged fermions in the ele
tromagneti
 term, and overall fermions in the Z boson term. Q is the ele
tri
 
harge of the fermion, and gV =
1
2I3 −Q sin θW

2, gA = 1
2I3.

f

f̄

Aµ

f

f̄ ′

W±
µ

f

f̄

Zµ

≡ −Qeγµ ≡ − e
2
√

2sinθW
γµ(1 + γ5) ≡ − e

sinθW cosθW
γµ(gV + γ5gA)Figure 1.3: Feynman diagrams and rules for the 
ouplings of the fermions to the photon,the W's and the Z bosons� We see that the 
ouplings of ele
tromagneti
 intera
tions is pre
isely the one derivedin QED (see 1.10) and in the WWγ 
ase (see 1.72) and it 
ouples as expe
ted onlyto 
harged parti
les.� NC intera
tions involving the Z boson are �avor diagonal (i.e. Z→νeντ is forbidden).� NC intera
tions also violate both C and P but preserve CP.1.3.3 The Strong intera
tionThe strong for
e is governed by the SU(3)c se
tor of the Lagrangian:

LQCD = −1

4
Ga

µνG
aµν −

∑

q

q̄(6D +m)q (1.77)where the sum runs over the 6 quark �avors. The gluon �eld tensor terms des
ribes thegluon self intera
tions. It 
an be expanded into a 
ubi
 and a quarti
 term, leading to3-gluon and 4-gluon intera
tion:
Lgl−gl = −1

4
Ga

µνG
aµν

= −1

2
g3fabcGa

µνG
bµGcν − 1

2
g2
3fabcfadeG

b
µG

c
νG

dµGeν (1.78)
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al Ba
kgroundwhere Ga
µν = ∂µG

a
ν −∂νG

a
µ. On the other hand the gluon-quark 
ouplings are des
ribed bythe 
ovariant derivative terms:

Lgl−f =
ig3
2

∑

q

Gα
µ q̄γ

µλaq (1.79)The Feynman diagrams 
orresponding to these intera
tion are summarized in Figure 1.4.Note that a gluon emission never 
hanges the quark �avor (similar to QED). Anotherthing to be noted, is that unlike the ele
troweak 
ase where gauge self intera
tion andgauge fermion had di�erent 
oupling 
onstants, here the gluon-gluon and gluon quarkverti
es have the same 
oupling g3.
q

q̄

Ga
µ

Ga
µ

Gb
ν

Gc
ρ

≡ −g3γµ
λa

2 ≡ g3fabc(η
µνδpρ + perm(µ, ν, ρ))Figure 1.4: Feynman diagrams and rules for the QCD 
ouplings of gluon-quark intera
tionand gluon triple vertex self-intera
tionAsymptoti
 freedomIn order to investigate the di�eren
es between the QCD and QED Lagrangian it is usefulto ask how the 
oupling strength varies with the s
ale of observation. This 
an be donein perturbation theory by 
al
ulating the gauge bosons self-energy. The running of the
oupling 
al
ulation is out of s
ope here, but the result is of 
ru
ial importan
e in orderto understand QCD. By de�ning αS =

g2
3

4π (�α strong�), for energies mb < µ < MZ (mb isthe mass of the b quark, see Tab. 1.1), the running of the strong 
oupling at leading orderis found to be:
1

αS(µ)
=

1

αS(MZ)
+

1

12π

[

2nq − 33
]

log
M2

Z

µ2
(1.80)where nq is number of quark with a mass lower than mb (i.e nq = 5) and αS(MZ) =

0.1176 ± 0.0020 [13℄. In parti
ular it should be noted that the fa
tor in front of log
M2

Z

µ2is negative. This implies that the 
oupling is a de
reasing fun
tion of the energy. From(1.80) we see that there is a natural s
ale ΛQCD at whi
h the 
oupling diverges (ΛQCD ∼200 MeV)At high energies (µ ≥ ΛQCD), or equivalently low distan
e, quarks and gluons behave asfree parti
les. In this regime the 
oupling 
onstant is small enough to allow for 
al
ulationsin perturbative series (Feynman diagrams). This phenomenon is 
alled asymptoti
 freedom[14℄. It is a general result that non-abelian gauge theories with small enough number offermions are asymptoti
ally free. It is indeed not the 
ase of QED whi
h displays the exa
topposite behavior (be
omes strongly 
oupled at very high energies and de
ouples at lowenergy).



1.3 The Intera
tions 27Con�nementFrom equation (1.80) one 
an also predi
t what happens at low energy (large distan
e):de
reasing the energy makes the 
oupling stronger. As a result of this behavior, unlikeother elementary parti
les, quarks and gluons happen to behave as free parti
les as long asthe typi
al energy involved is high enough. At low energies the parti
les that we observeare rather bound states of quarks and gluons. As a matter of fa
t, quarks and gluonshave never been observed as free parti
les. It is also observed that bound states of quarksappear in nature only as 
olor singlets, they are 
alled hadrons 17. Mesons are made of
qq̄ pairs. The lightest meson is the pion, made up of ud̄ (π+), dū (π−) and 1√

2
(uū − dd̄(π0). Baryons, on the other hand are made of 3 quarks. The lightest baryons are the wellknown proton (uud) and neutron (udd). Even though in prin
iple allowed by QCD, more
ompli
ated stru
tures su
h as tetraquarks or pentaquarks have never been observed.To better understand the 
on�nement feature of non perturbative QCD, we shall imag-ine, via a 
lassi
al pi
ture, to break a meson. If we pull apart the quark (and antiquark),when distan
e is yet small, we en
ounter a QED type potential V (r) ∼ 1

r as we are inthe regime of asymptoti
 freedom. When we rea
h distan
es ∼ Λ−1
QCD the potential wouldstart to rise linearly V (r) ∼ r (as a spring potential). Eventually, when enough energy isa

umulated in between the qq̄ pair, a q̄′q′ would pop-up from the va
uum, leading to anadditional meson. This intuitive pi
ture explains why it is impossible to observe quarksand gluons as free parti
les at low energy. In high energy 
ollisions, when a qq̄ pair is 
re-ated say from a Z boson de
ay Z→qq̄, the boosted quarks, after loosing enough energy byradiation (of gluons or photons) will 
ombine with another qq̄ 
reated out of the va
uum.This will produ
e a 
as
ade of mesons and baryons, leading to so-
alled jets. This pro
essis 
alled hadronization or fragmentation.

17Even though it is thought that this observation might be a 
onsequen
e of LQCD a formal prove doesnot exist, and up to this day it is only an hypothesis that has never been disproved
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Chapter 2Higgs Boson De
ays and 
onstraintsIn the previous 
hapter we have outlined the general features of the Standard Model.Here we will fo
us more pre
isely on the Higgs se
tor. The ele
troweak plus Higgs se
torintrodu
e mainly the two gauge 
ouplings g1 and g2 and the two parameters of the potential
µ and λ (or alternatively v and λ) 1. Measuring the W± and Z0 masses and the ele
tri

harge e allows to fully determine g1, g2 and v. In addition we have the 
on�rmationthat, if the Higgs exists, the potential has to be the one given by Equation ( 1.44) fromthe experimental observation that MZ = MW cos θW . However, sin
e the s
alar parti
leH has not yet been observed, its mass is unknown and therefore the parameter λ remainsundetermined in the Standard Model 2.First some phenomenology on Higgs de
ays in a hadron 
olliders will be reviewed. Af-ter we will dis
uss whi
h kind of 
onstraints one 
an apply on the Higgs existen
e, andmore pre
isely on its mass: on the one hand using theoreti
al arguments su
h as unitarity,triviality and va
uum stability, on the other hand the non-observation in previous exper-iments. Finally we will dis
uss the hierar
hy problem and possible theoreti
al extensionsand alternatives to the Standard Model.2.1 Higgs de
ays and sear
h modes2.1.1 FormulaeThe di�erential de
ay rate (or width) for a single parti
le de
aying to X parti
les A→X isgiven by

dΓ(A→X) =
1

2EA
|M|2(2π)4δ(4)(pA −

∑

f∈X

pf )
∏

f∈X

d3pf

(2π)32Ef
(2.1)where M is the quantum me
hani
al amplitude of the pro
ess under 
onsideration. Toobtain the total rate (probability of de
ay per unit time) one needs to integrate over the�nal state phase spa
e ∏f∈X

d3pf

(2π)32Ef
. Noti
e that the de
ay rate is not Lorentz invariantdue to the the fa
tor 1

2EA
. Indeed, the lifetime (τ = 1

Γ) of a moving parti
le is in
reased1We are ignoring on purpose the Yukawa part of the Lagrangian here2From now on the real s
alar H will be 
alled �the Higgs�, BEH or simply H



30 Higgs Boson De
ays and 
onstraintsby time dilation. Therefore the lifetime of parti
le is always 
al
ulated in its rest frame,
EA = mA and pA = (mA, 0, 0, 0).If instead we 
onsider a pro
ess A+B→X the rate be
omes proportional to the numberdensity of target parti
les. To remove this dependen
e, the 
ross se
tion is de�ned bydividing the rate by the �ux F of in
ident parti
les. The �ux 
an depend only on therelative velo
ity of A and B, whi
h is a 
ovariant quantity. The di�erential 
ross se
tion,de�ned by

dσ(A +B→X) =
1

4EAEB |vA − vB|
|M|2(2π)4δ(4)(pA −

∑

f∈X

pf )
∏

f∈X

d3pf

(2π)32Ef
(2.2)is therefore a Lorentz s
alar and 
an therefore be 
al
ulated in any referen
e frame.The 
ross se
tion has the dimensions of a surfa
e and is typi
ally measured in barns (1 b

= 10−24cm2). The luminosity L of an a

elerator is de�ned as the rate of in
ident parti
lesper unit area of the beam. The produ
t of the 
ross se
tion σ times the luminosity thengives the number of events N that 
an be expe
ted per unit time:
N = σL (2.3)Let us 
onsider now a pro
ess A + B→H→X. This pro
ess is enhan
ed when s =

(pA + pB)2 ∼ m2
H (i.e when the Higgs parti
le is on-shell). In this parti
ular 
ase σ(A +

B→H→X) fa
torizes into:
σ(A+B→H→X) = σtotBR(H→X) (2.4)where σtot = σ(A + B→H) is the Higgs produ
tion 
ross se
tion and the Bran
hingRatio (BR) is the fra
tion between the de
ay rate into a parti
ular mode X and the totalde
ay rate:

BR(H→X) =
Γ(H→X)

Γtot
(2.5)In this 
hapter we will 
on
entrate on reviewing the Higgs de
ays and bran
hing ratios.In the next 
hapter the various produ
tion modes of the Higgs and the te
hniques to
al
ulate σtot will be reviewed.Without 
onsidering the higher order 
orre
tions to the self energy of the resonan
e, thepropagator would simply be 1

p2−m2
H

and the amplitude would diverge for energies ŝ ∼ m2
H .The propagator gets therefore regularized by shifting the mass of the parti
le by a 
omplexnumber:

1

p2 −m2
H

→ 1

p2 −m2
H − imH∆

(2.6)The time dependen
e of the parti
le in its rest frame is then be given by:
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|H(t)〉 = e−imH t− 1

2
∆t|H(0)〉 (2.7)

∆ 
an therefore be identi�ed with the full de
ay rate Γtot. The Higgs is an unstableparti
le with a lifetime τH = 1
Γtot

. The total Higgs width Γtot 
an be 
al
ulated as the sumof all the partial widths Γ(H→X):
Γtot =

∑

X

Γ(H→X) (2.8)The un
ertainty prin
iple allows us to reinterpret the width as an un
ertainty on themass itself, sin
e Γ ∼ ~

τ ∼ ∆m. In 
ases where it is possible to measure the total invariantmass ŝ =

(

∑

f∈X

pf

)2 in the �nal state, one 
an study the rate as a fun
tion of the invari-ant mass. Then the 
ross se
tion follows a Breit-Wigner distribution (whi
h is a dire
t
onsequen
e of Equation (2.6)):
σ(ŝ) ∼ 1

(ŝ−m2
H)2 + (Γ

2 )2
(2.9)This fun
tion has a peak at ŝ ∼ m2

H and a width Γ. A �t to this peak is the way toexperimentally determine the mass and the width of su
h an unstable parti
le.
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Figure 2.1: Higgs width as fun
tion of its massIn Figure 2.1 the Higgs width is a plotted as a fun
tion of its hypotheti
al mass [15℄.For low mass values (mH ∼ 100 GeV) the total width is small 
ompared to the Higgsmass (Γ ∼ 1 MeV), whi
h implies that the peak is sharp and the mass will be perfe
tlymeasurable (modulo experimental resolution). However, for very high mass values (mH ∼1 TeV), the width is 
omparable to the mass itself. This will make it very di�
ult for anexperiment to 
orre
tly measure the Higgs mass.



32 Higgs Boson De
ays and 
onstraints2.1.2 De
aysOn
e the Higgs is produ
ed, it almost instantly de
ays to other stable or unstable parti
les.The 
ondition for the de
ay to be possible is that the mass of the de
ay produ
t must beless than half of the Higgs mass (sin
e the Higgs boson 
ouples to a massive parti
le and itsantiparti
le). If this is not the 
ase it 
an still de
ay to heavier parti
les but these 
annotbe on shell; the de
ay 
an happen, even though kinemati
ally disfavored (sin
e suppressedby the propagator (2.6)), but one of the de
ay produ
t has be to be virtual. For the de
ayto be kinemati
ally allowed, it has therefore to depend on the Higgs mass. Naively, thereare three possibilities:� mH < 2MWThe heaviest available de
ay is H→bb̄ followed by H→τ+τ−.� 2MW < mH < 2mtThe favored de
ays here are H→W+W− and H→ZZ. However sin
e the Higgs
oupling to W± is ∼ ×2 that to Z, even for mH > 2MZ the de
ay to W+W− ispreferred.� mH > 2mtHere the de
ay H→tt̄ is kinemati
ally favored. However the Higgs 
oupling tofermions is proportional to the fermion mass, while the 
oupling to the gauge bosons
W± and Z is proportional to their mass squared. Therefore, at these very high massthe Higgs will still de
ay mainly to bosons.In the Higgs rest frame the produ
ts are emitted ba
k-to-ba
k and the de
ay is isotropi
The de
ay rate of the Higgs in its rest frame into a parti
ular �avor of fermion is given by

Γ(H→f f̄) =
3mH

8π

(

mf

v

)2[

1 −
4m2

f

m2
H

] 3
2

≃ 3mH

8π

(

mf

v

)2 for mf ≪ mH (2.10)As expe
ted, the partial width to fermions is very sensitive to the fermion mass: thehigher the fermion mass, (and its 
oupling to the Higgs) the higher the width. The widthis also proportional to the Higgs mass. Instead, the rate of de
ay to W bosons is expressedas:
Γ(H→W+W−) =

mH

16π

m2
H

v2

[

1 − 4

(

M2
W

m2
H

)

+ 12

(

M2
W

m2
H

)2](

1 − 4M2
W

m2
H

)
1
2

≃ mH

16π

m2
H

v2
for MW ≪ mH (2.11)Here Γ ∝ λmH where λ is the Higgs self-
oupling. So, quite di�erently from the fermion
ase, here the de
ay rate is not proportional to MW (at least in the regime MW ≪ mH).This re�e
ts the fa
t that the gauge boson masses emerged in the �rst pla
e as 
omponentsof the Higgs doublet.



2.1 Higgs de
ays and sear
h modes 33The formula for the de
ay into Z bosons 
an be easily guessed from Γ(H→W+W−)by noti
ing that the 
oupling is the same as that of the H→W+W− with a fa
tor 1
2 . Bysubstituting MW by MZ one has therefore:

Γ(H→ZZ) =
1

2
Γ(H→W+W−) with MW ↔MZ (2.12)The bran
hing ratios (BR) of the Higgs as a fun
tion of its mass are shown in Figure2.2. Naively one might think that the sear
h mode is di
tated by the de
ay rate of theHiggs boson for ea
h mass hypothesis. This appears not to be always the best 
hoi
e. Asa matter of fa
t, in an experimental analysis, su
h as the one that will be presented in thepresent work, one wants to be able to separate the signal from the ba
kground events. Thisimplies that the signature of a given sear
h mode needs to be �
lean�. This means thatthe parti
les of a given de
ay need to be unambiguously identi�able and their kinemati
properties to be well measured. For instan
e, fully hadroni
 Higgs de
ays are abundant atthe LHC, but they need to be disentangled from the large QCD ba
kgrounds, therefore onemight prefer leptoni
 de
ays that are produ
ed at a lower rate, but are easier to separatefrom the ba
kgrounds.With this in mind we 
an identify whi
h de
ay 
hannels are the most promising forHiggs sear
hes depending on the mass hypothesis.2.1.3 Sear
h Modes
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Figure 2.2: Higgs de
ay bran
hing ratios as fun
tion of the Higgs mass [15℄Low Mass Higgs: mH ≤ 140 GeVAlthough H→bb̄ is the dominant de
ay in this mass hypothesis range, it is almost un-exploitable at the LHC given the huge amount of QCD ba
kground events. As will be



34 Higgs Boson De
ays and 
onstraintsexplained later, jets formed by b quark fragmentation are identi�able in the CMS exper-iment but the dire
t bb̄ produ
tion 
ross se
tion is ∼ 10 orders of magnitude higher thanthe Higgs produ
tion 
ross se
tion. One 
an sear
h the Higgs in this 
hannel when it isprodu
ed in asso
iation with other identi�able parti
les (i.e produ
ed in VBF or Higgs-Strahlung mode). This helps in redu
ing the overwhelming QCD ba
kground. However aswe will see in the next 
hapter the produ
tion rates in these modes are rather small at theLHC so a signi�
ant amount of integrated luminosity needs to be a

umulated in order forit to be
ome a 
ompetitive 
hannel for Higgs sear
hes.The next 
hannel that one might exploit at low mass is the H→ττ mode. The τleptons are not stable parti
les. They de
ay either hadroni
ally (∼ 85%), either to stableleptons e, µ, ν (∼ 15%). Given the low Bran
hing Ratio and the high amount of QCDand ele
troweak ba
kgrounds Higgs sear
hes in this 
hannel are also di�
ult.Finally, the main sear
h mode at low mass is the Higgs de
aying to two photons:
H→γγ. The Higgs does not 
ouple dire
tly to photons sin
e they are massless. The de
ayo

urs via a loop of heavy parti
les that radiate two photons. Although the Bran
hingRatio is very small (see Figure 2.2) 
ompared to H→bb̄ and H→ττ this 
hannel is very
lean. The signature in this mode is of 
ourse two well identi�ed photons. This leaves noindetermination in the �nal state. In CMS, the ex
ellent resolution of the Ele
tromagneti
Calorimeter allows to measure the photons kinemati
s very pre
isely, therefore making amass peak re
onstru
tion possible over the 
ontinuum γγ ba
kground. It is in this modethat a light Higgs boson will be most likely dis
overed.Medium Mass Higgs: 140 GeV ≤ mH ≤ 180 GeVIn this mass range the BR of H→W+W− is almost one. This implies that the Higgswill almost ex
lusively de
ay in this mode. The W bosons are unstable parti
les, they in-stantly de
ay leptoni
ally or hadroni
ally. The fully hadroni
 de
ay is almost unexploitableagain due to the huge QCD ba
kgrounds. The semi-leptoni
 
hannel (meaning that oneW will de
ay leptoni
ally and the other hadroni
ally) will have a signature 
onsistingof 2 jets, one lepton and one neutrino, the neutrino staying undete
ted. In this mode,however, the dis
rimination against the ele
troweak W+jets produ
tion and QCD is verydi�
ult. This 
hannel 
an be exploited when the Higgs is produ
ed in VBF mode (seenext 
hapter), the additional forward jets in the events helping in dis
riminating againstthe ba
kgrounds. The �golden� sear
h mode in this mass range is when both W's de
ayleptoni
ally W+W−→ℓ+νℓ−ν̄ 3. In this 
ase the signature is 2 well identi�ed leptons plus2 neutrinos. As already stated neutrinos stay undete
ted in the �nal state, leading to amomentum imbalan
e in the plane transverse to the 
ollisions. The main ba
kgrounds inthis sear
h mode are almost ex
lusively ele
troweak pro
esses su
h as dire
t WW produ
-tion, W+jets, Z+jets and tt̄. Sin
e this parti
ular analysis is the whole subje
t of thisthesis, a more detailed dis
ussion on this sear
h 
hannel will follow in the next 
hapters.High Mass Higgs: mH ≥ 180 GeVAt mH ∼ 180 GeV the Higgs is massive enough to be able to de
ay into two Z bosons.Although the BR is still lower that of H→W+W− this de
ay is still very interesting be
auseof how the Z bosons de
ay. They also, as the the W, de
ay either leptoni
ally, eitherhadroni
ally. However, sin
e the Z boson 
ouples, as the Higgs, only to a parti
le and3In this notation ℓ = e, µ



2.2 Bounds on the Higgs Mass 35its antiparti
le they will de
ay into lepton, anti-lepton or qq̄ pair. In this H→ZZ sear
h,the most interesting 
ase is when the Z's both de
ay to stable leptons, i.e Z→ℓ+ℓ−ℓ+ℓ−be
ause one 
an fully re
onstru
t the invariant mass of the system, and as in the H→γγ
ase, infer the Higgs mass.2.2 Bounds on the Higgs Mass2.2.1 From theoryUnitarity

Figure 2.3: Amplitude of the W+
L W

−
L s
attering as fun
tion of the energy in the 
enter ofmass frame for a Higgs boson mass below (mH =300 GeV) and at the unitarity threshold.Without the existen
e of a s
alar, the amplitude of the W+

L W
−
L →W+

L W
−
L s
atteringdiverges at high enough energies. By also in
luding diagrams involving the ex
hange of as
alar unitarity 
an be restored as long as the the s
alar is not too heavy. The unitaritybound 
an be expressed as [16�19℄:

mH < m0 =
√

8πv2 =

√

4π
√

2

GF
(2.13)

≃ 1 TeV (2.14)where GF = 1
v
√

2
is the Fermi 
onstant 4. The amplitude of the longitudinal s
atteringis shown is Figure 2.3. FormH < m0 the amplitude stays below 1. The apparent divergen
eat s = m2

H gets regularized with the Breit-Wigner pres
ription that was explained in theprevious se
tion. For values above the unitarity threshold, mH ≥ m0, there is a range ofenergies for whi
h the amplitude is always greater than 1 and unitarity is violated.4GF = 1.1664 × 10−5 (GeV )−2



36 Higgs Boson De
ays and 
onstraintsAlthough indi
ative, this bound 
annot be taken stri
tly. It does not mean that theHiggs mass has to be below m0. Instead, it underlines the fa
t that at high energies thetheory be
omes strongly 
oupled and the perturbative approa
h is not valid anymore.Bounds from the self-
oupling runningIn this se
tion we will seen how the evolution of the self-
ouping λ (from Equation (1.44))
an be used to put bounds on the Higgs mass. The running of λ has been 
al
ulated up to2-loops. However, for sake of simpli
ity, the 1-loop 
al
ulation will be dis
ussed here, by
onsidering only the dominant terms.
H H

aλ2

t

t

t

bλf2
t + cf4

t

W/Z

W/Z

W/Z

W/Z

dλ(3g2
1 + g2

2)

W/Z

e(3g4
1 + 2(g2

1g
2
2) + g4

2)

Figure 2.4: Some diagrams 
ontributing to the Higgs self-
oupling s
ale evolution.The evolution of the self-
oupling λ with the s
ale µ 
an be written:
dλ

d lnµ2
= βλ (2.15)
= aλ2 + bλf2

t − cf4
t − dλ(3g2

1 + g2
2) + e(3g4

1 + 2(g2
1g

2
2) + g4

2)where a, b, c, d, e are positive 
onstants and ft is the top Yukawa 
oupling. The 
or-responding diagrams are shown in Figure 2.4. Starting from a referen
e value λ0, we 
aninfer the value of λ at any s
ale µ. In the following λ0 = λ(v). The two regimes of weakand strong self 
oupling will be used to infer a lower and upper bound to the Higgs mass.



2.2 Bounds on the Higgs Mass 37Triviality Here we look at the limit of strong self-
oupling. Sin
e λ ∝ m2
H , it 
orrespondsto the high mass limit. Sin
e λ ≫ ft, g1, g2 we 
an keep only the terms multiplied by the
onstant a. Solving Equation (2.14) in this 
ase is trivial and leads to 5:

λ(µ) =
λ(v)

1 − aλ(v) ln µ2

v2

(2.16)At the s
ale Λtriv = ve2aλ(v) the 
oupling diverges and the perturbative approa
h isnot valid anymore. By requiring the Standard Model to be valid up a s
ale Λtriv, i.e λ�nite, we have:
µ < Λtriv

⇔ mH < mmax
H with mmax

H =
√

2v2

a ln
Λ2

triv
v2

(2.17)For ea
h s
ale Λtriv at whi
h we believe the Standard Model might break down be
ausenew physi
s appears there is maximum allowed value for the Higgs mass. At a s
ale
Λtriv = 1016 GeV, mmax

H = 160 GeV.Stability Let us now study the 
ase λ ≪ ft, g1, g2. Now the terms c and e dominate.One 
an then rewrite βλ as 6:
βλ =

3

16π2v4

(

2M4
W +M4

Z − 4m4
t

) (2.18)Sin
e βλ is a 
onstant, the solution of the di�erential Equation (2.16) is trivial in thiss
enario:
λ(µ) = λ(v) + βλ ln

µ2

v2
(2.19)By taking mt = 175 GeV,MW = 80.4 GeV and MZ = 91.2 GeV, one �nds that βλ < 0.This implies that there are s
ales above whi
h λ be
omes negative. In su
h a 
ase theHiggs potential be
omes unbounded from below. The stability 
ondition 
an therefore besummarized as λ > 0 and it translates into a lower bound on the Higgs mass:

µ < Λstab

⇔ mH > mmin
H with (mmin

H )2 = 3
8π2v2

(

2M4
W +M4

Z − 4m4
t

) (2.20)The result makes apparently no physi
al sense sin
e the fa
tor 2M4
W + M4

Z − 4m4
t isnegative. Had we 
onsidered the 
al
ulation up two loops we would have found (mmin

H )2 >
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Figure 2.5: The upper (lower) 
urve is the upper (lower) theoreti
al bound on the Higgsmass resulting from the triviality (stability) requirement on the running of the Higgs self-
oupling λ.
0. This pro
edure allows to set a lower bound on the Higgs mass for ea
h s
ale up to whi
hthe Standard Model is believed to be 
orre
t.The results of the last two se
tions 
an are summarized in Figure 2.5 [20℄. For ea
hs
ale Λ the range of allowed Higgs masses is between the boundaries set by the trivialityand the stability 
onditions. If we believe that the Standard Model is the ultimate theoryof elementary parti
les up to the Plan
k s
ale, we see that there is a very narrow rangeof possibilities for the Higgs mass (mH ∼ 175 GeV). On the other hand, if the StandardModel is only an e�e
tive theory valid up 1 TeV then mH is allowed to be in the range 50to 500 GeV. 72.2.2 From ExperimentsDire
t sear
hesLEP The �rst dedi
ated sear
hes of the Higgs boson were performed at the Large Ele
tronPositron Collider (LEP) between 1989 and 2000. The e+e− 
ollisions 
enter of mass energy√
ŝ varied between 90 and 209 GeV. The dominant produ
tion me
hanism at LEP was theso-
alled Higgs Strahlung produ
tion: e+e− produ
e a Z boson that radiates a Higgs boson(see Figure 2.6(a)). However, due to obvious kinemati
 
onstraints imposed by √

ŝ su
h ame
hanism has a high rate only for Higgs masses mH ≤ 120 GeV.As seen in the previous se
tions, in this low mass range the Higgs de
ays almost ex-
lusively into a bb̄ pair. The sear
h 
hannels depend therefore on the possible Z de
ays,5a = 4π2

36c = 3
16π2 and e = 3

256π27However, we will see that some of these possible values are already ex
luded from previous experiments.
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tor-Boson Fusion (Z)Figure 2.6: Main Higgs produ
tion me
hanisms at LEPleading mainly to three possibilities: HZ→bb̄qq̄ (4 jets �nal state), HZ→bb̄l+l− (2 jets, 2leptons �nal state), HZ→bb̄νν̄ (2 jets , missing energy).The non-observation of a statisti
ally signi�
ant ex
ess of signal 
andidates over theknown Standard Model ba
kgrounds led to establish lower limit to the possible Higgsmasses. With 2.5 fb−1 of data the experiments at LEP [21℄ established that:
mH ≥ 114.6 GeV at 95% CL (2.21)Tevatron At the Tevatron protons and anti-protons 
ollide (pp̄) a 
enter of mass energy√

s = 1.96 TeV. Here we present the results 
orresponding to the data 
olle
ted up toFebruary 2012, 
orresponding to an integrated luminosity of 10 fb−1.
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40 Higgs Boson De
ays and 
onstraintsAt √s = 1.96 TeV, the main produ
tion me
hanisms are those of the LHC (they willbe dis
ussed extensively in the next 
hapter). Most of the �nal state topologies werestudied independently to in
rease sensitivity at all possible masses and the results were
ombined [22℄. As for the LEP studies, the out
ome of these sear
hes have been negativeso far, allowing for the ex
lusion of some possible mass ranges.The expe
ted and observed ex
lusion limits (i.e. in the hypothesis of pure ba
kground)are given in Figure 2.7. The plot reads in the following way: if the value on the verti
alaxis (observed) is x, then a Higgs boson with a mass mH produ
ed with a rate of x timesthe rate predi
ted by the Standard Model is ex
luded at the 95 % 
on�den
e level. Inshort, Higgs masses for whi
h the observed limit is below 1 are ex
luded 8.Combining the LEP and Tevatron results, we then know today with 95% 
on�den
ethat mH ≥ 115 GeV and 147 GeV≤ mH ≤ 178 GeV.Indire
t sear
h
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8Also note that if an ex
ess of events is observed, (the ba
kground only hypothesis is hard to validate),the observed limit would go up, mu
h like the region mH ∈ [120; 140] GeV in Figure 2.7



2.2 Bounds on the Higgs Mass 41The Fermi 
onstant GF is known experimentally with extremely high pre
ision fromthe muon de
ay lifetime. At tree level:
Gtree

F =
e2

4
√

2 sin2 θWM2
W

(2.22)Higher order 
orre
tions are taken into a

ount by writing:
GF = Gtree

F

(

1 + ∆α− cos2 θW

sin2 θW
∆ρ

) (2.23)where ∆α is essentially the photon self-energy and ∆ρ are the high order 
orre
tionsto the parameter ρ = MW

MZ cos θW
(=1 at tree level). The 
orre
tions to ρ are indeed from Wboson self energy.

t

W/Z W/Z

b/t

H

W/Z W/Z

(a) (b)Figure 2.9: Some Diagrams 
ontributing to the gauge boson mass at 1-loopBy simple power 
ounting, one 
an guess:
∆ρ = am2

t − b logmH (2.24)where a and b are well known 
al
ulable real parameters. By repla
ing (2.24) in (2.23)we have then a relation that 
onne
ts experimentally determined quantities (su
h as GF ,
MZ , MW , mt) to the unknown parameter mH .The most likely value formH 
an then be obtained by performing a maximum likelihoodestimation for ea
h mass hypothesis [23,24℄. This is shown in Figure 2.8 and the result is:

mH = 96+31
−24 GeV (2.25)The 
on
lusion is that the experimental values of the measurable parameters of thestandard model �prefer� a light Higgs boson. Noti
e however that the 1-σ error band isquite large. The is due both to the high experimental un
ertainty on the top quark mass,and also to the fa
t that the mH dependen
e in ∆ρ in only logarithmi
, leading to a poor
onstraining power of the Higgs mass. Also we 
an note that the preferred value of mHgiven in (2.25) is perfe
tly 
ompatible with the non ex
luded region in Figure 2.7.



42 Higgs Boson De
ays and 
onstraints2.3 Standard Model Extensions2.3.1 The hierar
hy problemIn the previous se
tion we have been looking at the impli
ations the RGE 9at 1-loop ofthe Higgs self-
oupling λ have on the Higgs mass. It is natural to ask what 
onsequen
es
an be drawn from the RGE of the parameter µ. The parameter µ is the Higgs massitself at tree level. At higher orders, the mass of the Higgs re
eives several 
orre
tions.S
hemati
ally, one 
an write:
δµ2 = δm2

H + δm2
G + δm2

f (2.26)where the terms in the sum 
orrespond to the 
orre
tion at 1-loop level to Higgs self-energy originating from a Higgs, a Gauge boson and fermions loops.
H W/Z

t

(a) Higgs (b) Gauge (
) FermionsFigure 2.10: Some Higgs self-energy diagrams displaying a UV quadrati
 divergen
eAll of the 
orresponding diagrams are UV divergent. A naive power 
ounting of diver-gen
e in diagrams in Figure 2.10 ,loop =

∫ ΛUV d4k

k2 −M2

∼
∫ ΛUV

kdk

∼ Λ2
UV

(2.27)
gives that the dominant UV divergen
e is quadrati
 10. The 
orre
tions to the Higgsmass at 1 loop are therefore quadrati
:

δµ2 =
1

16π2

[

CGg
2 + CHλ−

∑

m

Cmfm

]

Λ2
UV (2.28)9RGE = Renormalization Group Equations10There are also logarithmi
 divergen
e but these are negle
table at ΛUV → + ∞



2.3 Standard Model Extensions 43where the three terms in the sum follow from Equation (2.28). The parameter ggeneri
ally denotes the ele
troweak 
ouplings g1 and g2. Also the 
onstants CG, CH and
Cm are perfe
tly 
al
ulable at 1 loop but we do not need to make them expli
it for thepresent dis
ussion. The standard renormalization pro
edure imposes that:

µ2
bare + δµ2 = λv2 (2.29)It is 
lear that for an arbitrary ΛUV , this equality 
an hold only through a 
arefuladjustment of the parameters µbare or λ. For ΛUV ∼ v the 
orre
tion is still a

ept-able, however, for s
ales as high as ΛUV ∼ MP lanck ∼ 1019 GeV, sin
e the dependen
e isquadrati
 in ΛUV this would require a �ne-tuning of ∼ 38 orders of magnitude!Although it might look as just a te
hni
ality, some regard this �ne-tuning of the bareparameters of the theory as unnatural. It appears as a dire
t 
onsequen
e of the hugedi�eren
e between the natural ele
troweak s
ale, v and MP lanck

11. This is often referredas the hierar
hy or the naturalness problem.The hierar
hy problems leads to think that the Standard Model 
annot be a fundamen-tal theory valid at energies up to the Plan
k s
ale MP lanck, unless we a

ept the unnatural�ne-tuning of its parameters. There are two ways one 
an address this problem:� A new fundamental s
ale Λ exists, Λ & vweak 
orresponding to new dynami
s (gravi-tation?) whi
h would make the whole hierar
hy problem non-relevant anymore sin
e
Λ would then be a natural 
ut-o� on the extrapolations to higher s
ales of the Stan-dard Model parameters (su
h as µ, or λ).� The Higgs se
tor is fundamental, although more 
omplex than in the Standard Model,but the perturbative series stays 
onvergent up to any s
ale (no quadrati
 diver-gen
es). For this to happen new fundamental parti
les would be required to existin order to provide the appropriate 
an
ellations in the Higgs self-energy, and/or,the Higgs se
tor has to obey to di�erent dynami
s that do display well-behavedlogarithmi
 
orre
tion at high energy.More generally, other fundamental questions arise: Why nature would provide a s
alarparti
le simply for the purpose of ele
troweak symmetry breaking? In other words, whatis so-spe
ial about the weak s
ale vweak ∼ G

− 1
2

F ?During the last de
ades theoreti
al physi
ists have tried to address these questions bybuilding more fundamental models. Due to the proliferation of su
h models, we will justsket
h the main ideas behind two quite di�erent approa
hes: the Te
hni
olor models (TC)and Supersymmetry (SUSY).2.3.2 Te
hni
olorThe starting point of Te
hni
olor theories is the observation that QCD naturally providesa fundamental s
ale, ΛQCD, that is generated dynami
ally by the running of αS . Indeed
ΛQCD is not obtained as a res
aling of some other, more fundamental 
onstant, instead,it arises from the pure quantum me
hani
s 
orre
tions of the SU(3)c gauge theory. The11In other words, it re�e
ts the fa
t the gravity is mu
h weaker than the other for
es.



44 Higgs Boson De
ays and 
onstraintsinsight here is that the strong dynami
s of QCD naturally explain the large s
ale di�eren
ebetween λQCD and MP lanck.Another key aspe
t of QCD, not dis
ussed so far, is 
hiral symmetry breaking. Spon-taneous symmetry breaking has already been observed in parti
le physi
s: due to 
on�ne-ment, light quarks form at low energy a 
ondensate qq̄ whose ground state energy is > 0.(i.e, it is massive).
〈qq̄〉 = 〈0|qLq̄R + qRq̄L|0〉

∼ Λ3
QCD

(2.30)Now, sin
e the QCD Lagrangian with massless quarks is SU(2)L × SU(2)R (
hiralsymmetry) invariant, the equality (2.30) spontaneously breaks this 
hiral symmetry into thesubgroup SU(2)isospin. The broken generators 
orresponding to the axial 
urrent generate,via the Goldstone theorem, three massless Goldstone bosons: the pions. However sin
e thequarks do have a small mass, the pions are a
tually the massive pseudo-Goldstone of thespontaneous 
hiral symmetry breaking.The main idea for TC is to de�ne some type of strong dynami
s theory in whi
h theweak s
ale vweak naturally emerges as the s
ale where the Te
hni
olor 
oupling αTC diverges(as is ΛQCD in QCD). In pure Te
hni
olor theory, �rst postulated by Susskind [25℄ andWeinberg [26℄, the te
hniquarks and te
higluons intera
t in this strong dynami
s framework.The te
hniquarks 
ondensates (the te
hnimesons) break the generalized 
hiral symmetry,generating the asso
iated Goldstones: the te
hnipions. In this framework the longitudinaldegrees of freedom of the W and Z bosons are simply the �eaten� te
hnipions. Thereforethe masses of the gauge bosons are generated dynami
ally: this phenomenon is 
alleddynami
al symmetry breaking.Other theories postulate that the Higgs boson is itself the low-mass pseudo-Goldstone ofthe 
hiral symmetry breaking [27℄ (Little Higgs Models) or a heavy 
omposite obje
t [28,29℄(Top-Color Assisted Te
hni
olor in extra-dimensions). As TC theories will no longer bedis
ussed in this thesis, for a 
omplete review of TC models and related phenomenologysee [30℄.2.3.3 SupersymmetrySupersymmetri
 theories are invariant under transformations that swit
h bosoni
 �eldsinto fermioni
 �elds and vi
e-versa. The ni
e feature about su
h theories is that thesuper
harges, i.e the generators of supersymmetri
 transformations are 
losely related tothe spa
e-time translation generators. Hen
e, if gauged, they provide a framework forbuilding a quantum theory of gravity.Many su
h theories exist, we will brie�y dis
uss here the most simple one: the minimalsupersymmetri
 extension of the Standard Model (MSSM). In the MSSM ea
h fundamentalfermion has its bosoni
 superpartner, the s-fermion. Likewise, every boson has its bosoni
dupli
ate: the bosino.The �rst wel
ome result about SUSY is that it naturally solves the hierar
hy problem.Every quadrati
 
ontribution appearing in the s
alar self-energy (Equation (2.28)) involvesa likewise 
ontribution with opposite sign and same 
oupling that 
an
els the quadrati
term in the 
ut-o�, hen
e re
overing a well-behaved logarithmi
 behavior in the mass
ounterterms.



2.3 Standard Model Extensions 45In MSSM, in order for the theory to be anomaly free, two Higgs doublets with oppositehyper
harge need to be postulated. The ele
troweak symmetry breaking then o

urs in thefollowing way: the s
alar doublets spontaneously a
quire a vev, v1 and v2, with vweak =
√

v2
1 + v2

2 (the ratio is denoted as tan β = v1
v2
). Three out of eight d.o.f. of the 
omplexs
alars are then �eaten� by the longitudinal d.o.f. out the ele
troweak bosons W and Z,leaving a total of �ve massive real s
alars: h0, H0, A0, H+ and H−.Besides the fa
t that there are 2 Higgs doublets in MSSM, the main di�eren
e with theStandard Model is that the self 
oupling in the Higgs potential is related to the ele
troweak
ouplings g1 and g2:

λMSSM =
g2
1 + g2

2

4
(2.31)This feature has the dramati
 
onsequen
e at tree level:

mh0 ≤MZ (2.32)However, if higher orders 
orre
tions are in
luded, one gets mh0 ≤ 200 − 300 GeV.This is why the s
alar h0 is 
alled the �light s
alar� in MSSM. We note that this boundis perfe
tly 
ompatible with 
urrent experimental bounds on the Higgs mass. Due to theshape of the MSSM Higgs potential, the MSSM parameter spa
e is fully determined bythe knowledge of tan β and mA0 and the mixing angle α, whi
h is a fun
tion of mh0 , m2
H0and m2

A0 .In the large mA0 limit:
cos2(β − α) =

M2
Z sin2 4β

4m2
A0

(2.33)It is interesting to study the behavior of the light (h0) and heavy (H0) CP-even Higgs
oupling to Standard Model parti
les in the limitmA0→∞ (de
oupling limit). The 
ouplingto the gauge bosons are those of the Standard Model times a fa
tor that depends on themixing angle α:
h0V V ∼ sin(β − α)

H0V V ∼ cos(β − α)
(2.34)In the de
oupling limit the light s
alar 
oupling W and Z be
omes SM-like and the heavys
alar 
ompletely de
ouples. This implies that if mA0→∞, it is impossible to dis
riminatebetween the light MSSM s
alar and the SM s
alar. However we also see that for arbitrarymixing value, the 
oupling of the light MSSM Higgs to a gauge boson is always smallerthat in the SM.For the fermions, the 
ouplings depend on the isospin eigenvalue. By noting fu theupper 
omponent of the SU(2) doublets and fd the lower 
omponent one has:
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onstraints
h0fdfd ∼ sin(β − α) − tan β cos(β − α)

h0fufu ∼ sin(β − α) + cos(β−α)
tan β

H0fdfd ∼ cos(β − α) + tan β sin(β − α)

H0fufu ∼ cos(β − α) − sin(β−α)
tan β

(2.35)Here also in the large mA regime the light Higgs be
omes SM-like. However when mAis small, its 
oupling to the lower 
omponents of the fermion doublets gets enhan
ed by afa
tor tan β. This is also the 
ase for the heavy s
alar H0 in the large mA regime. Hen
e,the rate of de
ays su
h as h0 → b b̄ or h0 → τ τ are enhan
ed. This has 
ru
ialimpli
ations for sear
hes of MSSM higgs at the LHC.We have reviewed here only Higgs related aspe
t of a simple SUSY model (for anextensive review of a bottom-up SUSY 
onstru
tion, as well phenomenology, see [31℄). Wehave seen that su
h theories 
an ni
ely solve the naturalness problem. There are alsoseveral aspe
ts that make su
h theories appealing: the natural involvement of gravity, theuni�
ation of 
ouplings at the Plan
k s
ale, a natural 
andidate for dark matter (the LSP).Finally, SUSY theories, unlike TC, are not strongly 
oupled and 
an therefore be treatedperturbatively.



Chapter 3Higgs Boson Produ
tion at the LHCHaving derived the full set of intera
tions in the Standard Model it should in prin
iplebe possible to 
ompute the 
ross se
tion of any pro
ess involving elementary parti
les.In Chapter 1, we have seen that the non abelian nature of QCD forbids a perturbativeapproa
h for physi
s involving energies E ≤ ΛQCD. This is typi
ally the 
ase for 
ollisionsinvolving hadrons 1 where the partons (gluons and quarks inside a hadron) are themselvesintera
ting via the ex
hange of low momentum parti
les.In the �rst se
tion of this 
hapter a general review of the theoreti
al ingredients thatenter a hadroni
 
ollision 
al
ulations will be given. We will then enumerate qualitativelythe Higgs produ
tion me
hanisms and their relative importan
e at the LHC. Finally, wewill look more deeply into the dominant produ
tion mode, by reviewing the te
hniquesthat allow to 
al
ulate its total rate as well as the di�erential distributions in terms ofLorentz invariant quantities su
h as the transverse momentum and the rapidity.3.1 Hadroni
 pro
esses3.1.1 Parton Distribution fun
tions and Fa
torization TheoremAs a �rst approximation partons inside a hadron 
an be treated as a 
loud of point-like non-intera
ting parti
les. This is the 
ase in the so-
alled parton model [32℄ approximation.In this framework hadrons are boosted to a referen
e frame in whi
h they have in�nitemomentum. In this 
ase the inner-hadron partoni
 motion is �slowed� by time dilationand the partons within a same hadron a
t as they �do not see ea
h other�. The s
atteringo

urs in an in
oherent fashion. In this model ea
h parton 
arries a fra
tion x of the totallongitudinal hadroni
 momentum.The fun
tions that parameterize the x distribution are 
alled parton distribution fun
-tions (PDF's). They 
annot be 
al
ulated from �rst prin
iples sin
e they des
ribe thenon-perturbative properties of hadrons and they need to be measured from experiments.However, some rules 
an be imposed, whi
h 
an help in 
onstraining them. For instan
e,if fp(x) is the PDF des
ribing a parton p inside a hadron 2, the sum of momenta needs tobe equal to the total hadron momentum:
∑

p

∫ 1

0
xfP (x)dx = 1 (3.1)1At the Large Hadron Collider the 
ollisions involve protons.2fp(x)dx is the probability of ��nding� a parton p inside the hadron, with a momentum fra
tion between

x and x + dx.



48 Higgs Boson Produ
tion at the LHCand in a proton sin
e the number of expe
ted up(down) quarks is 2(1) one 
an require:
∫ 1

0
(fu(x) − fū(x))dx = 2 (3.2)

∫ 1

0
(fd(x) − fd̄(x))dx = 1 (3.3)Even though very attra
tive for its simpli
ity this model has its limitations. It isunrealisti
 that the probability of ��nding� a parton inside a hadron does not depend onthe s
ale at whi
h one is probing it. Intuitively, as one in
reases the s
ale at whi
h oneprobes a gluon, the gluon would eventually start to �look like� 3 gluons or a gluon and a

qq̄ pair. This implies that the probability of �nding a gluon or a quark has 
hanged. Thatis, PDF's are in fa
t s
ale dependent, fp(x) ≡ fp(x, µ
2). The evolution of PDF's with thes
ale is governed by the DGLAP equations [33�35℄. They 
an written in a general form as:

µ2∂fp(x, µ
2)

∂µ2
=
αS(µ2)

2π

∑

p′

∫ 1

x

dz

z
Ppp′(

x

z
, αS(µ2))fp(z, µ

2) (3.4)where the fun
tions Ppp′ are the so-
alled Altarelli-Parisi splitting fun
tions. Theydes
ribe the probability of the splitting of 1→2 partons and they 
an, in prin
iple, be
al
ulated at any order in perturbation theory. Experimentally one 
an measure the PDF'sat a given s
ale (in Deep Inelasti
 S
attering experiments for instan
e) and via theseequations extrapolate to the desired s
ale 3.In Figure 3.1 the proton PDF's of gluon and light quarks are shown. At a low enoughmomentum fra
tion the gluon PDF's dominates over light quarks and antiquarks. TheDGLAP equations are the analogues of the renormalization group equations for the 
ou-pling 
onstant. Whereas in the 
ase of the renormalization of the 
oupling one absorbs theUV divergen
es appearing in loop 
ontributions of Feynman diagrams, here the 
ollineardivergen
es (i.e when partons are emitted 
ollinearly) appearing in the splitting fun
tionsare absorbed into a rede�nition of the PDF's at a new s
ale 
alled fa
torization s
ale. Thispro
edure introdu
es, in addition to the renormalization s
ale µR (de�ned as the s
ale atwhi
h αS absorbs the divergent terms), the fa
torization s
ale µF .S
hemati
ally one 
an write:
αS(µR) = αbare + CT (

µR

ΛUV
) (3.5)

f(x, µF ) = fbare(x) + CT (
µF

ΛIR
) (3.6)where the Λ parameters are symboli
 
ut-o�s that regularize the divergen
e under
onsideration and the 
ounter-terms CT depend of 
ourse on the order of perturbationtheory and on the pro
ess one is 
onsidering.Having all these ingredients one 
an then in prin
iple 
ompute the total 
ross-se
tion forhadroni
 pro
ess by separating the short distan
e physi
s, i.e the hard s
attering, des
ribedby perturbative QCD, from the long distan
e physi
s, des
ribed by the PDF's.3Here it is impli
itly assumed that the partons have no intrinsi
 transverse momentum. In general,transverse momentum dependent (TMD) PDF's 
an be de�ned, but the des
ription of su
h PDF's is outof s
ope here
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Figure 3.1: Parton distribution fun
tions for gluons, and light quarks and antiquarks for as
ale of 160 GeV. The CTEQ6.6 set was used [36℄
σhad =

∑

p,p′

∫ 1

0
dx1dx2fp(x1, µ

2
F )fp′(x2, µ

2
F )σ̂(x1, x2, µF , µR) (3.7)This is the fa
torization theorem [37℄, it relates the total 
ross se
tion σ(PP→X) tothe partoni
 one σ̂. More pre
isely, it expli
itly states that the short distan
e pro
esses areun
orrelated from the long distan
e ones. One 
an therefore 
al
ulate the hard s
atteringmatrix element (ME) at a given order (however, as we will see in the next se
tion, thisis not always easy) and 
onvolute it as in Equation (3.7) with PDF's that are universalfun
tions, i.e they do not depend on the pro
ess under 
onsideration. This de
oupling ofshort range versus long range physi
s 
an qualitatively understood by the premise of thisse
tion. The partons inside the hadrons being boosted and therefore Lorentz 
ontra
tedintera
t in a period of time that is mu
h longer than that of the hard s
attering. As
hemati
 representation of hadroni
 
ollision is given in Figure 3.2.For a general pro
ess the partoni
 
ross se
tion at the n-th order in αS is given by:

σ̂ = αk
S

n
∑

m=0

Cmα
m
S (3.8)where the 
oe�
ients Cm depend on the kinemati
s of the pro
ess and the fa
torizationand renormalization s
ales and 
an, at least in prin
iple, be 
al
ulated for any order m. If

m = 0 the pro
ess is said to be 
al
ulated at leading order (LO), if m = 1 at next-to leadingorder (NLO), et
 .... If we note by Q the typi
al s
ale of the pro
ess under 
onsideration,then the total hadroni
 (at the n-th order in perturbation series) 
ross se
tion as :
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σhad =

∑

p,p′

∫ 1

0
dx1dx2fp(x1, µ

2
F )fp′(x2, µ

2
F )

n
∑

m=0

αS(µ2
R)m+kCm(p1, p2,

Q2

µ2
R

,
Q2

µ2
F

) (3.9)It should be noted that the 
hoi
e of µR and µF is 
ompletely arbitrary at this point 4.The dependen
y on these s
ale should vanish if the 
al
ulation is made at all orders inperturbation theory. This 
an be summarized as the renormalization 
ondition:
∂σ

∂µR
= 0 (3.10)

∂σ

∂µF
= 0 (3.11)However, if one trun
ates the 
al
ulation at a given order, the dependen
y on µR and µFremains and a 
hoi
e has to be made for these s
ales. Typi
ally the 
hoi
e is µR = µF = Q.A dis
ussion on the un
ertainty that derives from making su
h a 
hoi
e will be given inthe next se
tions.

P1

P2

x1P1

x2P2

proton

proton

hard

scattering

Figure 3.2: S
hemati
 representation of a hadroni
 
ollision and of the fa
torization theo-rem3.1.2 Kinemati
s in hadroni
 
ollisionsIf we 
all √s the energy in the 
enter of mass frame of the two in
oming protons, and P1/2the protons 4-momenta in the laboratory frame. We 
an write
s = (P1 + P2)

2 (3.12)In a similar way, we 
all √ŝ the 
enter of mass energy of the two partons 5, p1/2 the partons4-momenta, and x1/2 the longitudinal fra
tions of the proton momenta, We have then:
ŝ = (p1 + p2)

2 = (x1P1 + x2P2)
2 (3.13)4Not exa
tly any 
hoi
e is allowed. For instan
e µF has to be greater than ΛQCD for obvious reasons.5Here √

ŝ plays the role of Q in Equation (3.9)
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e √
s ≫ mP (≈ 1 GeV) the masses of the protons and partons 
an be negle
ted sothat P 2

1/2 = p2
1/2 = 0. We 
an therefore write:

x1x2 =
ŝ

s
(3.14)Equation (3.14) impli
itly states that the higher the energy of 
ollisions 6 √

s the lowerthe possible values of xi. This implies that at high energies gluon PDF's dominate 7.By 
onvention, the �z� axis is de�ned as the dire
tion in whi
h the 
ollision o

ursand �x�,�y� are the transverse dire
tions. Rather than using the 
artesian 4-
omponent (orequivalently the polar 
oordinates) of momenta, it is 
onvenient to operate with boost-invariant quantities. A 4-momentum qµ = (E, qx, qy, qz) is 
ompletely determined by twovariables be
ause of the on-shell 
ondition and the rotational invarian
e around the z-axis.These are the transverse momentum qT and the rapidity y.
qT =

√

q2x + q2y (3.15)
y =

1

2
ln
E + qz
E − qz

(3.16)
=

1

2
ln
x1

x2
(3.17)We also de�ne the pseudo-rapidity as:

η = − ln tan(
θ

2
) (3.18)where θ is the polar angle. Note that η = y if the parti
le is massless (i.e q2 = 0). Finallyone 
an also note that:

x1 =

√

ŝ

s
ey (3.19)

x2 =

√

ŝ

s
e−y (3.20)In parti
ular, it is worth noting from (3.20) that |y|→∞ is equivalent to small momen-tum fra
tions. This means in pra
ti
e that in order to probe su
h regions of the PDF's,one needs to study de
ays o

uring in the forward region of the dete
tor.3.2 Higgs produ
tion at the LHC3.2.1 Produ
tion me
hanismsThe set of intera
tions listed in Chapter 1 
an help us in guessing whi
h me
hanisms forHiggs produ
tion are allowed in a hadron 
ollider. Given that the initial state has toinvolve protons, the Higgs needs to be produ
ed by an intera
tion of quarks or gluons.However, sin
e it 
ouples only to massive parti
les, it 
annot dire
tly be 
reated by gluons.Naively the �rst possibility is dire
t produ
tion from a quark (q) and an antiquark (q̄).Sin
e the qq̄H 
oupling is proportional to the mass of the quark mq (see Equation (1.69))6At the LHC √

s = 7 − 14 TeV.7�low x� and high energies are therefore used inter
hangeably.



52 Higgs Boson Produ
tion at the LHCthis me
hanism would be eventually favored only for very massive quarks (top or bottom).However we know that the probability of ��nding� a heavy quark inside a proton is verysmall. The heavy quarks parton distribution fun
tions are not well-known (espe
ially forquarks t and b) but from �rst prin
iples one might guess that this probability is non-negligible only at very high energy. Therefore dire
t heavy quark higgs produ
tion 
annot
ontribute mu
h to the 
ross se
tion. The Higgs has therefore to be produ
ed by gluonsor light quarks radiating heavy parti
les that 
ouple substantially to the Higgs.
g

g

q

q̄

H
q

q

q̄

W/Z
q′

q̄′
W/Z

H

(a) Gluon-Fusion (b) Ve
tor-Boson-Fusion
q

q̄

W/Z

H

W/Z

g

g

t

t̄

H
t

(
) Higgs-Strahlung (d) Asso
iated produ
tionFigure 3.3: Leading order Feynman diagrams of the main Higgs boson produ
tion pro
essesat the LHCThe main produ
tion mode at the LHC is the so-
alled gluon fusion mode (ggF). Thediagram related to this pro
ess is shown in Figure 3.3(a). The in
oming gluons 
ouple to aquark loop that 
ouples dire
tly to the Higgs. One might think that this produ
tion modeis negligible sin
e it involves a loop (and therefore the rate is O(α2
S)). However two aspe
tsneed to be taken into a

ount. First, the high top mass value (mt ∼ 105mu,d) substantiallyenhan
es this 
ontribution.The se
ond reason is less obvious and 
an be understood by looking at parton-partonluminosities (PPL) that are de�ned as:

Lpp′(
ŝ

s
) =

∑

p,p′

∫ 1

0
dx1dx2fp(x1)fp′(x2)δ(x1x2 −

ŝ

s
) (3.21)where √

ŝ is the parton-parton invariant mass and √
s is the energy in the 
enter ofmass frame of the proton-proton 
ollisions. This fun
tion is therefore proportional to thejoint probability of extra
ting two partons with a given a invariant mass. Quark-antiquark(light quarks) and gluon-gluon PPL's are shown in Figure 3.4(a) and (b) for √

s = 7TeV [38℄. From this plot it is 
lear that for LHC energies, the gg luminosity ex
eeds qq̄luminosity over a wide range of partons-parton invariant masses. This has to do of 
ourse



3.2 Higgs produ
tion at the LHC 53with the fa
t the gluons dominate inside the proton at high energies (see Equation (3.14)).For values of √ŝ ∼ 100 GeV, the gg luminosity ex
eeds qq̄'s by a fa
tor 10 while for √ŝ
∼ 1 TeV they have a similar value. This argument explains why the gluon fusion Higgsprodu
tion is enhan
ed at the LHC as long as mH ≤ 1 TeV.
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(a) (b)Figure 3.4: Parton-parton luminosities from di�erent PDF sets at the LHC for a 
enter ofmass energy of 7 TeV for gluon-gluon (a) and quarks antiquarks (b) as a fun
tion of themomentum fra
tions produ
t x1x2 = ŝ
s . The value of ŝ

s for some Standard Model pro
essesis given as a referen
e by a verti
al line.The se
ond most important 
ontribution at the LHC is ve
tor boson fusion (VBF).The Higgs is generated via a fusion of bosons W± or Z0 that are themselves radiated o�the in
oming quarks (see Figure 3.3(b)). Even though disfavored by the fa
t that lightquark parton luminosity is small at the LHC, this me
hanism still 
ontributes in a nonnegligible way to the total 
ross se
tion (∼ 5%). Moreover the presen
e of two forward jetsin addition to the Higgs de
ay produ
ts 
an give a handle on dis
riminating this topology(the signal) from those ele
troweak pro
esses that de
ay like the Higgs but do not havetwo forward jets in the �nal state (the ba
kgrounds).Finally, two other me
hanisms are worth to mention: the Higgs-Strahlung (the Higgsis radiated o� a W± or Z0 boson) and the Asso
iated produ
tion (similar to ggF, thedi�eren
e being that the heavy quarks appear in the �nal state). These pro
esses areshown in Figure 3.3(
) and (d). The rates of these produ
tion modes are one order ofmagnitude below VBF. The reason for this is that more than one very massive obje
t areprodu
ed in the �nal state. This requires additional momentum 
arried by the initial statepartons. As for the VBF 
ase, additional parti
les are present in the �nal state (other thanthe de
ay produ
ts of the Higgs) allowing for better dis
rimination against ba
kgrounds.In Figure 3.5 the 
ross se
tion and the un
ertainties from theory for these pro
esses areplotted as a fun
tion of the Higgs mass [15℄. A more detailed dis
ussion on the 
omputationand the un
ertainties will be given later in this Chapter.3.2.2 Gluon Fusion: in
lusive 
ross se
tionAs we have argued in the previous se
tion Higgs Gluon Fusion produ
tion is predominantover the other produ
tion me
hanism at the LHC along a wide range of possible Higgsmasses. We will therefore 
on
entrate on this me
hanism in the following dis
ussions.
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Figure 3.5: Cross se
tion of the various Higgs produ
tion me
hanisms at the LHC for a
enter of mass energy of 7 TeV as fun
tion of the Higgs mass. The error bands 
orrespondthe theoreti
al un
ertainties. The pro
ess are, from top to to bottom, Gluon Fusion (blue),Ve
tor Boson Fusion (red), Higgs Strahlung (green/grey) and Asso
iated tt̄ produ
tion(purple)Leading OrderThe leading order diagram (Figure 3.3(a)), although already 
ontaining a loop of heavyquarks, is easy to 
ompute. The apparent UV divergen
e in the loop get regularized byworking in dimensions d = 4 − 2ǫ, and by taking ǫ→0 at the end of the 
al
ulation. By
onsidering only top quarks in the loop one gets the interesting result as a fun
tion of thegluon-gluon luminosity for the total hadroni
 
ross se
tion at LO:
σ(PP→H) =

α2
S

64πv2

∣

∣I(
m2

H

m2
t

)
∣

∣

m2
H

s
Lgg(

m2
H

s
) (3.22)Here I(x) is a 
omplex fun
tion. |I(x)|2 diverges at x→0 (mH→0), has a maximum at

x ≃ 4 (mH ≃ 2mt) and goes to 0 when x→∞ (mH→∞). This result is very attra
tivequalitatively sin
e it already des
ribes a

urately the shape of the 
ross se
tion as a fun
tionof the Higgs mass, 
ompared to higher order 
al
ulations (see Figure 3.5). Note that the
ross se
tion is already O(α2
S) at LO (
orresponding to k = 2 in Equation (3.8)).However this result 
annot be used quantitatively. The reason is the following: sin
ethis produ
tion me
hanism involves gluons the higher order QCD 
orre
tions 
an be veryimportant opposed as if the initial state was made of light quarks. This is be
ause of themany possible 
ombinations of gluon-gluon and gluon-quark 
ouplings. Moreover addi-tional gluon radiation 
an 
ome from the loop of top quarks. Therefore, for quantitativepredi
tions higher order 
orre
tions are needed.
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(a) (b) (
)Figure 3.6: Verti
es of the e�e
tive theory in the limit mt→∞Higher OrdersMany diagrams 
ontribute to the partoni
 matrix element at high orders. In order toredu
e them, one 
an make the approximation of the large top mass limit, mt→∞ whi
his valid only in regions mH ≪ mt. This leads to an e�e
tive theory in whi
h the top looploop gets redu
ed to a single vertex that dire
tly 
ouples the gluons to the Higgs. Thistheory is des
ribed by the following Lagrangian:
Leff = −1

4

[

1 − αS

3π

H

v

]

Ga
µνG

aµν (3.23)

(a) (b) (
)Figure 3.7: Some diagrams 
orresponding to the real emissions at NLO in the e�e
tivetheoryThe verti
es of the theory at LO are given in Figure 3.6.The high order 
orre
tions to the Born amplitude are given by virtual and real 
orre
-tions. One needs to 
ompute them separately and then add the 
orresponding amplitudes.However in these high order 
ontributions new divergen
es appear when the partons areemitted 
ollinearly (
ollinear divergen
es) and when their energy E→0 (soft divergen
es).



56 Higgs Boson Produ
tion at the LHCThese divergen
es are not physi
al, they just re�e
t the breakdown of the perturbativeapproa
h in ranges of energy where it 
annot apply anymore sin
e 
on�nement starts toplay a role. Therefore they need to be regularized in some way. The way this is done isagain with dimensional regularization , i.e 
omputing the amplitudes in 4− 2ǫ dimensions.
(a) (b)Figure 3.8: Some diagrams 
orresponding to the virtual 
orre
tions at NLO in the e�e
tivetheoryBy doing this, the Infrared (IR) divergen
e that is present in the virtual 
ontribution(Figure 3.8) 
an
els with that of real emissions (Figure 3.7). In the real emission ampli-tudes, 
ollinear divergen
es and UV divergen
es are still present and one has to absorbthem into a rede�nition of the PDF's and the 
oupling αS , as shown by Equations (3.6),by introdu
ing the two new s
ales µR and µF .By following this pro
edure one 
an �nally get a �nite result for higher orders gluonfusion produ
tion 
ross se
tions. However as one in
reases the order in perturbation theorythe 
omputation be
omes more and more 
ompli
ated, due to the in
reasing number ofdiagrams, and the opening of new 
hannels.Sour
es of un
ertaintiesThere are several sour
es of un
ertainties entering these 
al
ulations and having an impa
ton the �nal result:� As the order of the 
al
ulation in
reases, the number of diagrams involved in
reaseexponentially and also the 
omputation time. One needs therefore to stop the 
al
u-lation at a given order. As of today the most a

urate 
al
ulations rea
h the NNLOlevel. It is therefore ne
essary to de�ne a pro
edure that allows to asso
iate an un-
ertainty to the fa
t that higher orders are ignored. One might naively think that ifthe 
al
ulation is stopped at a given order n then 
orre
tion need to be at most ofa magnitude O(αn+1

S ). This is true only to 
ertain extent, be
ause as already men-tioned, other 
hannels 
an open up, in
reasing the number of diagrams substantially.In prin
iple the only way to a

urately estimate whi
h fra
tion of the 
ross se
tionis negle
ted by trun
ating the series at a given order, is to 
al
ulate it at the nextorder. When this is not possible one 
an vary the fa
torization and renormalizations
ales and see whi
h impa
t this variation has on the �nal result. After all, if theresult 
al
ulated at all orders in perturbation theory should not depend on theses
ales, then how mu
h it depends on the values 
hosen for µR and µF at a givenorder should give a rough estimate of the higher orders 
ontributions.
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Figure 3.9: Cross se
tion of gluon fusion Higgs produ
tion as a fun
tion of the Higgsmass at LO, NLO and NNLO. The un
ertainty bands 
orrespond to the variation ofthe renormalization and fa
torization s
ales in the range µ ∈ [µ0

2 ; 2µ0]. The 
entralvalue here was �xed at µR = µF = µ0 = mH

2 . This 
al
ulation uses the PDF setMSTW 2008.In Figure 3.9 we show the LO, NLO, NNLO �xed order 
ross se
tions [39℄ . First wenoti
e that the ratio between LO and NLO is almost a fa
tor ∼ 2 and it de
reasesbetween NLO and NNLO. We de�ne the K-fa
tor as the ratio between the 
rossse
tion 
al
ulated at a given order n divided by the 
ontribution at n− 1.
KNLO =

σNLO

σLO
≃ 2 (3.24)

KNNLO =
σNNLO

σNLO
≃ 1.2 (3.25)This indi
ates a good 
onvergen
e of the perturbative series. To estimate the un
er-tainty bands the s
ale were varied to the extreme values [µ0

2 ; 2µ0] with µR = µF =
µ0 = mH

2 . This is the 
onvention 8 used in [39℄. What is also 
lear is that the de-penden
e of the 
ross se
tion on µR and µF substantially de
reases with in
reasingthe order of the 
al
ulation, validating the hypothesis that the dependen
e on theseparameters 
ontrols the magnitude of higher order terms.� Another important sour
e of un
ertainty is the 
hoi
e of the PDF's. Many groupsextra
t PDF's from data [36℄, but they use di�erent 
onventions and methods, andnot always the same data. Ea
h group provides their own un
ertainty (the pro
edurethat allows these un
ertainties to be estimated will be dis
ussed later). Here westress that the di�eren
e in the 
hoi
e of the PDF set 
an have a big impa
t on the8As mentioned earlier, the 
hoi
e of the 
entral value µ0 is arbitrary. The other 
ommon 
hoi
e is
µ0 = mH . The 
hoi
e of varying the 
entral s
ale between [µ0

2
; 2µ0] is also arbitrary. As it is 
lear fromFigure 3.9, this 
hoi
e underestimates the un
ertainty of the LO, therefore some authors [40℄ argue that amore appropriate variation of the s
ales would be [µ0

3
; 3µ0].
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Figure 3.10: Gluon-gluon luminosities un
ertainties normalized to MSTW2008 fromdi�erent PDF sets.in
lusive 
ross se
tion. In Figure 3.10 the un
ertainties of the gluon gluon luminosity(normalized to the luminosity obtained with the referen
e PDF set MSTW2008) asa fun
tion of the normalized 
enter of mass energy with di�erent PDF's is shown. Inthe region of a light Higgs there is a quite good agreement among the di�erent PDFsets.

Figure 3.11: Higgs 
ross se
tion un
ertainty (mH = 120 GeV) at NLO with di�erent
hoi
es of αS made by di�erent groups.Also, the un
ertainty on the measurement of αS have to be in
luded. In Figure 3.11the 
ross se
tion value at NLO with di�erent 
hoi
es of αS made by di�erent groupsis shown for mH = 120 GeV is shown. The di�eren
es are of the order of a fewper
ents.
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tion at the LHC 59Threshold Resummation and Ele
tro-Weak 
orre
tionsAs of today the most a

urate 
al
ulation of gluon fusion Higgs produ
tion at �xed orderrea
h the NNLO level in αS . Rather than just �sizing� the higher order QCD 
orre
tionsby varying the renormalization and fa
torization s
ales, one 
an observe that the mostsigni�
ant 
ontribution from NLO to NNLO is obtained by a

urately resumming softgluons emissions. One 
an therefore apply this soft gluon approximation to estimate higherorder terms. These soft gluons arise when the available energy in the 
enter of massframe is just above the Higgs mass threshold, i.e ŝ = x1x2s ≥ m2
H . In this 
ase one 
anshow that large logarithms of the form αn

S logm(1 − z) arise, where z =
m2

H

ŝ . Brie�y, theresummation pro
edure 
onsists in resumming a 
arefully 
hosen subset of these logarithmsat all orders in perturbation theory (more details will be given later) so that the seriesbe
ome 
onvergent. When one sums only the αn
SL

2n terms 9 the resummation is said tobe at the leading logarithm (LL), if one resums αn
SL

2n−1 terms the resummation is said tobe at the next-to leading logarithm (NLL), et
 . . .. The overall in
rease in the 
ross se
tionat the NNLL level are of the order of ∼ 7 − 9% [15℄.Here we have dis
ussed only QCD 
orre
tions, sin
e they are the most relevant for ggF,but other 
orre
tions are also present. The quark loop 
an also be subje
t to emissionof photons, or even ele
troweak bosons. These 
orre
tions are small 
ompared to thegluon and quark emission, sin
e the di�eren
e in value of the 
ouplings (αem ≃ 1
137 while

αS ≃ 0.12) is important and the 
ombinatori
s favors QCD 
orre
tions, but in prin
iplethey still should be 
onsidered. The main di�
ulty in 
omputing ele
troweak 
orre
tions
omes from their mixing with QCD e�e
ts. In the 
omplete fa
torization formalism [15℄the two e�e
ts fa
torize. They modify the 
ross se
tion by a fa
tor that varies as a fun
tionof the Higgs mass (∼ 5% for mH = 120 GeV and ∼ −2% for mH = 300).3.2.3 Gluon Fusion: di�erential distributionsIn the previous paragraph we have sket
hed the main ideas that allow to 
ompute with higha

ura
y the gluon fusion integrated 
ross se
tion. On
e the Higgs is produ
ed, one mightalso be interested in knowing how the rate of Higgs produ
tion is distributed geometri
ally.More spe
i�
ally we have seen that the 4-momentum of a parti
le in high energy 
ollisions
an be fully spe
i�ed by the boost invariant variables pT and y.Rapidity distributionIn Equation (3.17) we have related the pseudo-rapidity to the parton momenta. Thepseudo-rapidity (at LO and in the limit of a massless Higgs) equals to:
η ≃ 0 if x1 ∼ x2

η ≃ ±∞ if x1 ≫ x2 or x2 ≫ x1

(3.26)This implies that if the initial parton momenta are balan
ed, the Higgs will be de
ayingin the 
entral part of the dete
tor (θ = π
2 ). On the other hand, if the parton are veryunbalan
ed, the Higgs will be produ
ed in the forward region (θ = 0, π). However, atLO we know that initial parton momenta are 
onstraint to satisfy x1x2ŝ. Qualitatively,9Here L ∼ log(1 − z)



60 Higgs Boson Produ
tion at the LHCthe bulk of the 
ontribution will 
ome from momenta that satisfy ŝ ≃ m2
H . Now, if wewrite τ = x1x2 and g(x) the gluon PDF, then the produ
t of gluons PDF's g(x)g( τ

x ) has amaximum at x0 =
√
τ . 10.This implies that bulk of the Higgs produ
tion will o

ur when

x1 ≃ x2 ≃ √
τ = mH

s . Therefore, the distribution dσ
dη is expe
ted to be peaking at values

η ≃ 0 and de
reasing as η→±∞.Transverse momentum distributionAt the lowest order the Higgs is obviously produ
ed with a vanishing transverse momentumbe
ause of the absen
e of radiation. The 
orresponding distribution is therefore dσ
dp2

T

∝
δ(p2

T ). In order to generate transverse momentum one needs therefore to 
onsider higherorder terms. A non-vanishing Higgs pT 
orresponds to a �nal state 
ontaining additionalpartons, that eventually will hadronize into jets. From an experimental perspe
tive havingan a

urate predi
tion for the Higgs pT spe
trum 
an be useful in order to understand thejet stru
ture of Higgs events in a enhan
ed QCD environment su
h as the LHC.The partoni
 (pT ) di�erential 
ross se
tion 
an be written as an expansion in the αS
oupling:
dσ̂

dp2
T

=
σ0

ŝ

[

ŝδ(p2
T ) +

αS(µR)

2π
G(1) +

(

αS(µR

2π

)2

G(2) + . . .

] (3.27)where σ0 is the born 
ross se
tion de�ned as
σ0 =

π

64

(

αS(µR)

3πv

)2 (3.28)When dealing with the di�erential pT distribution, the 
onvention that is often used isLO=O(αS), NLO=O(α2
S), et
 . . .. 11 This matrix element des
ribes very well the spe
trumas long as the Higgs pT ≃ mH . On the other hand, the terms G(i) 
ontain logarithms ofthe form αn

S logm(
m2

H

p2
T

) that systemati
ally diverge at low pT .To see how these logarithmi
 divergen
es emerge, let us 
onsider the simple 
ase of gluonemission out a qq̄ �nal state (see Figure 3.12). The denominator of the quark propagator is
∝ 1

(p+k)2 ∼ 1
2pk ∝ 1

Eg(1−cos θqg) . The integral over the �nal state spa
e phase leads thereforeto a divergen
e when Eg ∼ 0 (soft divergen
e) and when θqg ∼ 0 (
ollinear divergen
e):
αS

∫

dEg

Eg

∫

dθ2
qg

θ2
qg

∼ αS log2(. . .) (3.29)These are residual divergen
es that survived after the rede�nition of the s
ales and the
an
ellation with the virtual 
ontributions. In general these logs 
orrespond to a gluon softemission (|pT | ∼ 0) or 
ollinear (θ ∼ 0 ). They 
ome from a singularity in the propagator.10One 
an easily show this by taking the following parameterization for the gluon density, g(x) = (1−x)5

x0.211This 
onvention is somewhat 
onfusing. What is 
alled LO in the 
ase of dσ
dpT


orresponds to NLO inthe 
ase of the integrated 
ross se
tion. This is simply be
ause when dealing with dσ
dpT

the a
tual LO is
∝ δ(p2

T ) and therefore is not interesting.
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p + k

p

k

Figure 3.12: Diagram of gluon emission out of a qq̄ �nal state.Formally, when pT→0, one 
an write an observable R, as 12:
R = R0

[

1 +

∞
∑

n=0

αn
S(a2nL

2n + a2n−1L
2n−1 + . . .)

]

∼ R0

[

1 + αS(L2 + L+ 1) + α2
S(L4 + L3 + L2 + L+ 1) + . . .

]

(3.30)where L = log(
m2

H

p2
T

). At leading order, the term αSL
2 displays both a 
ollinear and asoft emission, while αSL only a soft. The ratio of two su

essive terms in the αS expansionis always of the order ∼ αSL

2 whi
h is ∼ 1 if L is large and αS is small. Naively, adding allthese terms of O(1) would spoil the 
onvergen
e of the perturbative expansion. However,it has been shown [41℄ that (3.30) 
an be exponentiated in the following form:
R = R0 exp

[

∞
∑

n=1

αn
S

m+1
∑

m=0

GnmL
m
]

∼ R0 exp
[

(αSL
2 + α2

SL
3 + α3

SL
4 + . . .)+ → Lg1(αSL) (LL)

(αSL+ α2
SL

2 + α3
SL

3 + . . .)+ → g2(αSL) (NLL)
(α2

SL+ α3
SL

2 + α4
SL

3 + . . .)+ → αSg3(αSL) (NNLL)
O(α3

SL)
]

(3.31)
This advantage of rearranging the terms this way is that the ratio of two su

essive
olumns is αSL ∼ 1/L, whi
h implies that ea
h line is formally a 
onvergent series. Thefun
tions Lg1(αSL), g2(αSL) and αSg3(αSL) are said to respe
tively resum the leading logs(LL), the next-to leading logs (NLL) and the next-to-next-to leading logs (NNLL). Whenresumming soft gluons one needs to 
arefully avoid double 
ounting with 
ontributionsalready present in the matrix element.This 
an be summarized in Table 3.1. Every line 
orresponds to a �xed order 
al
ulation(i.e perturbative expansion in αS) while a 
olumn 
orresponds to a log expansion (i.e.expansion in αSL). A NLO+NNLL 
al
ulation would 
orrespond therefore to formally addthe �rst two lines (NLO) plus the �rst three 
olumns(NNLL) and subtra
t the interse
tion.12This formalism introdu
ed here works for threshold resummation as well. Both methods resum emis-sions of soft gluons. When 
al
ulating dσ

dpT
, it is often referred as re
oil resummation
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LL NLL NNLL . . .

LO O(αS) αSL
2 αSL . . . . . .

NLO O(α2
S) α2

SL
4 α2

SL
3 α2

SL
2 α2

SL

. . . . . . . . . . . . . . .

NnLO O(αn
S) αn

SL
2n αn

SL
2n−1 αn

SL
2n−2 . . .Table 3.1: Corresponden
e between the �xed order perturbative expansion and the expan-sion resulting from soft gluon resummation
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Figure 3.13: pT spe
trum 
omparison at LO, NLO and NLO+NNLL. At pT→0 the LO
al
ulation diverges to +∞, the NLO diverges to −∞ and the NLO+NNLL is �nite. Thisplot was obtained with HqT2.0 [42℄By resumming these soft gluon emissions the pT spe
trum gets �nite. In Figure 3.13 weshow the pT spe
trum resulting from a �xed order 
al
ulation a LO and NLO 
ompared tothe NLO+NNLL resummed mat
hed result. The �rst 
omment is that the resummationhas an impa
t only a low pT . The hard (high-pT ) part of the spe
trum is well des
ribedby the �xed order NLO 
al
ulation. However, one 
an 
learly see that the both the LOand NLO result without resummation diverge at low pT and by resumming soft gluons a�nite result is re
overed. This is indeed what one would expe
t from �rst prin
iples. Theprobability for a vanishing Higgs pT (i.e no gluon radiation, initial partons stay 
ollinearalong the �x� axis) has to be zero.As for the in
lusive 
ross se
tion, the pT spe
trum shape and normalization dependson the 
hoi
e of the fa
torization and renormalization s
ales. The un
ertainties are shownby the bands in Figure 3.14 where the s
ales have been varied in the range [mH

2 ,2mH ℄.Both Figures 3.13 and 3.14 were obtained with HqT2.0 [42℄.
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Figure 3.14: pT spe
trum 
omparison between NLO+NLL and NNLO+NNLL. The s
aleun
ertainties are in
luded.Monte Carlo (MC) Event generatorsIn a high energy 
ollider experiment, rather than observing total rates one observes events(whi
h 
an be seen as �s
reenshots� of the dete
tor at a given time). Distributions ofkinemati
 variables of the de
ay produ
ts are then populated with data taking over agiven period of time. In order to be able to 
ompare this distributions with theory , onetherefore needs to have an event by event des
ription of the 
ollision produ
t at the partonlevel, then apply an algorithm that 
orre
tly treats the hadronization of radiated partonsand ultimately a pro
edure that simulates the a
tual deposits of the �nal state parti
lesinto a real dete
tor.Moreover, not all di�erential distributions are analyti
ally 
al
ulable. When manyparti
les are present in the �nal state the phase spa
e integration 
an be
ome very di�
ultto 
ompute; one needs therefore to fall ba
k on Monte Carlo integration methods.A Monte Carlo Event generator is a program that is able to reprodu
e parti
le physi
sevents resulting from a 
ollision with the same probability as they o

ur in nature. Itis able to generate the 4-momenta of all the parti
les appearing in the �nal state. Asexplained in the previous se
tion, when partons are well separated, i.e when no 
ollinearof infrared divergen
es 
an o

ur, the matrix element (ME) des
ription is good enough.However, we have seen that when this is not the 
ase, large logarithms arise and need tobe resummed.Parton Shower The idea behind the parton shower formalism is that a parton emissionwill undergo several su

essive splitting 1→2 partons until the typi
al energy of the partonsis O(ΛQCD). At that point the elementary partons will hadronize into QCD jets. The mainingredient of a parton shower des
ription is the so-
alled Sudakov form fa
tor :
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∆p(t) = exp

[

−
′
∑

p

∫ t

t0

dt′

t′

∫

dz
αS

2π
Pp′p(z)

] (3.32)where the Pp′p(z) are again the Altarelli-Parisi splitting fun
tions, t = µ2. The Pp′p(z)are related to the probability that a parton p with momentum q radiates a parton withmomentum zq. On the other hand the Sudakov form fa
tor 
an be interpreted as theprobability for a parton not to split when evolving from a s
ale t0 to a s
ale t. 13 They 
anbe used in an iterative Monte Carlo pro
edure, together with the Altarelli-Parisi equationsto generate the sequential splittings of partons, i.e the parton shower. This method not onlyprovides a full kinemati
 des
ription of the jets in the �nal state, it also naturally in
ludesthe 
ontribution resulting from the resummation of the IR divergent leading logarithms.This pro
edure allows to generate radiation starting from the partons in the �nal state: they start with a high virtuality and de
rease until the hadronization s
ale ∼ ΛQCD isrea
hed. This forward evolution generates �nal state radiation (FSR). On the other hand,ba
kwards evolution generates Initial State Radiation (ISR).The a
tual implementation of the algorithm 
an vary. In this thesis we mostly usePYTHIA [43℄ in whi
h the ordering parameter is the virtuality, in 
ontrast to other gen-erators su
h as HERWIG [44℄ that use angular ordering.NLO Monte Carlo Generators Both PYTHIA and HERWIG provide a good de-s
ription of soft gluon emissions via the parton shower formalism. In addition, PYTHIAprovides a good des
ription of the underlying event (multi-parton intera
tion) and thehadronization (the LUND Model [45℄). However, both these generators 
ompute the hards
attering at LO only. This gives rise, in the 
ase of the Higgs produ
tion, to a poor de-s
ription of the hard part of the pT spe
trum. Ideally one would like to merge the partonshower approa
h valid for the soft pT region, with high order matrix element 
al
ulationwithout double 
ounting.The most 
ommon NLO MC generators are MC�NLO [46℄ and POWHEG [47�49℄.They have a similar approa
h in the sense that the O(αS) emission is always 
onsidered tobe the hardest, therefore this 
ontribution is removed from the parton shower sin
e betterdes
ribed by the ME. While MC�NLO has the disadvantage to provide negative weightedevents, POWHEG only provides positive weights. The 
ombination of high order ME
al
ulation with parton showers is a very a
tive (and re
ent) resear
h �eld. An example isthe MadGraph [50℄ e�ort that provides a fully automated matrix element 
omputation atNLO merged to showering and hadronization algorithms. An extensive review of MonteCarlo event generators is given in [51℄.
13The argument inside the exponential 
an be seen as the expe
ted number of splittings between t0 and

t. The Sudakov is then interpreted as a Poissonian distribution with n = 0, i.e probability of non-emission.



Chapter 4The LHC and the CMS experiment
The CERN (�Centre Europeen pour la Re
her
he Nu
leaire�) has played a major role inparti
le physi
s sin
e its 
reation in 1954. Cru
ial dis
overies su
h as the W and Z bosondis
overies in the UA1 and UA2 experiments [52�55℄ have led to a Nobel Prize for Rubbiaand Van der Meer in 1984. Other important results su
h as the determination of thenumber of neutrino families [56℄ or the dis
overy of dire
t CP-violation in neutral kaonsde
ays [57, 58℄ are also important a
hievements of CERN experiments.

Figure 4.1: Layout of the LHC. The two beams are in red (
lo
kwise) and blue (anti-
lo
kwise). The experiments ATLAS, LHCb, CMS and ALICE are lo
ated at the four
ollision points.Today CERN is hosting the most powerful hadron a

elerator in world, the LargeHadron Collider (LHC) [59�61℄. The LHC is an underground ring that a

elerates protonsand heavy ions and makes them 
ollide in four distin
t points, where are lo
ated the four



66 The LHC and the CMS experimentmajor LHC dete
tors: ATLAS [62, 63℄, LHCb [64℄, CMS [65�67℄ and ALICE [68℄ (seeFigure 4.1).ATLAS and CMS are multipurpose dete
tors as they serve the s
ope of probing newphysi
s as well as performing pre
ision measurements. The primary goal of these experi-ments, at least in the short term is to elu
idate the nature of the ele
troweak symmetrybreaking me
hanism. On the long run, these experiments will be able to ex
lude or 
on�rmnew physi
s, as long as it manifests at the O(1 TeV) s
ale. The LHCb was spe
i�
allydesigned for studying B-physi
s and CP-violation in general. On the other hand, Ali
e'spurpose is to study the hot dense medium produ
ed in heavy-ions 
ollisions.In this Chapter we will �rst des
ribe the main LHC 
hara
teristi
s, and how it didoperate sin
e the �rst days of its operations. We will then fo
us on the CMS experiment,by explaining how in general the 
ollision produ
ts 
an be analyzed with its various sub-dete
tors and how the data a
quisition and the dete
tor simulation is made.4.1 The Large Hadron ColliderThe LHC apparatus [59�61℄ is installed in the original 
avity of LEP. The tunnel lies 100m underground and is 27 km long. The design energy of the a

elerated protons is 7 TeV,allowing for an available energy in 
enter of mass frame (e.
.m) of 14 TeV. In 2010 and2011, an energy of 3.5 TeV per beam, 
orresponding to 7 TeV in 
enter of mass frame wasa
hieved. Center of mass energy √
s 14 TeVInstantaneous Luminosity 1034 cm−2 s−1Bun
h 
rossing 25 nsNumber of bun
hes 2808Number of protons per bun
h 1.15 × 1011Beam Lifetime 15 hrsTransverse Beam size 167 µmDipole Magnet Field 8.3 TTable 4.1: List of the main LHC design parametersThe protons are �rst 
reated out of hydrogen that gets ionized in a strong ele
tri
 �eld.The initial protons are a

elerated up to an energy of 50 MeV in the Linear A

elerator(LINAC) then inje
ted into the Proton-Syn
hrotron-Booster (PSB) where they rea
h anenergy of 1.4 GeV. Protons are then inserted into the the Proton Syn
hrotron (PS) wherethe beam gets subdivided into small bun
hes and further a

elerated up to 25 GeV. Thebun
hes are then inje
ted into the Super-Proton-Syn
hrotron (SPS) where they rea
h anenergy of 450 GeV (see Figure 4.2). Finally the 450 GeV proton bun
hes are inserted intwo lo
ations of the LHC where two separate beams will 
ir
ulate in opposite dire
tionsand a

elerated up to the nominal energy. On
e the nominal energy is rea
hed the beamwill 
ir
ulate and 
ollide until the beam are believed to be deteriorated (i.e when theinstantaneous luminosity has de
reased substantially). At this point the beams are dumped(see Figure 4.1) and the whole pro
ess starts again with a new �lling of proton bun
hes.



4.1 The Large Hadron Collider 674.1.1 ParametersThe MagnetsDue to their high mass, protons have the property to lose a little amount of energy due toBremsstrahlung radiation1.

Figure 4.2: The LHC 
omplex 
ompared to the LEP 
omplexHowever, the higher the mass of a parti
le, the higher the magneti
 �eld magnitudehas to be in order to bend the traje
tory. The limiting fa
tor towards rea
hing high energy
ir
ular proton beams is therefore in being able to produ
e a strong enough magneti
 �eldthe keeps TeV protons in the traje
tory 
onstrained by the LHC tunnel.The LHC uses a total of 9600 magnets. The 1232 dipole magnets are 
ooled down to1.9 K with super-�uid helium. At su
h a low temperature the dipoles being in a super-
ondu
ting state, 
an provide a magneti
 �eld of 8.3 T. The rest of the magnets arequadrupoles and o
topoles. They are used mostly for the 
ontrol of the protons traje
toryand the fo
using of the beams at the intera
tion points. A 
loser look at a transverse viewof the beam pipe with the magnets is shown in Figure 4.3.Instantaneous LuminosityExperiments su
h as CMS or ATLAS aim at studying extremely rare pro
esses. In orderto a

umulate a statisti
ally signi�
ant number of su
h events, the LHC instantaneousluminosity has to be important (see Equation (2.3)). The instantaneous luminosity 
har-a
terizing two identi
al 
olliding beams 
an be generally written as2:1In a 
ir
ular motion, the amount of radiation that an a

elerated 
harged parti
le loses per unit timegoes P ∼ m−4. In parti
ular, this implies that a proton 
ir
ular beam loses `me

mp

´4 ∼ 10−13 less energyper unit time that an ele
tron does. This is also the reason why it is impossible to rea
h the TeV s
alewith an ele
tron-positron 
ir
ular 
ollider of the same size as the LHC.2The integrated luminosity is given by L =
R

Ldt where L is the instantaneous luminosity.
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Figure 4.3: A transverse view of the beam-pipe and the magnets together with the holding
ooling vessel.
L = fnb

N2
b

A
(4.1)where f is the revolution frequen
y (�xed by the LHC length and the speed of light),

nb is the number of bun
hes of protons, Nb is the number of protons per bun
h, and A isthe e�e
tive overlap area of the beams (de�ned in the dire
tion transverse to beam). Thedesign luminosity of the LHC, L = 1034cm−2s−1 is a
hieved by subdividing the beam in
nb = 2808 bun
hes with Nb = 1.15×1011 protons per bun
h. Some of the parameters that
hara
terize the LHC apparatus are summarized in Table 4.1.At su
h a high luminosity, it is estimated that ∼ 25 intera
tions between protons willo

ur during a bun
h 
rossing. These pile-up events, 
orresponding mostly to low trans-verse momentum inelasti
 intera
tions, will overlap with the interesting high momentumhard s
attering events. A high resolution dete
tor is essential to separate these two verydi�erent type of events.4.1.2 The LHC performan
e in 2011The LHC operations started in September 2008. After a week of 
ir
ulating beams a majorin
ident o

urred, 
ausing serious damage to the ma
hine that needed several months ofstop in order to repair the damage. Due to this in
ident, LHC started again operationsone year later, in November 2009, at half the nominal energy. Sin
e then, the instanta-neous luminosity has been gradually (and 
autiously) in
reased (see Figure 4.4(a)). Up totoday, the LHC program has su

eeded in providing to CMS an integrated luminosity ofapproximately 5 fb−1, most of whi
h was re
orded in 2011 with an instantaneous luminos-ity peaking at 3.3 × 1033 at the end of 2011, with 1000 proton bun
hes and 50 ns spa
ing.
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(a) (b)Figure 4.4: (a) Instantaneous luminosity peak value delivered per day. The un�lled periods
orrespond to te
hni
al stops of the ma
hine. (b) Integrated luminosity a

umulated untilo
tober 2011The LHC will keep operating until the end of 2012. At least a full year of te
hni
al stopis then foreseen. In 2014 the LHC is expe
ted to run 
lose to the design energy (√s =14TeV).4.2 The Compa
t Muon SolenoidThe Compa
t Muon Solenoid (CMS) [65�67℄ is a 
ylindri
al shape dete
tor lo
ated at the�Point 5� of the LHC beam-pipe (see Figure 4.1). CMS is 21m long and has a diameterof 15 m. The total inelasti
 proton-proton 
ross se
tion is 100 ∼ mb at the LHC, whi
h
orresponds, at the design luminosity, to approximately 109 inelasti
 
ollisions per se
ond.This means that during a bun
h 
rossing (25 ns), there will be ∼ 25 
ollisions (pile-up),generating ∼ 1000 parti
les. These extreme 
onditions imply several requirements on thedesign and the timing response of the CMS dete
tor. CMS also needs to be highly granularand to be able to resist to su
h a radiation heavy environment.The topology of CMS is di
tated by the type of stable parti
les that are identi�able:hadrons, ele
trons, muons3 and photons. Muons play a spe
ial role as they are heavy andtherefore their presen
e might indi
ate a de
ay of some heavy resonan
e. A similar roleis played by heavy �avor quarks su
h as b and c, and τ leptons. Although these parti
lesare unstable (they de
ay after traveling a small distan
e), they 
an still be identi�ed viaindire
t te
hniques.The �rst layer of the dete
tor that is en
ountered by the 
ollision produ
ts is a highlygranular tra
ker, that allows to re
onstru
t the traje
tory of 
harged parti
les withoutsigni�
antly a�e
ting their momenta. A high magneti
 �eld is applied in order to bendthese parti
les and therefore to be able to infer their momenta by studying their traje
tory.The se
ond layer is the ele
tromagneti
 
alorimeter (ECAL) that allows to measure theenergy of ele
trons and photons. The next layer is the Hadroni
 Calorimeter (HCAL) that3Ultra-relativisti
 muons 
an be 
onsidered to be stable, due to their Lorentz dilated lifetime
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Figure 4.5: Perspe
tive view of the CMS dete
tor

Figure 4.6: Transverse sli
e of the CMS dete
tor. The parti
le-dete
tor intera
tions arealso representedwas designed to measure the energy of hadrons (
harged pions, kaons, protons . . .). Finally,the only parti
les surviving the passage through the 
alorimeters are the muons. The lastlayer is a dedi
ated muon dete
tor (see Figure 4.5 and 4.6).Before dis
ussing in detail ea
h sub-dete
tor, we review here the 
oordinate 
onventionin CMS. The z-axis is in the beam dire
tion and the x,y dire
tion are the transverse
oordinates. The transverse momentum and pseudo-rapidity de�nition are the same given



4.2 The Compa
t Muon Solenoid 71in Chapter 3. There are parti
les, su
h as neutrinos that remain undete
ted (due totheir weakly intera
ting nature). Although the proton-proton 3-momentum is 
onservedin a 
ollision, most of the proton remnants are lost in the beam line. Therefore one
annot indire
tly infer the 3-momentum sum of those parti
les that do not leave a signalin dete
tor. However in the transverse plane the total 3-momentum is 
onserved and equalto 0. The ve
torial momentum imbalan
e observed in the transverse plane has thereforeto be equal to the total transverse momentum of the undete
ted parti
les. This quantityis 
alled the Missing Transverse Energy (−−−→Emiss
T )4.4.2.1 The MagnetThe magneti
 �eld bends the 
harged parti
les 
oming from the intera
tion point, allowingto measure their momenta in the tra
ker and the muon 
hambers. It should be able tosigni�
antly deviate ele
trons and muons with energies as high as 1 TeV. In order to a
hievea good momentum resolution (∆p

p ∼ 10% for p = 1 TeV) the CMS 
ollaboration has 
hosento operate with a �eld B = 4T (now operating at 3.8T) [69℄.

Figure 4.7: Norm of the Magneti
 Field inside CMS.The solenoid is lo
ated between the 
alorimeters and the Muon Chambers so that the�eld lines are not 
onstant within CMS. Outside the solenoid volume the �eld dire
tion isinverted. This lo
ation allows to have a strong and 
onstant �eld inside the tra
ker andthe 
alorimeter volume (the magneti
 �eld rea
hes its maximal value inside the solenoidand, as shown in Figure 4.7, B = 2T in the muons volume). Also, an optimal length todiameter ratio was 
hosen in order to a
hieve a good momentum resolution in the forwardregion.The solenoid is made of NbTi material, 
ooled down to 4.5K by a 
ryostat �lled withliquid helium. Su
h a low temperature is ne
essary to a
hieve a super-
ondu
ting state.In Table 4.2 we give a list of the main features of the CMS solenoid.4We will often refer to the Missing Transverse Energy as |−−−→Emiss
T | = Emiss

T



72 The LHC and the CMS experimentField strength 4 TInner Bore 5.9 mLength 12.9 m
Nturns 2168Current 19.5 kAStored Energy 2.7 GJTable 4.2: List of the CMS solenoid parameters4.2.2 The Tra
king SystemThe Tra
ker [70℄ is the sub-dete
tor that lies the 
losest to the beam line. Its main purposesare to measure with high a

ura
y the momentum of 
harged parti
les and, via appropriatealgorithms to determine the position of the intera
tion verti
es (
orresponding to the hards
attering and the pile-up verti
es) as well as identifying the so-
alled �se
ondary� verti
es.Se
ondary verti
es are displa
ed verti
es (with respe
t to the beam line). They originatefrom the de
ay of long lived parti
les su
h as b-quarks, K0

S , Λ, Ξ.The tra
ker is a sili
on dete
tor. The basi
 
omponent of su
h a dete
tor is a made ofa bulk of an n-type semi-
ondu
tor, on top of whi
h is pla
ed an array of p-type pixels,or strips. When a 
harged parti
le passes through the bulk, it 
reate a parti
le-hole pairs.The resulting 
harges migrate towards the pixel/strip with a 
ertain angle (due to thepresen
e of the magneti
 �eld) and are read via a system of ele
troni
 readouts.

Figure 4.8: Longitudinal 
ross se
tion of the CMS tra
ker. Single lines represent simplemodule, double lines represent stereo modulesDue to the high number of parti
les produ
ed per bun
h 
rossing, the tra
ker wasdesigned with a high granularity. It 
onsists of an inner part, the sili
on pixel dete
tor andan outer part, the sili
on strip dete
tor. It 
overs a total pseudo-rapidity range |η| ≤ 2.5.A longitudinal view of the tra
ker volume is given in Figure 4.8.� The pixel dete
tor 
onsists of three layers (the Barrel), lo
ated at the respe
tiveradii 4.4, 7.3 and 10.2 
m, and two disks that �
lose� the 
ylinder (the End-
aps).



4.2 The Compa
t Muon Solenoid 73This 
orresponds to a total of 64 million 100×150 µm2 pixels. The Pixel dete
torhas therefore an extremely high resolution in the r × φ (10 µm) plane and in thez-dire
tion (20 µm) plays therefore a key role in the determination of the verti
esposition.� The se
ond 
omponent of the tra
king system is the sili
on strip dete
tor. It 
onsistsof four subsystems: the Tra
ker Inner Barrel (TIB), Outer Barrel (TOB), the InnerDisk (TID) and the Outer Disks (TEC). The TIB has 4 layers and 
overs a radiusfrom 20 to 55 
m and a longitudinal distan
e |z| ≤ 65 
m. The TOB 
onsists insteadof 6 layers 
overing |z| ≤ 118 
m and radii between 55 
m and 116 
m. In theTIB and TOB the �rst two layers are �lled with stereo modules (meaning that ea
hmodule 
onsists in two series of sili
on strips pointing in a di�erent dire
tion in orderto in
rease the r× φ resolution) opposed to the other layers that are made of simplemodules. The overall a
hieved resolution is ∼ 30 (40) µm in the r × φ plane and
∼ 230 (300) µm in the z dire
tion for the TIB(TOB). The TID and TEC are rings
entered on the z-axis. The TID(TEC) is 
omposed of 3(9) rings. The �rst twolayers of TID and layers 1,2 and 5 of TEC have stereo modules. The resolution is
omparable to that of TIB and TOB.

(a) (b)Figure 4.9: Resolution a
hieved with the tra
ker on muons transverse momentum in MonteCarlo simulation (a) and Data (b)In Figure 4.9 the tra
king momentum resolution is shown: in Monte Carlo simulation(a) for di�erent average values of the muon transverse momentum and in data (b) as afun
tion of the pseudo-rapidity. The pT resolution is approximately ∼ 1% in the 
entralregion of the dete
tor and ∼ 5% in the forward region (depending on the muon pT ) [71℄.4.2.3 The Ele
tromagneti
 CalorimeterThe Ele
tromagneti
 Calorimeter (ECAL) [72℄ surrounds the tra
king volume. Its purposeis to measure the energy of parti
le that intera
t ele
tro-magneti
ally, mainly ele
trons(and positrons) and photons.
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iple is the following: at high energy (≥ 100 MeV) ele
trons lose their energyprimarily via bremsstrahlung emission of photons. In matter, the emitted high energyphotons 
onvert into ele
tron-positron pairs that, in turn, will radiate photons, et
 . . ..This pro
ess, known as ele
tromagneti
 shower, will 
ontinue until the energy of the e+e−pair be
omes smaller than some 
riti
al energy Ec (de�ned as the energy regime at whi
hbremsstrahlung emission is no longer the predominant me
hanism for ele
trons energyloss). At energies E ≤ Ec ele
trons mainly lose their energy via inelasti
 
ollisions with theele
trons present in the atoms of the material. If the material is 
hosen in an appropriateway5, it is possible to 
ontain the whole shower inside a small volume. The impa
t ofparti
les resulting from the shower with the material's atom produ
es an amount of lightthat 
an be related to the total energy loss of the initial ele
tron/photon.

Figure 4.10: Longitudinal 
ross se
tion of the CMS Ele
tromagneti
 CalorimeterThe CMS ECAL s
intillator is the PbWO4 
rystal. The small radiation length (89mm) and Moliere Radius (21.9 mm) allowed to build a 
ompa
t, highly granular and fastresponse 
alorimeter able to 
olle
t the majority of the in
oming photon/ele
tron initialenergy. The ECAL barrel 
overs a pseudo-rapidity |η| ≤ 1.479. It 
onsists of 61200 PbWO4
rystals with dimensions 22×22×240 mm. The s
intillated light is 
olle
ted by Avalan
hePhoto-diodes (APDs) in the Barrel and Va
uum Photo-diodes (VPDs) in the End-
aps.Due to the high rate of neutral pion produ
tion in the forward region6, a lead preshowerdete
tor is installed in order to be able to dis
riminate the pion de
ay from the promptphotons7 as the ECAL granularity is not �ne enough in order to resolve two 
lose-byphotons. The preshower dete
tor also helps in dis
riminating ele
trons from MinimumIonizing Parti
les (MIP)8 and helps in determining their position. A longitudinal 
ross-se
tion of the ECAL dete
tor is shown in Figure 4.10.The energy resolution of the ECAL dete
tor 
an be expressed as:
(

σ

E

)2

=

(

S√
E

)2

+

(

N

E

)2

+ C2 (4.2)5That is, by 
hoosing a material with the right radiation length (average distan
e over whi
h the ele
tronloses all but 1
e
of its energy) and Moliere radius (transverse extension of the shower)6Boosted pions mainly de
ay to two 
ollinear, almost unresolvable photons7We refer to prompt parti
les when they originate as the �nal state of the hard s
attering8A parti
le is in the MIP regime if the energy it loses by ionizing matter is minimum. Most of thestable parti
les (with the ex
eption of the ele
tron) are MIP at a high enough energy
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t Muon Solenoid 75where S is the sto
hasti
 term (photo-statisti
s and event by event �u
tuations of theshower), N is the noise term (ele
troni
s, pile-up) and C is the 
onstant term.

Figure 4.11: Energy resolution as a fun
tion of the ele
tron energy obtained from a testbeam. The energy here is the total energy deposited in 3×3 array of ECAL 
rystals.At high energies, only the 
onstant 
ontribution is relevant. The 
onstant term in
ludeserrors from the inter-
alibration, energy leakages from the ba
k of the 
rystals and non-uniformity of the light 
olle
tion in the longitudinal dire
tion. During test beams the CMSECAL resolution has been found to be [72℄ (see Figure 4.11):
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)2

=
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)2

+
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E

)2

+ (0.3%)2 (4.3)4.2.4 The Hadroni
 CalorimeterA Hadroni
 Calorimeter dete
ts and measures the energy of long lived hadrons. Theintera
tion of hadrons with nu
lei produ
es a hadroni
 shower. Typi
ally hadroni
 showersare mu
h larger than the ele
tromagneti
 ones, thus the HCAL o

upies a mu
h largervolume than ECAL.The large pseudo-rapidity 
overage |η|≤ 5.2 allows to measure the energy and thedire
tion of hadrons produ
ed during the 
ollision over a wide geometri
al a

eptan
e [73℄.Morevover the HCAL provides a measure of the Emiss
T , sin
e hadrons 
ontribute, in proton-proton 
ollisions, to a signi�
ant fra
tion of the total produ
ed parti
les, and thus of thetotal deposited energy.HCAL has four sub
omponents: the Barrel (HB), the EndCaps (HE), the outer barrel(HO), and the forward 
alorimeter (HF) as shown in Figure 4.12.
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Figure 4.12: Longitudinal 
ross se
tion of the CMS Hadroni
 Calorimeter.The HCAL barrel 
overs a pseudorapidity range |η|≤ 1.3 and a radial extension 1.71m ≤ R ≤ 2.95 m. HCAL 
onsists of alternating layers of 5 
m brass absorber (70% Cu +30% Zn) and 4 mm plasti
 s
intillator. The readout is made of opti
al �bers and hybridphoto-dete
tors. In order to ensure enough penetration depth, the outer 
alorimeter (HO)is pla
ed after the magnet (that also serves as a additional absorber). The end-
aps (HE)
over the region 1.3≤ |η| ≤3. The absorber used in (HE) is di�erent due to the highradiation and high parti
les rates: C260000 
artridge brass was used. Finally we have HF,in the forward region |η| ≤ 5.2, the material must survive to even higher level of radiation.Therefore the 
hoi
e was made to use a Cherenkov dete
tor with quartz �bers.

Figure 4.13: Jet transverse energy resolution as a fun
tion of the simulated jet transverseenergy in di�erent pseudo-rapidity ranges



4.2 The Compa
t Muon Solenoid 77The jet energy resolution of the HCAL in di�erent pseudo-rapidity range is shown inFigure 4.13.4.2.5 The Muon Dete
torAs the CMS a
ronym indi
ates, a high fo
us was put on muon dete
tion while designingCMS. These parti
le play indeed a spe
ial role in Higgs and new physi
s sear
hes (as it isthe �rst heavy stable parti
les that heavy resonan
es will de
ay into). At high energies,muons are minimum ionizing parti
les (MIPs), that is, they lose very little of their initialenergy by traversing matter. Muons are, with neutrinos, the only (known up to date)parti
les 
apable of rea
hing the last layer of the CMS dete
tor: the Muon Chambers [74℄.

Figure 4.14: Longitudinal 
ross se
tion of the CMS Muon Dete
tor.A muon 
hamber 
onsists of a volume �lled with a gas and a 
ondu
ting wire. Thevolume delimiter is also 
ondu
ting so that when a muon passes through volume, the gasgets ionized, and the 
harges that are released drift towards the wire (an ele
tri
 �eld isapplied). The indu
ed ele
tri
 signal is then re
orded by appropriate ele
troni
 readouts.The muon system in CMS 
onsists of three types of gaseous 
hambers (see Figure 4.14):� The Drift Tubes (DTs) 
hambers 
overs a pseudo-rapidity range |η| ≤ 1.2. The
hambers have a 
ross se
tion of 4.2 × 1.3 
m and a length of 2.5 m. They are�lled with Ar/C02 gas. The 
ontainer is aluminum based and a stainless steel wirea
ts as the anode. The DTs are parti
ularly suited for the 
entral part of dete
tor,where muon rates are small, the magneti
 �eld is uniform and the neutron-indu
edba
kground is small.� In the End-
aps where rates are higher and the magneti
 �eld is non-uniform andlarge it was 
hosen to use Cathode Strip Chambers (CSCs). Ea
h CSC has a trape-zoidal shape and 
onsists of six 
athode strips alternated with gas gaps.� The Resistive Plate Chambers (RPCs) are pla
ed both in the Barrel and in the End-
aps. They are used to help in mat
hing the muon tra
ks with the beam 
rossingsand to 
omplement the Level 1 Trigger (see next se
tion).
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Figure 4.15: Muon transverse momentum resolution as a fun
tion of its transverse momen-tum using only the muon system, only the tra
ker system, and both in the 
entral regionof the dete
tor (left) and in the forward region (right).The DTs and CSCs provide a similar spatial resolution of ∼ 100 µm. Used in 
om-bination with the tra
ker information, they provide a pre
ise measurements of the muontraje
tories and of their momenta. As an illustration Figure 4.15 shows the muon transversemomentum resolution with and without the use of the muon 
hambers. The exploitationof the muon 
hambers allows to signi�
antly de
rease the un
ertainty on the muons mo-menta at high energies, where the 
urvature indu
ed by the magneti
 �eld on the muonstraje
tory is small.4.2.6 The Trigger SystemUnder nominal 
onditions the LHC delivers bun
h 
rossings at a rate of 40 MHz. Giventhe huge amount of information in one single event it is impossible to store on tape everyevent.A dedi
ated trigger system has therefore been designed in order to keep the dataa
quisition rate at a sustainable level. Storing only �interesting events� 
an be a
hieved bya fast de
ision making system in situ. CMS uses a two level trigger system: the Level 1Trigger (L1), and the High Level Trigger (HLT).L1 Trigger The L1 trigger 
an a
hieve an event rate redu
tion down to O(100 KHz).This redu
tion rate is performed in three basi
 steps:� At the lo
al level, the Trigger Primitive Generators (TPGs) use information fromthe Calorimeters (energy deposits) and Muon system (tra
k segments in the muon
hambers) to form primitive obje
ts.
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Figure 4.16: Ar
hite
ture of the Level-1 Trigger� Regional Triggers (RTs) then 
ombine the Trigger Primitives information to formparti
le 
andidates (su
h as photons, muons, ele
trons) with a given rank based onthe quality of the deposits.� Finally the Global Calorimeter/Muon Triggers 
ombine the various regional triggersoutputs and determine the highest ranks. The event is kept or reje
ted if the parti
lesful�ll some 
hara
teristi
 requirements and if 
ertain general dete
tor 
riteria areproperly satis�ed.If the event is a

epted, the information is 
ommuni
ated to the various sub-dete
tors viathe Timing Trigger and Control System (TTC). A �nal L1 de
ision takes approximately3 µs to be taken. During this de
ision making the data is temporarily written in memorybu�ers lo
ated in the front-end ele
troni
s and 
olle
ted 
entrally if the event is a

eptedby the L1 trigger.The High Level Trigger The High Level Trigger (HLT) is basi
ally a farm of CPUsperforming algorithmi
 operations aimed at 
he
king parti
ular requirements on one ormore parti
le 
andidates in order to sele
t interesting events for physi
s analysis. TheHLT de
ision is subdivided in two steps:� Muons and Calorimeter information is used is order to 
onstru
t more elaboratedobje
ts than L1.� Tra
ker information (in
luding heavy �avor identi�
ation) is in
luded in order tomake use of the full dete
tor informationThe results are stored in Primary Datasets (PDs) by making sure that little or no overlapo

urs among various PDs. With this system, CMS is able to redu
e the initial event rateby a fa
tor 105. The �nal rate after the HLT is O(100 Hz).



80 The LHC and the CMS experiment4.2.7 Simulation Chain and the CMS SoftwareA proper simulation of the intera
tions of the 
ollision produ
ts through the CMS dete
toris 
ru
ial in order to be able to interpret the data and to test dete
tor response. Also, auni�ed framework 
apable of handling all the aspe
ts of su
h a multi-purpose experimentin a user friendly environment is ne
essary. We will review the basi
 steps that 
hara
terizeevent simulation and stress the major 
apabilities of the CMS software.Event simulationWe have seen in the previous Chapter the importan
e of being able to produ
e kinemati
distributions 
hara
terizing a given pro
ess (su
h as Gluon Fusion Higgs produ
tion) andmoreover, to have at our disposal an event-by-event des
ription of su
h pro
esses. In this
ontext, Monte Carlo programs are able to produ
e an ex
lusive des
ription of the �nalstate in terms of partons (quarks and gluons) and leptons. When a hadronization algorithmis added to su
h a pro
edure, we have then a full des
ription of the �nal state in termsof stable 
olorless hadrons (and stable leptons and photons). The out
ome of this eventgeneration 
an then be exploited by a program that simulates the passage of su
h parti
lesthrough the CMS dete
tor.The GEANT4 [75, 76℄ (GEometry ANd Tra
king) pa
kages serves this task. Based ontheir 4-momenta, parti
les are tra
ed through a simulated version of the CMS dete
tor.The passage of the parti
les through matter is properly modeled. The result of the parti
lesintera
tion with the CMS material is re
orded as a simulated hits. The GEANT toolkit isalso able to generate so 
alled se
ondary parti
les, that originate from the intera
tion ofprimary or prompt parti
les with the dete
tor material (su
h as ele
tron/positron 
onver-sion into photons). The simulated hits are then used as inputs by emulators, that simulatethe digitization of the deposits in the various sub-dete
tors, in
luding the trigger de
isions.Computing in CMSThe CMS software (CMSSW) [77℄ is an obje
t oriented framework based on the programinglanguages C++ and Python. The data formats are stru
tured in �trees� that 
ontainmost of the event information that is needed and they 
an be analyzed with the ROOTpa
kage [78℄.The CMSSW 
ode 
overs a wide variety of operations within CMS. It is used for theMonte Carlo event simulation (i.e all the 
hain des
ribed in the previous paragraph) forobje
ts re
onstru
tion (see next Chapter) and for the data analysis. In addition it is alsoused to organize the storage and distribution of the data. CMSSW is being 
onstantlyupdated in new releases in order to a

ount for 
hanges in the 
alibration 
onstants of aparti
ular subdete
tor, or the de�nition of a new relevant variable.The LHC is expe
ted to produ
e ∼ 5 petabytes of data per year. In order to 
ope withsu
h a high data volume the LHC experiments make use of a data storage infrastru
tureand a distributed 
omputing system 
alled the Worldwide LHC Computing Grid (WLCG).After data is re
orded, 
alibration and express stream analysis are performed in the CERNAnalysis Fa
ility (CAF). The data is then distributed into the Tier 0, lo
ated at CERN,then to the Tier 1 
enters (in seven 
ountries) and �nally to the Tier 2 
enters. This �owof data allows the various institutions around the world to perform data analysis lo
allyin their nearest Tier 2 
enter.
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Chapter 5The H→W+W−→ℓ+νℓ−ν̄ signal andits main ba
kgrounds
As already introdu
ed in Chapter 2 the de
ay modes of the Standard Model Higgs arestrongly dependent on its mass. Indire
t 
onstraints from the ele
troweak global �t pointto a low Higgs mass [23℄. Although a Higgs mass mH = 155 − 165 GeV has alreadybeen ex
luded at 95 % 
on�den
e level by the Tevatron [22℄, there is still a 
hallengingopportunity for dis
overy (or ex
lusion) in the de
ay 
hannel H→W+W− in the mass range
mH = 120 − 200 GeV be
ause in this region mH ≈ 2mW and the bran
hing ratio(BR) of H→W+W− de
ay is 
lose to 1. Therefore this 
hannel is of parti
ular importan
ein the �rst years of running of the LHC.The W boson 
an de
ay into two quarks or into a lepton and a neutrino 1 (e νe, µ νµand τ ντ ), leading to three main possibilites for the H→W+W− �nal state:� fully hadroni
: ≥ 4 jets in the �nal state� semi-hadroni
(leptoni
): ≥ 2 jets, 1 lepton and missing energy in the �nal state� fully leptoni
: ≥ 0 jets, 2 leptons in the �nal state and large missing energy in the�nal state.Although the 
ross-se
tion of the fully hadroni
 and semi-leptoni
 de
ays are higherthan that of the fully leptoni
 de
ay, these sear
hes are very 
hallenging at the LHC due tothe high produ
tion rate of QCD pro
esses that 
onstitute a ba
kground for these de
aymodes. On the other hand the fully leptoni
 sear
h presents a mu
h 
leaner �nal statesin
e the ba
kgrounds in this 
ase are mainly ele
troweak pro
esses with a mu
h lower
ross se
tion. The present work will study ex
lusively the fully leptoni
 �nal state.First, a short introdu
tion on the signal and the major ba
kgrounds is given. We willalso brie�y introdu
e the most signi�
ant signatures dis
riminating between the signal andthe ba
kgrounds. We then dis
uss at higher detail the signal and the major irredu
ibleba
kground W+W− topology. We will see how the events topology 
an be inferred fromsimple qualitative arguments.1In the following we use the 
onvention that a lepton refers to a massive lepton. The notation "l" refersto a stable lepton e or µ unless stated otherwise.
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kgrounds5.1 Signal and Ba
kgrounds5.1.1 The SignalWe have already dis
ussed in Chapter II the main produ
tion me
hanisms and de
ays ofthe Higgs parti
le at the LHC. We re
all that at the LHC the Higgs produ
tion originatesfrom gluon gluon fusion (ggH), ve
tor boson fusion (VBF), asso
iated Produ
tion withZ/W and top pair. We re
all that the ggH me
hanism is predominant at the LHC (ap-proximately 95%). When mH ∼ 160 GeV ∼ 2MW the Higgs is produ
ed on-shell and the
W+W− bran
hing ratio is one, meaning the Higgs boson ex
lusively de
ays via this 
han-nel. IfmH < 160 GeV the Higgs is produ
ed o�-shell, and this de
ay is gradually suppressedas mH be
omes smaller. However if the Higgs mass is in the range mH = 120 − 200 GeVthis 
hannel is still highly explopitable (see Figure 2.2).
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(a) (b)Figure 5.1: Comparison of the distribution of the tranverse momenta of the leptons orig-inating from the H→W+W− de
ay in the 
ase where the W+W− system de
ays dire
tlyto stable leptons e or µ (red 
urve) or to tau leptons that de
ay leptoni
ally (bla
k 
urve).The tranverse momentum of the less (most) energeti
 stable lepton is shown in 'a' ('b').When both the W bosons de
ay leptoni
ally, the signal will be 
hara
terized by thepresen
e of two leptons with opposite 
harge and a relatively high transverse momentum(depending on the Higgs mass), large missing transverse energy due to the neutrinos whi
h
an es
ape dete
tion. There are then 9 equally likely possibilities involving every possiblelepton pair (ee, eµ, eτ , µµ, µe, µτ , ττ , τµ, τe).Unlike ele
trons and muons, τ leptons are unstable and 
annot be dete
ted dire
tly.They de
ay ele
troweakly into a W boson that in turn de
ays into hadrons (∼ 65%) orstable leptons (∼ 35%). In the former 
ase this leads to a �nal state di�erent from the"two leptons and missing transverse energy" signature. In the latter 
ase the �nal stateis apparently similar to that of a W+W− → eµ, ee, µµ de
ay. However the stable leptonoriginating from a τ de
ay has a lower momentum than that of a lepton originating dire
tly



5.1 Signal and Ba
kgrounds 85from a W boson (sin
e the available phase spa
e for su
h a de
ay is redu
ed) as is shownin Figure 5.1.A low fra
tion of these events will also present one or more jets in the �nal state, whengluons are radiated o� the initial state (see Chapter 3). The number of jets in the �nalstate (and their respe
tive momenta) is also a variable that 
an be exploited. As we willsee in greater detail later, these variables will help in dis
riminating between the signaland the ba
kgrounds.5.1.2 The Ba
kgroundsWe will brie�y introdu
e here the main pro
esses that have the potential to mimi
 thesignature of the H→W+W−→ℓ+νℓ−ν̄ de
ay. These pro
esses involve the presen
e of twowell identi�ed leptons plus 
ontribution of ET
miss (and eventually one or more jets in the�nal state). They are the W+W− irredu
ible ba
kground, t̄t pair produ
tion, single topprodu
tion and Drell-Yan and W+jets plus other minor 
ontributions.Pro
ess σ× BR (pb)gg → H → WW → 2ℓ2ν (mH = 130 GeV) 0.45gg → H → WW → 2ℓ2ν (mH = 160 GeV) 0.87gg → H → WW → 2ℓ2ν (mH = 190 GeV) 0.49W → ℓ ν + jets 31314qq → WW → 2ℓ2ν 4.51

tt̄ → 2ℓ2ν2b 157.5Z → ℓℓ + jets (mℓℓ > 20 GeV ) 4998tW → 2ℓνb 10.9Table 5.1: Most signi�
ant ba
kgrounds 
ross-se
tions at NLO times Bran
hing ratio atthe 
enter of mass energy √
s = 7 TeV in pb 
ompared to the signal produ
tion. Here l =e, µ, τ(from [15℄).The Table 5.1 summarizes the magnitudes of these pro
esses at the 
enter of massenergies √

s = 7 TeV. The Higgs gluon fusion 
ross se
tion times bran
hing ratio is alsoshown as a referen
e for the three mass pointsmH = 130, 160, 190 GeV. With 1 fb−1 of datataking (approximately 1 year of early LHC running) we expe
t∼ 450 Higgs bosons de
ayinginto leptons 
ompared to 30 ×106 W+jets, 5×106 Drell-Yan, 150 ×103 t̄t pairs and 4×103

W+W− events. Dis
overing a small signal 
ontribution hidden in su
h an overwhelmingba
kground ne
essitates to de�ne kinemati
al variables that behave di�erently between thesignal and the various ba
kgrounds, and exploit these di�eren
es by sele
ting parti
ularphase-spa
e region in whi
h the ratio signal over ba
kground (S/B) is enhan
ed.WW 
ontinuumA W+W− pair 
an be produ
ed by a qq̄ s
attering or by gluon-gluon fusion. Figure5.2(a) shows one of the leading order diagrams for this pro
ess. The gluon indu
ed pro
essinvolves a light quark loop and is therefore highly suppressed and is shown in 5.2(b) . Forthe qualitative dis
ussion of this 
hapter we are going to 
onsider only quark indu
ed Wpair produ
tion as it is the dominant produ
tion mode.The W+W− ba
kground is an irreducible ba
kground in the sense that a W pair aloneis produ
ed in this pro
ess, whi
h makes it almost identi
al to a H→W+W− de
ay. We
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(a) (b)Figure 5.2: Example of Feynman diagrams of the diboson W+W− produ
tion at the LHC.In (a) the dominant quark indu
ed produ
tion mode is shown. In (b) the sub-dominantgluon indu
ed produ
tion, involving at light quark loop, and therefore suppressed.will see later that the 
ru
ial dis
riminant for its redu
tion is the opening angle betweenthe leptons due to di�erent spin 
orrelation in the signal and the ba
kground. A detailed
omparison with the signal will be performed in the next paragraph.Top produ
tionThe t̄t pair produ
tion is a major ba
kground for H→W+W− but unlike the W+W− 
on-tinuum it is a redu
ible ba
kground. The top quark de
ays almost ex
lusively (98%) to aW boson and a b quark leading, in addition to two leptons and large missing energy, tothe presen
e of two 
entral b-jets (see the 
orresponding diagrams in Figure 5.3). These
entral b-jets 
an be identi�ed with the b-tagging te
hnique (this te
hniquewill explainedin Chapter 6). A veto on the presen
e of su
h jets 
an lead to a 
onsiderable redu
tionof this major ba
kground. A top quark 
an also be produ
ed alone, predominantly viathe so-
alled tW 
hannel (see Figure 5.4). The �nal state is in this 
ase two leptons plusmissing energy and one b-jet. If one requires a low number a re
onstru
ted jets (0 or 1)the yields of top indu
ed ba
kground 
an be sensibly redu
ed.Drell-Yan (Z+jets)The Drell-Yan (DY) 2 pro
ess, Z/γ∗ → ℓℓ , has a huge 
ross-se
tion (see Table 5.1). AsFigure 5.5 shows, the Z/γ boson de
ay to two leptons potentially mimi
s the signal. Inprin
iple this ba
kground a�e
ts only the the same �avor 
hannels H→W+W− → ee and
H→W+W− → µµ, although a Z/γ → ττ 
an also a�e
t the mixed �avor 
hannel. Thisba
kground 
ontribution 
an be redu
ed by requiring no signi�
ant ET

miss is present inthe �nal state. With high luminosity 
onditions however, the high amount of simultaneousintera
tions per bun
h-
rossing 
an severely a�e
t the ET
miss resolution having the e�e
tfor the DY to display signi�
ant missing energy. One 
an also redu
e this ba
kground byapplying a veto to events that present two opposite sign and same �avor leptons with aninvariant mass mat
hing the Z boson mass.2Sometimes the Drell-Yan refers to W or Z produ
tion. Hereafter Drell-Yan will be referring ex
lusivelyto Z/γ + jets produ
tion.
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kgroundsW+jetsThe W+jets pro
ess is produ
ed at an extremely high rate at the LHC. When the Wde
ays leptoni
ally the �nal state 
onsists of one lepton, missing energy plus 0 or morere
onstru
ted jets. Sometimes the jets 
an be misidenti�ed as leptons and this ba
kground
an then potentially mimi
 the 2 leptons plus missing energy �nal state. The "fake-rate"i.e. the probability that a jet 
an fake a stable lepton depends on whether the lepton is anele
tron or a muon (the fake rate is higher for ele
trons) and on the momentum of the jet(the lower the jet momentum, the higher the fake-rate probability). This ba
kground 
anthen be redu
ed by:� requiring a minimum threshold on the identi�ed lepton momenta� applying identi�
ation and isolation 
riteria of on the identi�ed leptonsThe �rst listed requirement is done at the expense of signi�
antly killing the signalin the 
ase of a �nal state involving one or two τ leptons in the �nal state. The latter
riterium relies on the fa
t that a jet faking a lepton usually present a high a
tivity in aregion that surrounds it. Requiring that a lepton is isolated is asking that little or no highmomentum parti
les surround the lepton.
q̄

q

γ∗/Z

l−

l+Figure 5.5: Diagram of Drell-Yan produ
tion at LOOther ba
kgroundsOther ba
kgrounds may mimi
 the signal su
h as the diboson produ
tion WZ and ZZ,and Wγ. Despite not produ
ing exa
tly 2 leptons in the �nal state, the dibosons 
anfake the signal due to possible misidenti�
ation of leptons or loss of the leptons out of thedete
tor a

eptan
e. These ba
kgrounds are essentially redu
ed by requiring exa
lty twoopposite sign leptons in the �nal state. In the Wγ 
ase, the photon might 
onvert intoan ele
tron-positron pair by intera
ting with the dete
tor material and 
an be redu
ed byusing 
onversion reje
tion te
hniques.5.2 Topology of the Signal and the Irredu
ible W+W− pairba
kgroundFor simpli
ity only the signal and the W+W− ba
kground will be 
onsidered here. Wewill �rst talk about the boost of the W+W− system and what 
an be 
on
luded for thesignal and ba
kground topology. Next, it will be seen how spin 
orrelations arise, and howthey 
an be used as an e�e
tive dis
riminant between the signal and the ba
kground. Thisdis
ussion largely follows [79℄.



5.2 Topology of the Signal and the Irredu
ible W+W− pair ba
kground 895.2.1 Constraint on the W+W− system from parton distribution fun
-tionsIn Chapter 3, Se
tion 3.1.2 we have established that the produ
t of the momentum fra
tions
x1 and x2 of the two partons entering the hard intera
tion is �xed by the ratio ŝ

s . We re
allthat the likelihood of a parton to enter the hard s
attering with a 
hara
teristi
 energys
ale Q with a momentum fra
tion x is des
ribed by the parton distribution fun
tions
f(x,Q2).With the 
onstraint on the produ
t x1x2 = ŝ

s it is possible to infer the most probablevalues of x1 and x2 for a parti
ular pro
ess.For Higgs produ
tion at 7 TeV with mH = 160 GeV, we have √
ŝ ≈ 160 GeV. :

x1x2 ≈ (160GeV)2

(7TeV)2
≈ 5.2 10−4 (5.1)Similarly, for W+W− produ
tion, √ŝ ≈ 2mW ≈ 160 GeV whi
h gives the same valuefor x1x2 at 7 TeV.
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Figure 5.6: Produ
ts of PDFs a fun
tion of as a fun
tion of x1, the produ
t x1x2 being�xed to ŝ
s . The value of √ŝ is taken equal to mH for gluons produ
ts and to 2mW for quarkprodu
t.The 
enter of mass energy is √s = 7 TeVIn Figure 5.6 we show the pdf's produ
ts as a fun
tion of one of the two partonsmomentum fra
tion (x1) ,the other (x2) being 
onstrained by Equation 5.1 at 7 TeV. Themaxima of these 
urves indi
ate the most probable values of x1 and x2. The peak of the qq̄produ
ts lies in the high x region, resulting in a sizable imbalan
e between the momentaof the two partons entering the hard pro
ess. A rough estimate of the Lorentz boost ofthe W+W− system that 
omes out of the hard s
attering is easy to infer:



90 The H→W+W−→ℓ+νℓ−ν̄ signal and its main ba
kgroundsLet us 
all √slab the energy in the laboratory frame, and γ the Lorentz fa
tor. Wehave:
√

slab = γ
√

ŝ (5.2)Sin
e we pla
ed ourselves in the limit where protons are massless,
Ei = Pi = xi

√
s

2
(5.3)so,

√
slab = E1 + E2 = (x1 + x2)

√
s

2
(5.4)where Ei is the energy of the i-th proton. And �nally,

γ =
(x1 + x2)

2
√

x1x2
(5.5)For the Higgs, regardless of the 
ollision energy and its mass, we �nd that the systemwill be produ
ed in average at rest, whi
h is 
onsistent with the fa
t that the same PDFdes
ribes the gluon in the two protons. On the other hand, sin
e the proton is made of

u and d valen
e quarks while ū and d̄ appear only via gluon ex
hange (sea quarks) theirprobability densities are suppressed at energies x = 10−3 - 10−1. This asymetry between
q and q̄ PDFs is responsible for an average momentum imbalan
e in W+W− produ
tion.Using the formula 5.5 we 
an give a rough estimate of the Lorentz boost of the produ
edsystem.

√
s 7 TeV 10 TeV 14 TeV

γ (uū) 3.9 5.3 7.3
γ (dd̄) 2.5 3.4 4.4Table 5.2: Approximate boost values for the W+W− ba
kground at di�erent 
enter ofmass energiesWe have summarized in Table 5.2 the approximate values of the boosts for the W+W−ba
kgroundat di�erent 
enter of mass energies. First we observe that systems produ
ed by dd̄ 
ol-lisions are less boosted that those resulting from uū. This results from the fa
t that thepeak of dd̄ in Figure 5.6 lie at lower x values than the one from uū. Se
ond, and moreimportant, the W+W− system gets more and more boosted as the energy of the 
ollisionsin
rease. This means in pra
ti
e that with in
reasing energy the ba
kground events willbe less and less 
entral, resulting in a better separation from the signal, that lies in the
entral region of the dete
tor.In Figure 5.7(a) we show the rapidity distribution normalized to unity of the signal andba
kground obtained from MonteCarlo simulation without re
onstru
tion (at the generatorlevel). As anti
ipated, the W+W− events populate higher rapidity values while the signalevents lie in more 
entral regions. We also show in Figure 5.7(b) the pseudo-rapiditydistribution of the most energeti
 lepton that 
omes from a W de
ays in the signal andba
kground s
enario. The very same e�e
t is apparent here: the leptons 
oming from aHiggs de
ay are more 
entral. We 
on
lude from this simple argument that the signalover ba
kground ratio 
an be enhan
ed by reje
ting events with leptons at high values ofpseudorapidity. It is worth to stress again here that the arguments are rather qualitative,sin
e we have been talking only about the most probable value for the boost and wehave negle
ted the fa
t that other produ
tion me
hanisms (gg fusion) are involved in

W+W− pair produ
tion.
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(a) (b)Figure 5.7: (a) Rapidity distribution of the W+W− system and (b) pseudo-rapidity distri-bution of the highest pT lepton 
oming from the W+W− de
ay system in the 
ase of thesignal and ba
kground5.2.2 Spin-Correlation of the W+W− systemWe will see here how the V-A stru
ture of the ele
troweak theory a�e
ts the de
ay of theW bosons, and how this 
an be used to infer properties of the angular distributions of the�nal state leptons.Let us 
onsider the Signal 
ase �rst. The Higgs boson is a spin-0 parti
le while the Wboson has a spin-1. We assume for simpli
ity that the Higgs boson is produ
ed at rest inthe lab frame.Then the two W's are emitted ba
k to ba
k, as shown in Figure 5.8. By angularmomentum 
onservation the spin ve
tor has to be 
onserved in the pro
ess. This impliesthat the z- 
omponent of the spin needs to be 
onserved as well (the z-axis being de�nedalong the dire
tion of propagation of the W's). Thus we have Sz(W
+W−) = 0. TheW boson being a spin-1 parti
le we have Sz(W

±) = 0, ± 1. We 
all these states WT if
Sz(W) = ±1 and WL if Sz(W) = 0. Therefore, by spin 
onservation there are only twoways the Higgs 
an de
ay:

H→W+
TW−

T ,W
+
L W−

L (5.6)In the Standard Model, the ele
troweak se
tor only 
ouples to the "left-handed" 
omponentof the fermioni
 Dira
 parti
les (or equivalently right-handed antiparti
les). This meanshere that W− de
ays into a "left-handed" ele
tron and a "right-handed" anti-neutrino.Similarly W+ de
ays into a "right-handed" positron and a "left-handed" neutrino.We �rst look at the 
ase H→W+
TW−

T . As shown in Figure 5.8 there are two ways forthe WT spins to have anti
orrelated proje
tions along the "z" axis. Let us look at the
on�guration displayed in the left part of Figure 5.8. Sz(W
+
T) = −1, so, for the spin to be
onserved in this de
ay, both the ele
tron and the neutrino must have Sz = −1

2 . In the
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Figure 5.8: Simpli�ed pi
ture showing how the spin anti-
orrelation of the W+W− systemimplies a small opening angle between the leptonsmassless limit the 
hirality of a fermion is equivalent to its heli
ity. So, sin
e the neutrino isleft-handed (in the Dira
 sense, but also in the heli
ity sense 3) it must �y in the oppositedire
tion of its spin. By momentum 
onservation the ele
tron must �y in the oppositedire
tion. In the massless limit of the positron we �nd that its heli
ity is indeed "right-handed". The same argument applies for the W−
T : the right-handed antineutrino "for
es"the ele
tron ba
kwards. By using a similar argument, it is easy to show that the other
on�guration (shown in the right part of the �gure) also produ
es two leptons �ying inthe same dire
tion. The same happens for the W+
L W−

L 
ase. This 
an be shown by takinganother axis "i", orthogonal to "z" along whi
h Si(W
±) = ±1 and then the same argumentapplies. We have shown that the spin anti
orrelation of the W's, indu
ed by the spin-0nature of the Higgs, implies that the two leptons will preferably de
ay along the samedire
tion. What happens in the W+W− ba
kground 
ase? Consider here only the major
ontribution for W+W− produ
tion, the quark indu
ed pro
ess. The quarks being spin 1

2parti
les, they 
an form either spin-0 or spin-1 systems. Therefore, the W+W− ba
kground
an be produ
ed in three di�erent 
on�gurations of polarization:
qq̄→W+

TW−
T ,W

+
L W−

L ,W
±
TW∓

L (5.7)3For the present argument it is perfe
tly �ne to assume that neutrinos are massless.



5.3 Con
lusion 93The �rst two W+
TW−

T and W+
L W−

L are equivalent to the signal 
ase. On the 
ontrary, the
W±

TW∓
L 
orresponds to a spin-1 
on�guration (z-proje
ted) in whi
h the two W's have anun
orrelated spin. Therefore the W's do not impose any 
orrelation between the leptonsmomenta and thus allow for a wider opening angles between the leptons. It has beenshown [79℄ that the magnitude of W±

TW∓
L produ
tion is approximately half of the total

W+W− produ
tion for mWW ≈ 160 GeV.
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(a) (b)Figure 5.9: (a) Opening angle and (b) pseudo-rapidity gap between the two leptons in the
ase of the signal and ba
kgroundWe show in Figure 5.9 (a) the opening angle distribution of the visible leptons for thesignal and the ba
kground. These plots were produ
ed at the generator level, withoutany presele
tion or dete
tor e�e
ts in
luded. As showed the signal peaks at small valuesof the angle. For the ba
kground, we see indeed a peak at high values of angle in thetranverse plane (∆φ distribution, in Figure 5.9(a)) while we have a �atter distribution inthe longitudinal plane Figure 5.9(b)) due to the longitudinal boost of the W+W− system(shown in the last se
tion). We 
an therefore 
on
lude that the opening angle between theleptons is a good dis
riminating variable between the signal and ba
kground: as it will be
on�rmed in the next 
hapter, reje
ting events with high ∆φ or ∆η values should in
reasethe signal to ba
kground ratio.5.3 Con
lusionIn this 
hapter we have presented the phenomenology of the signal and the major ba
k-grounds. After presenting the topology and produ
tion me
hanisms of H→W+W−→
ℓ+νℓ−ν̄, the main ba
kground me
hanism were shown: the W+W− irredu
ible ba
kgroundand t̄t as well as minor 
ontributions su
h as single-top, Drell-Yan, and W+jets. Later,e�orts were 
on
entrated on showing how to deal with the irredu
ible W+W− ba
kground.First, from 
onsiderations on parton densities, we showed that the ba
kground events 
anbe reje
ted by 
utting events at large rapidities due to a high boost of the W+W− system
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ompared to the signal. Se
ond, we showed how spin anti-
orrelation emerge due to the
SU(2)L stru
ture of the 
ouplings terms in the standard model and how these spin 
orrela-tions are suppressed in the ba
kground 
ase. These 
onsiderations showed that the Higgswill be de
aying in two leptons with a small opening angle providing us another 
ru
ialdis
riminating variable for the suppression of the irredu
ible W+W− ba
kground.



Chapter 6Obje
t Re
onstru
tion in CMSIn this 
hapter we will review the main re
onstru
ted obje
ts that are relevant for dete
t-ing the �nal state of the H→W+W−→ℓ+νℓ−ν̄ signal. We will start from the "low-level"re
onstru
tion obje
ts, su
h as verti
es and tra
ks down to "high-level" obje
ts su
h ele
-trons, muons, jets and missing energy. We will fo
us on how the pile-up a�e
ts theirperforman
e. Finally we brie�y introdu
e the b-tagging algorithm whi
h helps in redu
ingthe top indu
ed ba
kgrounds.6.1 Tra
k re
onstru
tionThe determination of 
harged parti
le traje
tories, along with the pre
ise measurement oftheir dire
tion and momentum plays a 
ru
ial role for this analysis, as these parti
les will�nally be identi�ed as ele
trons, muons, or simply parti
les that form a jet. The full tra
kre
onstru
tion algorithm 
onsists of �ve main steps :� lo
al hits re
onstru
tion� seed generation� pattern re
ognition (traje
tory building)� �nal tra
k �tting� Quality �lteringLo
al hits re
onstru
tion The tra
k re
onstru
tion starts by 
lustering adja
ent de-posits of 
harges in the pixel or strip dete
tor in so-
alled "hits". Hits are determined bytheir position in the (η × φ) plane, the tra
ker layer, and the un
ertainty on their position.These variables are used as inputs for the tra
k re
onstru
tion 
hain.Seed generation Seeds are formed by asso
iating a pair or a triplet of tra
ker hits inthe innermost tra
ker layers (the pixel layers and the double-sided strip layers). Theselayers provide maximal information as :� the o

upan
y rates are low, leading to lower un
ertainty in the position determina-tion.



96 Obje
t Re
onstru
tion in CMS� the amount of traversed material is low, lowering the probability that the parti
lesloose energy by brehmstralung emissions or 
onversions in the 
ase of ele
trons.Seeds are 
onstrained by the beam-spot region (de�ned as the pro�le of the mostluminous 
ollision region) and a simplisti
 estimate of the verti
es position obtained onlyfrom pixel information. Seeds provide the starting estimate of 
harged parti
le traje
tory.Pattern re
ognition The tra
k pattern re
ognition uses the so-
alled CombinatorialTra
k Finding algorithm (CTF) [80℄. The seeds are extrapolated "inside-out" 
ompatiblewith the equation of motion of a 
harged parti
le in the CMS magneti
 �eld. When
ompatible hits are found, they are added to the traje
tory and the un
ertainties on thetra
k parameters are updated. The propagation 
ontinues until no 
ompatible hits arefound or the tra
ker material has ended. This pro
edure is made �exible by allowingthe user to spe
ify parameters su
h as the minimum tra
k transverse momentum, theminimum number of tra
ker hits or the maximum number of 
onse
utive invalid hits. Inorder to redu
e the bias introdu
ed by 
hoosing the inner tra
ker layer as the startingpoint, the pro
edure is reversed starting from the outside layers ("outside-in") 
he
king ifthe traje
tory is 
ompatible with the initial one. Double 
ounting is redu
ed by dis
ardingtra
ks that share a signi�
ant number of 
ommon hits.Tra
k �tting The �nal 
olle
tion of hits 
ompatible with a traje
tory is then re-�ttedin order to assert a �nal estimate of the tra
k parameters. For ea
h hit asso
iated to thetra
k, the position and un
ertainty are re-estimated by taking into a

ount the energy lossand multiple s
atterings o

urring at ea
h layer.Quality �ltering At high luminosity 
onditions se
ondary 
harged parti
les 
an be 
re-ated by the intera
tion of prompt parti
le with the tra
ker material 1. The high 
ombina-torial possibilities involved are also responsible for fake tra
ks. The "fake rate" 2 
an beredu
ed by keeping tra
ks that satisfy only 
ertain 
riteria. The variables that are used atthis s
ope are (among others):� χ2/ndof, the 
hi-square of the tra
k per number of degree of freedom� d0, δ(d0) the distan
e in the transverse plane of the tra
k to the primary vertex andits asso
iated un
ertainty� dz, δ(dz) the distan
e in the longitudinal dire
tion of the tra
k to the primary vertexand its asso
iated un
ertaintyAt the end of this pro
edure, the tra
k is de�ned by its momentum ve
tor ~p = ( ~pT , pz)in the laboratory frame and its impa
t parameters to the nominal intera
tion point (d0,dz)of the CMS dete
tor (and their asso
iated errors).1A parti
le that generates from the proton-proton s
attering is 
alled a prompt parti
le.2To be distinguished from the probability jets have to fake ele
trons or muons.



6.2 Vertex re
onstru
tion 976.2 Vertex re
onstru
tionTwo kinds of verti
es exist: primary and se
ondary verti
es. The primary vertex is theintera
tion point of a hard proton-proton 
ollision (there 
an be several re
onstru
tedprimary verti
es per bun
h-
rossing, in the 
ase of high luminosity). Se
ondary verti
es aregenerated when long-lived parti
les de
ay in the dete
tor volume. In order to re
onstru
tthe vertex position (and un
ertainty) re
onstru
ted tra
ks are used. Mainly two algorithmsare used in CMS, depending on the instantaneous luminosity delivered by the LHC:� The standard 
lustering (low luminosity)� The deterministi
 annealing 
lustering (high luminosity)Standard Clustering First the re
onstru
ted tra
ks in the event undergo a sele
tion,involving requirements on the χ2 of the �t, on the number of pixel and strip hits, andon the distan
e of 
losest approa
h to the beam-spot. The sele
ted tra
ks are sorteda

ording to their "z" 
oordinate and then 
lustered together if their z-distan
e is smallerthan a parameter zsep ∼ 2 mm. These tra
k 
lusters de�ne the vertex 
andidates. TheAVF (Adaptive Vertexing Fitting) algorithm iteratively minimizes the distan
e betweenthe tra
ks and the vertex position hypothesis [81℄. Along this pro
edure, a dynami
 weightis asso
iated to ea
h tra
k. The weight is 
onstru
ted in su
h a way that it is 
lose to 1 ifthe tra
k is 
lose to the vertex (good tra
ks), and 
lose to 0 if it is far away (an outlier).It 
an therefore be interpreted as the probability that a tra
k belongs to the vertex. Thenumber of degrees of freedom of the vertex found by the AVF algorithm 
an then be writtenas:
ndof = 2

∑

tracks

wi − 2 (6.1)where the wi are the weights asso
iated to ea
h tra
k. The hard intera
tion vertex isthen usually found by sele
ting the vertex 
andidate with the highest ndof, and sum ofmomenta of tra
ks asso
iated to it.Deterministi
 annealing (DA) 
lustering At high instantaneous luminosity, simulta-neous proton-proton 
ollision are frequent. The 
lustering pro
edure explained is 
onsistentwhen the un
ertainty on the "z" position of the tra
ks is small 
ompared to the separation
zsep required for the 
lustering. If zsep is 
hosen to be too small (whi
h would be the naturalthing to ask when several simultaneous intera
tions o

ur at the same time) low resolutiontra
ks tend to be split o�. One 
an apply a tighter sele
tion to the tra
ks (for examplesele
ting tra
ks with a small un
ertainty on the z-position). However this 
an have thee�e
t of in
reasing the probability that two 
lose-by verti
es get merged together.The DA 
lustering pro
edure has the goal of �nding a 
olle
tion of vertex 
andidates andasso
iating the verti
es to the re
onstru
ted tra
ks. Su
h an assignment 
an be quanti�edby:

χ2 =
∑

ik

pik(zi − zk)
2 (6.2)



98 Obje
t Re
onstru
tion in CMSwhere the index i (k) runs over tra
ks (verti
es). Rather than �nding the 
on�guration(pik, zk) that minimizes χ2, the DA algorithm treats the <χ2> as the mean energy of athermodynami
al system and looks for the most likely set of parameters that maximizesthe entropy for a given mean energy value [82℄. The mean energy (<χ2>) is then graduallyde
reased while keeping the entropy maximal. This pro
edure allows to �nd the �nal opti-mal set of parameters (pik, zk) by redu
ing the bias introdu
ed by initial parameters su
has zsep and avoiding lo
al minima issues that would naturally o

ur by simply minimizingthe χ2 in Equation (6.2).
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Figure 6.1: Average number of re
onstru
ted verti
es (Nvtx) as a fun
tion of the truenumber of hard intera
tion in a high luminosity s
enario (NPU).The performan
e of DA 
lustering 
ompared to the standard 
lustering pro
edure isshown in Figure 6.1. When the number of hard s
atterings per event is high the DAalgorithm performs better as no e�
ien
y loss o

urs. Verti
es will be re
onstru
ted usingthe DA pro
edure in the present study.6.3 JetsPartons originating from the hard intera
tion 
annot be observed as isolated parti
les asthese are not 
olor singlets and 
on�nement rather produ
es a spray of hadrons that areultimately 
olle
ted and measured by the hadroni
 
alorimeter. When these parti
les are
harged they also leave a measurable tra
k in the tra
ker material. The most simplisti
de�nition of a jets is a 
one 
ontaining su
h 
ollimated hadrons.A jet algorithm de�nes a set of rules for grouping these parti
les together. It 
an bede�ned at two levels of the re
onstru
tion 
hain:� genJets , jets formed at the simulation (partoni
) level , i.e no dete
tor simulationnor re
onstru
tion is involved
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oJets , jets formed at the re
onstru
tion level , i.e formed dire
tly from the energydeposits in the dete
tor material.Re
oJets 
an be formed out of the purely hadroni
/ele
tromagneti
 deposits (CaloJets) orfrom so-
alled Parti
le-Flow 
andidates, whi
h are higher-level obje
ts obtained from the
ombination of the tra
ker, ECAL and HCAL information as well as the muon 
hambers(Parti
le-Flow Jets, or PFjets).6.3.1 Jet AlgorithmsSeveral ways to de�ne a jet exist. A general 
onsensus has been rea
hed in 1990 in the"Snow-mass" a

ord [83℄. A jet algorithm needs:� be easily implementable both in theoreti
al 
al
ulations and in a experiment.� must lead to a �nite result at any order of perturbation theory

Figure 6.2: Left: two jets are re
onstru
ted by the jet algorithm. Right: A soft emissionmodi�es the jet stru
ture as only one jet is re
onstru
ted. This algorithm is not infraredsafeThe �rst aspe
t is of parti
ular importan
e in a QCD "ri
h" environment su
h as theLHC, where de
isions have to be taken fast. A performing jet algorithm in this 
ontext isone that is able to 
luster the parti
les in a jet in a short times
ale. The se
ond aspe
t isrelated to 
ollinear and infrared safety. We have extensively treated this issue in Chapter3. These divergen
es re�e
t the fa
t that the perturbation theory language breaks down forlow-energy emitted partons. In the jet language, one has to make sure that 
ollinear andsoft partons emissions do not a�e
t the de�nition of a jet. In other words a jet algorithmneeds to be infrared and 
ollinear "safe". This is illustrated in Figure 6.2 and 6.3.We will now review the two most 
ommonly used in CMS: the Iterative Cone, and theAnt-kT. All these jet algorithm have in 
ommon a user 
on�gurable parameter: the jet
one size R.
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Figure 6.3: Left: One jet is re
onstru
ted by the jet algorithm. Right: The 
entral partonsplits 
ollinearly and modi�es the jet stru
ture as the two jets are now re
onstru
ted. Thisalgorithm is not 
ollinear safeIterative ConeThe iterative 
one algorithm (IC) is mainly used in the High Level Trigger sin
e it is veryfast. It pro
eeds in the following steps:� A list of pT ordered obje
ts is formed (these 
an be tower deposits, or simply partonsif GenJets are being 
reated)� A 
one of size R, de�ned in the (η × φ) plane, is drawn around the seed (the mostenergeti
 obje
t). All obje
ts 
ontained in the 
one de�ne the protojet.� Properties of the protojet are 
al
ulated, su
h as the total momentum and the (η × φ)position:
pT =

∑

i

pTi
(6.3)

η =
1

pT

∑

i

pTi
ηi (6.4)

φ =
1

pT

∑

i

pTi
φi (6.5)� The newly 
al
ulated η, φ 
oordinates de�ne the new seed. The pro
edure is iterateduntil the jet is stable, that is, when the variation of its 
enter between two iterationis below a 
ertain threshold.� The obje
ts that formed the jet are removed from the list and the pro
edure startsagain until no new obje
ts are found.
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Figure 6.4: The IC 
one algorithm in a simple example [84℄Although simple and fast, this algorithm is not 
ollinear safe. This is well explainedby Figure 6.4. To simplify, the dete
tor is made 1-dimensional. In (a) 1 jet is found in a3 parti
les event. If parti
le 2 splits 
ollinearly the IC algorithm now �nds 2 jets in theevent. The IC algorithm is therefore no longer used in physi
s analyses. It has in most
ases been repla
ed by the anti-kT algorithm.The anti-kT algorithm (AK)Rather than 
ombining parti
le inside a 
one and 
he
king whether the 
one is stable, theAK algorithm rather tries to re
onstitute the parton shower ba
kwards [84℄.� the algorithm starts by 
omputing the distan
e among all the available obje
ts inthe event dij and diB:
diB =

1

p2
T i

(6.6)
dij = min

(

1

p2
T i

,
1

p2
Tj

)

∆φ2∆η2

R2
(6.7)(6.8)where R is a 
one size parameter. The smallest distan
e among the dij and diB isfound.� if diB is the smallest, the parti
le i is 
alled a jet and removed from the list. If agiven dij is found to be the smallest, the parti
le i and j are 
ombined together andform a new parti
le with pT, η and φ 
al
ulated as in Equation (6.5). The originalparti
les i and j are removed from the list.� The pro
edure is repeated until no parti
le are left.As the algorithm for
es hard parti
les and soft ones to be 
ombined together �rst aswell as 
ollinear ones, the AK algorithm is by 
onstru
tion infrared safe and 
ollinearsafe. Also, the fa
t that soft parti
les re
ombine with hard ones before re
ombining amongthemselves, result in very regular jets, as one would expe
t. This is shown in Figure 6.5.These properties make the AK algorithm the preferred one for physi
s analyses. In thepresent study, jets are 
onstru
ted with the anti-kT with a 
one R = 0.5.
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Figure 6.5: Illustration of the regularity of jets obtained with the anti-kT algorithm [84℄6.3.2 Jet Re
onstru
tion and Corre
tionsSeveral types of re
onstru
ted jets exist within the CMS framework, based on whi
h in-formation from the dete
tor is 
hosen to be used. The CaloJets and Parti
le-Flow jetsde�nition and their 
alibration will be dis
ussed here.Jets de�nitionsCalorimeter Jets (CaloJets) Calorimeter jets are re
onstru
ted using the energy de-posits in the ECAL and the HCAL 
ells. Cells are 
ombined in "towers". In the barrelregion (|η| < 1.4) of the 
alorimeters, a tower is formed from the sum of one HCAL 
ell anda 5×5 array of ECAL 
rystals. In the end
ap region (1.4 < |η| <3.0) the tower de�nitionis more 
omplex [85℄. When building towers, thresholds on the deposited energies of single
ells are applied in order to suppress the noise from readout ele
troni
s. On
e towers are
omputed, they are used as input for one of the jet algorithms explained above.Parti
le Flow Jets (PFJets) The Parti
le �ow algorithm 
ombines all the CMS subde-te
tor information in order to form parti
le "
andidates" su
h as ele
trons, muons, photons,
harged and neutral hadrons. In the present study PF obje
ts will be used only for jets ando

asionally ET
miss . We will therefore 
on
entrate on hadroni
 obje
ts. Charged hadronsare �rst re
onstru
ted using the tra
ker information while neutral hadrons and photons arere
onstru
ted from the energy deposits in ECAL and HCAL. Typi
ally, neutral hadronsare identi�ed by requiring that no tra
k extrapolation to 
alorimeter 
ells mat
hes with theenergy deposits. When su
h mat
hing o

urs, the energy sum in the 
ells 
an be 
omparedto the momentum measured from the tra
k. An energy deposit ex
ess in the 
ells 
an beinterpreted as a neutral hadron. On
e all the parti
le 
andidates are listed, they serve asan input to a jet algorithm in order to form Parti
le Flow jets.
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Figure 6.6: Comparison of the jet energy resolution of Parti
le Flow Jets and CaloJets, inthe barrel (left) and in the end
aps (right) [86℄Sin
e the measurement of the energy of 
harged hadrons and photons is given respe
-tively by the tra
ker and ECAL with this pro
edure, and these parti
les 
onstitute ∼ 90% of a typi
al jet's energy, the momentum and spatial resolution of a PFjet are expe
tedto be mu
h higher than in CaloJets. This is 
learly illustrated by Figure 6.6.Jet Corre
tionsCMS has adopted a fa
torized multi-level approa
h for 
orre
ting the jet energy of rawjets 3. In prin
iple seven levels of 
orre
tions 
an be applied to a jet [87℄. However for thepresent analysis only three are relevant:� Level 1: O�set 
orre
tion. This step mostly 
orre
ts for pile-up and ele
troni
 noise.� Level 2: 
orre
tion for variations of the jet response with pseudo-rapidity with respe
tto a referen
e 
ontrol region� Level 3: 
orre
tion for variations of the jet response with momentum with respe
t toa referen
e 
ontrol regionAs the Level 1 
orre
tion will extensively be treated in the next paragraph, here webrie�y review the prin
iple of Level 2 and Level 3 
orre
tions.Level 2 The goal of Level 2 
orre
tions on jets is to make the dete
tor response to jetsuniform in pseudo-rapidity. The 
entral part of the dete
tor, the barrel, gives the mostpre
ise response in measuring the energy of the jet sin
e granularity is higher than inend
aps and the whole region is uniform. The barrel is therefore taken as the referen
eregion in the Level 1 
orre
tion pro
edure. Rather than relying on simulation the 
orre
tionneeds to be inferred dire
tly from Data. The idea is to use a physi
al pro
ess, abundantlyprodu
ed at the LHC, for whi
h the �nal state is perfe
tly balan
ed in the transverseregion. This te
hnique is often referred as "Tag and Probe". In this 
ase CMS uses di-jetevents that ful�ll both these requirements.3A raw obje
t is in general de�ned as an obje
t to whi
h no dete
tor 
orre
tion are applied.
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Figure 6.7: Total energy 
orre
tion fa
tor (L2+L3) derived from simulation as a fun
tionof pseudo-rapidity and for di�erent jet momentum values for CaloJets (left) and Parti
leFlow jets (right)If one jet is re
onstru
ted in the barrel (the tag), one 
an probe the energy of the otherjet (the probe) and map the imbalan
e as a fun
tion of pseudo-rapidity. The 
orre
tionfa
tor as fun
tion of η 
an then easily be derived from the jet imbalan
e [87℄.Level 3 On
e a �at response in η is obtained one has to 
orre
t for the fa
t that the jetresponse also varies with the momentum of jet. In order to a
hieve this, a pro
ess thatprodu
es a �nal state with one jet and another obje
t needs to be used. The other musthave the 
hara
teristi
s of having a good momentum resolution, and, most important, itsmomentum determination should not depend on the hadroni
 
alorimeter response. Twopro
esses that ful�l these requirements have been identi�ed in CMS: γ+jet and Z+jet. The
alibration with the former 
an be a
hieved with low integrated luminosity, as the 
rossse
tion is large at the LHC, although QCD ba
kgrounds are very signi�
ant and 
an biasthe measurement. Z+jets on the other hand is a perfe
t 
andidate, as one 
an use the theZ → µµ de
ay and exploit the ex
ellent muon 
hambers performan
es of CMS.In Figure 6.7 we show the total jet 
orre
tion fa
tor versus η for CaloJets and PFJets.One 
an easily see that PFJets are mu
h better 
alibrated already before the L2 
orre
tion,as they use more dete
tor information. Moreover, the pT 
orre
tion is very signi�
ant forCaloJets and almost negligible for PFJets. For the present analysis only Parti
le Flow jetswill be used.6.3.3 Pile-Up Subtra
tionDuring a bun
h-
rossing several proton-proton intera
tions 
an happen (pile-up). We havealready seen how the pile-up 
an have a detrimental impa
t on the vertex re
onstru
tione�
ien
y if pre
autionary measures are not taken. This is also the 
ase for jet re
onstru
-tion and energy resolution. The reason is the following. Pile-up intera
tions originate fromminimum-bias (low momentum transfer) intera
tions. If the vertexing algorithm is welltuned, most of the verti
es related to those intera
tion 
an be re
onstru
ted (see Figure



6.3 Jets 1056.1). Charged parti
les (in this 
ase hadrons) originating from pile-up 
an easily be as-so
iated to a parti
ular vertex by requiring that the distan
e between these two obje
t isbelow a 
ertain threshold. The problem 
omes however when one has to deal with neutralparti
les sin
e they do not leave any tra
k in the tra
ker volume.

Figure 6.8: S
hemati
 explanation on how the pile-up a�e
ts the jet re
onstru
tion. While
harged hadrons originating from a pile-up vertex 
an be identi�ed with their tra
k (solidline), neutral hadrons 
annot (dashed line)When an ex
ess deposit is seen in the Calorimeter 
ell, the jet algorithm has no wayof knowing that the neutral 
andidate originate from one vertex or another. If a neutralparti
le 
omes from a pile-up vertex, the parti
le gets 
lustered, along with other genuineprompt parti
les, to form a jet that will have therefore a sensibly higher energy than theoriginal jet that originates purely from the hard intera
tion (see Figure 6.8). This o�set
an be very signi�
ant with 20 - 50 pile-up intera
tions present at the LHC in a highluminosity regime and needs to be 
orre
ted. This is the goal of the Level 1 jet energy
orre
tions (L1). We will review here two 
lasses of methods that were designed to dealwith this issue.L1 O�setThe L1 O�set is the method used at the Tevatron for 
orre
ting for pile-up biases in the jetenergy s
ale. The prin
iple is straightforward: one parameterizes the pile-up energy o�setas a fun
tion of the number of re
onstru
ted verti
es and the dete
tor region (in this 
asedivided in η region), as one expe
t the pile-up a
tivity to be symmetri
ally distributed in
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onstru
tion in CMSthe transverse plane. This parameterization has the advantage of being relatively simpleto estimate sin
e it 
an be measured dire
tly from a minimum bias sample. The maindisadvantage is that is estimated a priori, and does not take into a

ount the dependen
eof the parti
ular physi
s analysis one is 
onsidering. Moreover, it is an average 
orre
tion,in the sense that two jets re
onstru
ted in the same region in η from two di�erent events,will essentially re
eive the same 
orre
tion provided that the number of re
onstru
tedverti
es in the event are equal. This 
orre
tion does not take into a

ount the parti
ularjet properties su
h as the momentum or the area (see later for a de�nition of the jet area).Finally, the parameterization needs to be updated as soon as the beam 
onditions 
hange,as out-of-time pile-up 
an 
hange through time 4. Nevertheless it is a stable method thathas been repeatedly tested in the past.L1 Fastjet AreaSeveral de�nitions of a jet area exist for an infrared and 
ollinear safe jet algorithm [88,89℄.The de�nition used here is the so 
alled a
tive area that is estimated by the FastJetalgorithm.The area of a jet 
an be understood as a measure of the jet sus
eptibility of being
ontaminated by uniformly distributed soft parti
les. A grid of in�nitely soft parti
les(typi
ally 10−100 GeV) 
alled "ghosts" is generated in a given |η| range; the ghosts thatget 
lustered within a given jet form the jet area (A). If a jet is purely 
oming from a PUintera
tion, the level of 
ontamination is pT/A, where pT is the transverse momentum ofthe jet. The density of PU 
ontamination per event is then 
omputed as:
ρ = median

[

pTj

Aj

] (6.9)where j runs over all the jets in the event within a given region set by the user. Themedian (and not the average) is taken so that the PU density ρ is less sensitive to genuinehigh pT non-pile-up jets and low-area jets.In Figure 6.9 the pT/A is shown for all jets in a high pile-up event. Besides a fewgenuine hard jets, most jets display a pT/A ∼ 25 GeV that will dominate the pile-up
ontamination estimate.In every event, the pile-up 
ontamination 
an then be estimated with this method andthe jets momenta 
an be 
orre
ted a

ording to the following formula:
pcorr

Ti
= pTi

− ρAi (6.10)where ρ is 
al
ulated for ea
h event and is 
ommon for every jet.In Figure 6.10 the average jet o�set, 
al
ulated as the di�eren
e between the re
on-stru
ted jet pT and the jet pT obtained from simulation without pile-up, is shown as afun
tion of the number of pile-up intera
tion NPU in a H→W+W−→ℓ+νℓ−ν̄ simulationsample. The bla
k dots show that if no 
orre
tion is applied, as pile-up in
reases the truejet momentum is not properly determined. By 
omparing the L1O�set and L1 Fastjetmethods we see that the latter does better in re
overing the original jet momentum.Overall the L1FastJet method provides a better estimate of the jet originating from thehard s
attering. It will therefore be used as the standard L1 
orre
tion method throughoutthis work.4Typi
ally, when the read-out timing of a parti
ular subdete
tor (in this 
ase the HF 
alorimeter 
ells) ishigher than that of the bun
h 
rossing, 
an result in re
ording an event from previous/next bun
h-
rossing
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Figure 6.9: Typi
al values of pT/A in a high pile-up environment with many jets. The reddots represent the jets in the event, from [89℄.
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Figure 6.10: Comparison of the jet pT resolution with pile-up, after no 
orre
tion is applied(bla
k), L1O�set applied (red), L1FastJet Area (blue) as a fun
tion of the number of pile-up intera
tions6.4 Missing Transverse EnergyThe missing transverse is a 
ru
ial 
omponent of the present analysis be
ause of the pres-en
e of neutrinos in the signal �nal state. The ET
miss is de�ned as the norm of the ve
torobtained by proje
ting in the transverse plane the negative sum of all the ve
torial 
om-ponents of the dete
ted parti
les. As for jets there, we are interested in two de�nitions of

ET
miss :� Calorimeter ET

miss� Parti
le Flow ET
miss
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t Re
onstru
tion in CMSThe former is 
al
ulated from the 
alorimeter towers and the latter is simply obtainedby adding the 
ontribution of all the re
onstru
ted parti
le �ow 
andidates in the event.The performan
e and resolution of the ET
miss is usually tested from physi
al pro
esses thatdisplay no-real ET

miss, su
h as pure QCD samples, or Z bosons de
aying to visible leptons.

Figure 6.11: Comparison of the ET
miss resolution of Parti
le Flow Jets and CaloJets of thenorm (left) and the angle (right) [86℄As for the jets, the Parti
le Flow based ET

miss has a mu
h better resolution than theCalorimeter based one, as 
an be seen in Figure 6.11.
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Figure 6.12: ET
miss distribution in simulated Z →µµ events with high/low pile-up. Nvtx isthe number of re
onstru
ted verti
es and as it is strongly 
orrelated with the number of truepile-up, we 
onsider that it is a reasonable measure of the amount of pile-up intera
tionsin the event.Similarly, problems arise when high pile-up is involved. When no real ET

miss is ex-pe
ted, high pile-up has a severe impa
t of the ET
miss resolution. Unlike jets, one 
an-
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orre
t for the upward bias introdu
ed by pile-up 
ontamination, when fake
ET

miss is involved, sin
e in this 
ase pile-up does not introdu
e and upward bias on alo
alized ve
torial quantity. Rather, sin
e the 
ontamination is di�used within the entiregeometri
al a

eptan
e the e�e
t will be to severely a�e
t the resolution on events withfake ET
miss. This is easily observed in Figure 6.12 on Z →µµ events. As pile-up in
reases,the ET

miss distribution gets smeared towards higher values. The solution to this problemis analysis dependent, and will be addressed in the next 
hapter, when details of the signalextra
tion will be given.6.5 LeptonsThe presen
e of high energy leptons are usually an indi
ation of a weak W± or Z de
ay.Their re
onstru
tion and identi�
ation is therefore very important for a H→W+W− →
ℓ+νℓ−ν̄ sear
h. The re
onstru
tion of ele
trons and muons involves in both 
ases tra
king.A mat
hing between the tra
k and a deposit in the ECAL (for ele
trons) and Muon Cham-bers (for muons) is then required for a 
omplete re
onstru
tion of ele
trons and muons. τlepton re
onstru
tion is not treated in this study.6.5.1 Ele
tronsAn ele
tron that de
ays in the 
entral part of the dete
tor produ
es hits in the sili
ontra
ker and gets ultimately stopped in the ECAL 
rystals. By intera
ting with the tra
kermaterial, the ele
tron produ
es a shower of parti
les (ele
tron/positron pairs and photons)that will follow its traje
tory and hit the ECAL 
rystals. Be
ause of this, a typi
al hitin the ECAL is spread and several 
rystals (a "
luster") are hit. The 'brehmstrahlungre
overy' 
lustering algorithm is a dedi
ated pro
edure developed by CMS that builds and
olle
ts single 
lusters and merges them into the prototype of an ele
tron 
andidate 
alleda 'super
luster'. The 'super
luster' (SC) 
ontains all the energy of the ele
tron plus itsshower produ
ts. The higher the momentum of the initial ele
tron, the better the ele
trondes
ription as a super
luster.Re
onstru
tionTwo di�erent re
onstru
tion methods are available in CMS for ele
trons:� The tra
ker driven seeding (low pT)� the ECAL driven seeding (high pT)The �rst method is suitable for low momentum ele
trons that 
annot rea
h the ECAL.The se
ond method 
on
erns high momentum ele
trons that have rea
hed the ECAL. Asleptons originating from a W± or Z de
ay have generally a high momentum ( pT > 20GeV), we will dis
uss only the ECAL driven re
onstru
tion here.The ele
tron re
onstru
tion follows these steps:� The starting point in order to trigger an ECAL seeding is the presen
e of a super-
luster (SC) with an energy deposit > 4 GeV. A super
luster is typi
ally a matrix of5×5 ECAL 
ells.
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onstru
tion in CMS� The SC is then mat
hed to a prototra
k formed by two hits in the tra
ker that are
ompatible with the beam-spot. This requirement ensures a high purity of ele
tron
andidates and enhan
es the re
onstru
tion e�
ien
y. The tra
king pro
edure startshere.� The tra
k is propagated to outer layers with the help of a Bethe Heitler modeling forenergy loss from ele
trons from bremsstrahlung and 
onversions (tra
ks su�er fromnon-Gaussian �u
tuations due to Brehmstrahlung emissions).� The tra
king ends when the last layer is rea
hed. The best 
andidate having atraje
tory that mat
hes the SC is kept (based on the χ2 of the �t). The 
harge ofthe ele
tron is determined by the 
urvature of the tra
k.Iden�
ationIn the previous se
tion we have seen how an ele
tron 
andidate is formed. Dependingon the parti
ular analysis and the ba
kgrounds to reje
t other 
riteria 
an be applied toele
tron 
andidates in order to in
rease the signal purity. Here we are just going to list themost relevant variables that are used for ele
tron identi�
ation� ∆φtrk−SC and ∆ηtrk−SC. The di�eren
e in angle and pseudo-rapidity of the tra
kposition (at the vertex) and the super
luster. These variables des
ribe how well thetra
k mat
hes the super
luster position.� H/E is the energy deposited is the hadroni
 
alorimeter divided by the energy de-posited in the ele
tromagneti
 
alorimeter. This variable is mostly used in order toreje
t jets faking ele
trons. A high H/E ratio indi
ates that substantial fra
tion ofthe energy was deposited in HCAL, whi
h might be an indi
ation of a fake ele
tron(=a jet).� σiηiη =
√

∑

i
Ei

Ecenter
(ηi − ηcenter)2 measures the standard deviation of the SC 
ell po-sition in eta (weighted by the energy fra
tion of the 
ell) in the 5 × 5 matrix of
rystals 
entered on the seed 
rystal. Sin
e brehmstrahlung o

urs mainly in the φdire
tion (be
ause of the magneti
 �eld dire
tion) this variable is insensitive to it andessentially measures the spread of the ele
tron deposit. It helps in dis
riminating realele
trons against jets that leave a more spread deposit than "good quality" ele
trons.� fbrem = pin−pout

pin
is the fra
tion of the ele
tron energy lost by bremsstrahlung in thetra
ker volume. A real energeti
 ele
tron typi
ally loses more energy than a jet thatfakes an ele
tron.� ESC/Pin The energy measured in the super
luster divided by the momentum mea-sured by the tra
k momentum before entering the tra
ker volume. It also a measureof the fra
tion of the energy lost by brehmstrahlung.These variables are shown in Figure 6.13, 6.14, 6.15.



6.5 Leptons 111

η iηiσ
0 0.01 0.02 0.03 0.04 0.05

a.
u.

-410

-310

-210

-110

1

electrons

jets

η iηiσ
0 0.01 0.02 0.03 0.04 0.05 0.06

a.
u.

-410

-310

-210

-110

1

electrons

jets

(a) (b)Figure 6.13: σiηiη in the barrel (a) and in the end
aps (b) for ele
trons and jets (fakeele
trons) in simulation. The ele
tron 
andidates are required to ful�ll the requirement pT> 10 GeV
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(a) (b)Figure 6.14: ∆ηtrk−SC (a) and H/E (b) for ele
trons and jets (fake ele
trons) in simulation.The ele
tron 
andidates are required to ful�ll the requirement pT > 10 GeV
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(a) (b)Figure 6.15: (a) fbrem and ESC/Pin (b) distributions for ele
trons and jets. The ele
tron
andidates are required to ful�ll the requirement pT > 10 GeV6.5.2 MuonsRe
onstru
tionAs muons produ
e a tra
k both in the tra
ker and in the muon spe
trometer (RPC, CSC,DT) they are re
onstru
ted by making use of both these subdete
tors. The former tra
kis 
alled a tra
ker tra
k, the latter is a standalone-muon tra
k. Three re
onstru
tion ap-proa
hes are used:� Global Muons (outside-in): The starting point here is a standalone-muon tra
k. Ifit mat
hes a tra
ker tra
k a global �t in
luding both hits from the tra
ker and themuon spe
trometer is made. The �t leads to a global-muon tra
k.� Tra
ker Muon (inside-out): The starting obje
ts are tra
ker tra
ks. Possible muon
andidates are required to have a pT> 0.5 GeV and total momentum p > 2.5 GeV.The 
andidates are then extrapolated to the muon system by taking into a

ountthe expe
ted energy loss and the un
ertainty due to multiple s
attering. If theextrapolated tra
k mat
hes a muon segment (a short tra
k of DT or CSC hits), thetra
ker tra
k quali�es as a tra
ker-muon tra
k.High momentum muons rea
h the muon system more often than soft muons. Thus,global muon re
onstru
tion is more appropriate for analyses involving high energy muons,while tra
ker muons suit better low momentum muon based sear
hes. Thanks to the highre
onstru
tion e�
ien
y of the tra
ker, 99% of the re
onstru
ted muons are either globalor tra
ker muons.
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ationGiven that muons are the only dete
table parti
les able to rea
h the muon 
hambers, themisidenti�
ation rate is very low. Also muons are mu
h less subje
t than ele
trons tobrehmstrahlung radiation whi
h makes them mu
h 
leaner obje
t. The muon identi�
a-tion variables are essentially tra
k related variable (both in the tra
ker and in the muonspe
trometer). Typi
ally these are:
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(a) (b)Figure 6.16: (a) χ2 and (b) ∆pT/pT distributions for muons and jets. The muon 
andidatesare required to ful�ll the requirement pT > 10 GeV� The χ2 of the global �t (for global muons)� The number of "good" hits both in the tra
ker and in the muon dete
tor. A hit islabeled as valid or good when the distan
e on surfa
e between that tra
k and thehits is lower than some threshold that varies depending on the tra
ker layer/muon
hamber� The relative error on the transverse momentum , ∆pT/pT.The variables χ2 and ∆pT/pT are shown in Figure 6.16 for prompt muons and fakemuons. Other variables 
ombining muon segment information 
an be used. The algorithmthat is used in this analysis for muon identi�
ation 
he
ks whether the 
andidate satis�esthe following requirements:� At least two segments in the muon 
hamber need to be mat
hed (the distan
e betweenthe tra
k and the segment is below a 
ertain threshold) to the extrapolation of thetra
k� At least one of these two segments must belong to the last muon station that is
rossed by the tra
k extrapolation.We will refer to the out
ome of su
h requirement as Tra
ker Muon Last Station.
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onstru
tion in CMS6.5.3 Lepton isolationIn the previous se
tions we have brie�y reviewed the variables responsible for ele
tronand muon identi�
ation. An e�
ient fake lepton reje
tion 
an be a
hieved by requiringisolation. Jets that fake a lepton, (i.e. that are a

epted as muon on ele
tron 
andidates)are usually surrounded by a high amount of a
tivity (neutral or 
harged). Requiring thata lepton is isolated is equivalent to asking that su
h a
tivity is absent (or small) and 
ansensibly redu
e the fake rate. Quantitatively, the relative isolation variable 
an built as:
relIso =

∑

ptracks
T +

∑

pem
T +

∑

phad
T

plepton
T

(6.11)
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(a) (b)Figure 6.17: (a) The relative isolation variable for ele
trons (a) and muons (b) 
omparedto jets faking the leptons in simulationwhere the sums in the numerator run over all the parti
le �ow 
andidates that are
ontained in a 
one of size R around the lepton and plepton
T is the lepton nominal trans-verse momentum. Both R and the maximum value that one allows for the isolation areparameters that are 
hosen a

ording to the reje
tion power one wants to a
hieve againstthe fake rate. The isolation variable with a 
one size of 0.3 are shown in Figure 6.17 forele
trons and for muons. Requiring relIso to be below a 
ertain value is then equivalent toin
rease the purity of real leptons with respe
t to fakes.The performan
e of isolation 
an be seriously degraded with pile-up. As parti
lesoriginating from pile-up verti
es 
an end up in the isolation 
one, the value of the numeratorof Equation (6.11) in
reases, and signal leptons 
an be reje
ted. A naive solution wouldsimply be to in
rease the threshold for the isolation, but in that 
ase one a

epts too manyfakes when the number of pile-up intera
tion is small. The problem 
omes from the fa
tthat the number of pile-up intera
tions is not 
onstant among di�erent events/data takingperiod.
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tion with FastJet One method for subtra
ting pile-up 
ontributionfrom the isolation 
one is therefore the Fastjet area method, as it provides an estimate ofthe pile-up a
tivity on an event by event basis. With pile-up, the isolation variable 
an bede�ned as:
relIsoPU = relIso − ρπR2

plepton
T

(6.12)where ρ is the pile-up density measured in momentum per unit area and R is theisolation 
one size. However it has been shown [90℄ that this method is not able to performan adequate reje
tion of fakes when the pile-up is high.Pile-up subtra
tion with Parti
le Flow A more intuitive pro
edure would 
onsist in
al
ulating the isolation variable by 
ounting in the 
one only parti
les 
andidates that areatta
hed to the primary vertex that is asso
iated with the lepton. As neutral hadrons andphotons 
annot dire
tly be asso
iated to the vertex, a threshold on their momenta 
an beimposed, so that the probability that they originate from minimum-bias vertex is redu
ed.The parti
ular implementation of this variable will be dis
ussed in the next Chapter.6.6 B-taggingTop indu
ed pro
esses represent a signi�
ant fra
tion of the ba
kground for this analy-sis. Hen
e the re
onstru
tion and identi�
ation of jets that originate from the shower-ing/hadronization of heavy �avor quarks (mostly b-quarks) is of parti
ular importan
e. Bhadrons have the feature of having a longer lifetime , 
ompared to light hadrons, 5 Thisoften results in a displa
ed vertex. Other features su
h as the high mass of B hadrons andtheir semi-leptoni
 de
ays produ
ts 
an also be used as a dis
riminating fa
tors.6.6.1 IngredientsThe inputs needed for a performant b-tagging algorithm are jets and tra
ks. The highgranularity of the CMS tra
ker makes the tra
king the most powerful tool for b-tagging.The identi�
ation of b-jets relies primarily on hits in the pixel dete
tor, as it is the 
losestto the intera
tion point. Tra
ks are then re
onstru
ted (see Se
tion 6.1) and sele
ted ifthey satisfy the following requirements:� total number of hits (pixel+strips) in the tra
ker > 7� number of hits in the pixel dete
tor > 2� transverse impa
t parameter to beam axis dxy < 0.2 
m� longitudinal impa
t parameter to the beam-spot dz < 17 
m� transverse momentum of the tra
k pT > 1 GeV� χ2/ndof < 5 (for the tra
k �t)� distan
e to the jet axis ∆R < 0.5
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Figure 6.18: S
hemati
 representation of the tra
k distan
e with respe
t to the vertexAnother important ingredient to b-tagging are soft muons. B-hadrons tend to de
ayleptoni
ally, with the lepton de
aying perpendi
ular to jet axis. As muons display a betterpurity than ele
trons, their presen
e is often used as an additional dis
riminant for b-tagging.6.6.2 AlgorithmsThe most powerful single tra
k dis
riminant for the asso
iation of a tra
k to a displa
edvertex is the distan
e between the tra
k and the vertex at the point of 
losest approa
h:the impa
t parameter (IP) (see Figure 6.18). It 
an be de�ned either in the transverseplane or in 3 dimensions. As the un
ertainty σIP asso
iated with the IP 
an be high, onerather uses the signi�
an
e as a dis
riminator:
signIP =

IP

σIP
(6.13)The simplest way of produ
ing a b-tagging dis
riminator out of tra
ks IP signi�
an
eis the so-
alled tra
k 
ounting algorithm. This approa
h identi�es a jet as b-jet if there areat least N tra
ks with signIP > S. The single dis
riminant is then obtained by �xing thevalue of N, and 
onsider as dis
riminating variable the signi�
an
e of the Nth tra
k (thetra
ks are ordered in de
reasing signi�
an
e). Two 
hoi
es are possible in CMS for this
lass of algorithms:� TCHE (Tra
k 
ounting high e�
ien
y) If one is interested in a high b-tagging ef-�
ien
y , the number of tra
ks are �xed to N=2. This is obtained at the 
ost ofin
reasing the mis-tag rate 65Usually measured by the Lorentz invariant distan
e 
τ ∼ 480 µ m (τ here is the parti
le lifetime).6The mis-tag rate is de�ned as the probability that a jet whi
h does not originate from a b-quark getstagged as a b-jet.
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k 
ounting high purity) If one is interested in high purity, N=3. This isobtained at the 
ost of lowering the b-tagging e�
ien
y.

Figure 6.19: Distribution of the the TCHE (left) and TCHP (right) dis
riminators for lightand heavy quarks in simulated QCD events. ( [91℄)The previous dis
riminators are shown in Figure 6.19 in QCD simulated events. Thebla
k dots indi
ate b-jets. The b-tagging e�
ien
y if higher for THCE (left) than for TCHP(right) as a higher fra
tion of b-jet have a high dis
riminator value for TCHE. Converselymore light jets (red/green) have an higher dis
riminator value for TCHE than for TCHP,whi
h result in a higher mis-tag rate for TCHE. The 
hoi
e of the algorithm depends ofthe relative weight one asso
iates to e�
ien
y versus mis-tag and is analysis dependent.Other algorithms exist in CMS, but as they are not used in the present work, the reader
an refer to [91℄ for a 
omplete review.
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Chapter 7The W+W− 
ommon presele
tion
In this Chapter will �rst explain the general philosophy of this analysis. We have seen inChapter 5 that the �nal state we are interested in 
onsists of two highly energeti
 leptons(ele
trons or muons), two neutrinos and eventually 0 or 1 jet. As the �nal state involvesneutrinos (and therefore missing energy) one 
annot re
onstru
t the full invariant massof the Higgs boson via the momenta of the parti
les in the �nal state. Therefore thestrategy of this sear
h will be to design a parti
ular phase spa
e region in whi
h the signalis minimally redu
ed and the ba
kgrounds maximally redu
ed and eventually observe andquantify an ex
ess with respe
t to the Standard Model ba
kgrounds expe
tation.We �rst introdu
e the samples that we will be analyzing both in simulation and in data.Building the phase spa
e is mainly the subje
t of Se
tion 3 and 4 of this Chapter. A �rste�ort will be dedi
ated to kill all the redu
ible ba
kgrounds by sequential sele
tion 
riteriaon the most relevant variables. After this stage, mainly the irredu
ible WW ba
kgroundwill be left.7.1 The Simulation and Data samples7.1.1 Simulation samplesGeneral FeaturesWe have already listed in Chapter 5 the main ba
kgrounds for this analysis. In Table 7.1.1the ba
kground and signal samples are given. In the �rst 
olumn the pro
ess name islisted. The se
ond 
olumn 
ontains the MonteCarlo generator that was used while the third
olumn 
ontains the 
ross se
tion times bran
hing ratio for the 
orresponding pro
ess.Only o�
ial CMS simulation samples from are used throughout the analysis. Threedi�erent generators were used for the various samples: Higgs signal samples were generatedwith Powheg while ba
kground samples were generated with either Pythia or Madgraph[43℄ [47℄ [50℄. The only ex
eption is the sample 
orresponding to W+W− by gluon fusion(gg → W+W−) for whi
h a dedi
ated generator was used and WZ and ZZ pro
esses wherePythia is used, sin
e the MadGraph samples are mixed with qq→W+W− in a single VVsample. All generated events were passed to Pythia for fragmentation and hadronizationbefore simulation and re
onstru
tion in the CMS dete
tor. For simulation, re
onstru
tionand analysis of these samples the CMS software was used.



120 The W+W− 
ommon presele
tionPro
ess Generator 
ross-se
tion (pb)qq → WW madgraph 43.0gg → WW → 2ℓ2ν gg2ww/pythia 0.153
tt̄ madgraph 157.5Single Top madgraph 32.9Z (mℓℓ > 10 GeV) powheg/pythia 16677W/Z+γ madgraph 165.0W → ℓν madgraph -WZ pythia 18.2ZZ pythia 5.9

gg → H → WW → 2ℓ2ν powheg/pythia vary
qqH, H → WW → 2ℓ2ν powheg/pythia varyTable 7.1: Summary of Monte Carlo datasets used. The 
ross se
tions for a SM Higgsboson is taken from the LHC Higgs 
ross-se
tion working group [15℄ and are Higgs massdependent gg → H → WW qq → H → WW
mH 2ℓ2ν ℓντν 2τ2ν 2ℓ2ν ℓντν 2τ2ν120 11.1 11.1 2.77 0.84 0.84 0.21130 20.11 20.11 5.03 1.63 1.63 0.41140 28.55 28.55 7.14 2.45 2.45 0.61150 34.31 34.31 8.58 3.10 3.10 0.78160 38.51 38.51 9.63 3.69 3.69 0.92170 34.94 34.94 8.73 3.64 3.64 0.91180 29.39 29.39 7.35 3.21 3.21 0.8190 21.71 21.71 5.43 2.51 2.51 0.63200 18.22 18.22 4.55 2.18 2.18 0.54250 10.86 10.86 2.71 1.39 1.39 0.35300 7.81 7.81 1.95 0.96 0.96 0.24350 7.19 7.19 1.8 0.67 0.67 0.17400 5.51 5.51 1.38 0.44 0.44 0.11450 3.52 3.52 0.88 0.32 0.32 0.08500 2.20 2.20 0.55 0.24 0.24 0.06550 1.38 1.38 0.35 0.19 0.19 0.05600 0.87 0.87 0.22 0.15 0.15 0.04Table 7.2: Produ
tion 
ross-se
tions multiplied by bran
hing ratio for Higgs produ
ed viave
tor-boson fusion and gluon fusion while de
aying to W+W− with the W+W− systemde
aying to various �nal states (in fb).For the majority of the ba
kgrounds the most a

urate 
ross-se
tion available at NLOare taken from MCFM [92℄, while FEWZ [93℄ is used for W and Z 
ross-se
tions at theNNLO level. The program ggtoWW [94℄ is used to evaluate the 
ross-se
tion of the gluon-indu
ed W-boson pair produ
tion. For the signal samples, the NNLO 
ross-se
tions and



7.1 The Simulation and Data samples 121the bran
hing-ratios are those provided by the LHC Higgs Cross Se
tion Working Groupin [15℄. The signal 
ross se
tion depending on the Higgs mass and the �nal state are givenin Table 7.2. As we are probing the existen
e of the Higgs parti
le in a mass range mH =120 - 600 GeV, we need a simulation sample for ea
h of the mass points in Table 7.2.A few 
omments:� in order to limit the size of the sample, the Drell Yan is generated only for di-leptoninvariant masses mℓℓ > 10 GeV.� the Single Top in
ludes all produ
tion modes: tW, s and t 
hannel.� for Higgs produ
tion only the gluon fusion (gg → H) and ve
tor boson fusion (qq →H) are used here. All the de
ays are in
luded (e,µ and τ)Higgs pT reweightingFor the signal produ
ed in gluon fusion mode, the total 
ross se
tion was estimated atNNLO+NNLL a

ura
y. In addition, the pT spe
trum is taken from the 
ode HqT in-trodu
ed in Chapter 3, at NLO+NNLL a

ura
y. In Figure 7.1 the 
omparison of the pTspe
trum obtained from HqT and the Powheg MonteCarlo is shown. The latter produ
esa signi�
antly harder spe
trum. Some of the observables used in the analysis, the numberof jets e.g., are sensitive to the pT(H) spe
trum (as the energy s
ale of the re
oil jet(s) isdetermined by the Higgs momentum in the transverse plane)

 [GeV/c]Higgs

T
p

0 50 100 150 200

F
ra

c
ti
o

n
 o

f 
E

v
e

n
ts

­410

­3
10

­210

NNLO+NNLL (HqT)

Powheg

Figure 7.1: Higgs transverse momentum spe
trum as predi
ted by Powheg and theNLO+NNLL 
al
ulation.As the results obtained from HqT are more a

urate, the events generated with Powheg(that are the ones ultimately used to guide the sele
tion strategy) will be reweighted inorder to mat
h the pT spe
trum of HqT. This pro
edure assumes that within any given
pT bin the kinemati
s of the events are well des
ribed by the Powheg simulation.



122 The W+W− 
ommon presele
tion7.1.2 Data SamplesThe datasets used for this analysis 
orrespond to the 2011 data taking period. They areorganized in so-
alled primary datasets (PD) whi
h are essentially fra
tions of the totaldatasets where only the interesting events are kept.Given the e+e−, µ+µ− and e±µ∓ �nal states 
onsidered in this analysis, the followingfour data samples have been used for the signal extra
tion. The DoubleEle
tron Pri-mary Dataset (PD) serves the e+e−�nal state, while the DoubleMuon PD is used for the
µ+µ− 
hannel. The 
ross-lepton MuEG (Muon-Ele
tronGamma) PD serves the e±µ∓ �nalstates. Finally, extra events that do not �re the double lepton triggers, but �re the singlemuon trigger, are 
olle
ted in the SingleMuon PD and are used for the modes 
ontaininga muon in the �nal state. We 
onsider only the subset of runs whi
h have passed all thedata quality tests of the Physi
s Validation Team of CMS. The analyzed data 
orrespondsto an integrated luminosity of 1.1 ± 0.1 fb−1.7.2 Signal sele
tion7.2.1 Introdu
tionIn this sele
tion we will explain how the signal extra
tion will be performed. The ideais to �rst apply an event sele
tion that is independent of the the Higgs mass parameter
mH, aimed at substantially redu
ing all the ba
kground 
ontributions that are not theWW irredu
ible ba
kground. The type of requirements that we are going to apply werealready sket
hed in Chapter 5. They involve a sele
tion on the leptons identi�
ation andisolation variables, and on their momenta, on the jets (su
h as the jet 
ount and top-tagging dis
rimination). This will be the �rst part of the signal sele
tion. We will refer tothis sele
tion as the 
ommon presele
tion, or the WW sele
tion. As di�erent ba
kgrounds
ontribute di�erently to the 4 possible �nal states ee, µµ, µe, and eµ the signal sele
tionwill be �nal state state dependent 1.The se
ond part will be aimed at spe
i�
ally redu
ing the WW 
ontinuum and will bethe subje
t of next 
hapter. In this phase the sele
tion will be Higgs mass dependent, sin
ethe signal distributions that we a going to use to dis
riminate between the signal and theWW ba
kground 
hange in shape for di�erent Higgs masses. This sele
tion blo
k will bereferred as "mass-dependent" (m.d.)In short:1. We sele
t events that pass pre-de�ned lepton triggers.2. We then sele
t those events with two oppositely 
harged high pT isolated leptons (ee,

µµ, eµ) requiring:� pT > 20 GeV for the leading lepton (highest pT);� pT > 10 GeV for the trailing lepton (lowest pT);� identi�
ation and isolation requirements on both leptons.3. We apply a 
ommon W+W− presele
tion, whi
h requires in brief:1The �nal state eµ and µe are treated separately as the lepton momentum thresholds are di�erent forele
trons and muons, as we will explain later in this se
tion. We use therefore the 
onvention that whenwe speak about the �nal state ℓ1ℓ2, ℓ1 is the most energeti
 lepton of the pair.



7.2 Signal sele
tion 123� require the number of re
onstru
ted jets with a pT > 30 GeV to be 0 or 1;� exa
tly two high pT leptons that are in
onsistent with a Z or top de
ay;� large transverse missing energy due to the neutrinos.4. Finally, we perform two Higgs mass dependent event sele
tions, both based on se-le
ting a parti
ular phase spa
e region. One uses purely kinemati
al 
uts, the otheruses a more advan
ed multivariate te
hnique (Neural Network)The goal of the present study is to measure, or to derive an upper limit (in 
ase ofno ex
ess with respe
t to ba
kground expe
tation) on the signal 
ross se
tion for di�erentpossible Higgs masses. When we are probing a parti
ular Higgs mass for a given �nal state,if the signal is produ
ed a

ordingly to the standard model expe
tations, we expe
t, for agiven integrated luminosity L:
Nbefore−selection(mH) = σ(mH) · BR(W+W− → ℓℓνν) · L (7.1)
Nafter−selection(mH) = σ(mH) · BR(W+W− → ℓℓνν) · L · ǫtot(mH) (7.2)where ǫtot(mH) = ǫcommon · ǫm.d.(mH) is total signal sele
tion e�
ien
y. That in
ludesthe geometri
al dete
tor a

eptan
e, the trigger, et
 . . . :

ǫcommon = ǫA · ǫtrigger · ǫleptons · ǫZ−veto · ǫtop−veto . . . (7.3)A few remarks:� Both in Equations 7.2 and 7.3 the sele
tion is a
tually dependent on the �nal stateand the number of re
onstru
ted jets. The latter will help in dealing with top ba
k-grounds reje
tion.� Ideally, in order to minimize the dependen
e of the �nal number of expe
ted signalevents on the MonteCarlo simulation after the full sele
tion, the sele
tion e�
ien
yneeds to be, when possible estimated from data.� The ba
kground estimates, when possible, will have to be determined from data.We will now explain ea
h step of the signal sele
tion.7.2.2 TriggersTriggering on Higgs boson de
ays in the dilepton �nal state in
reases in di�
ulty within
reasing instantaneous luminosity sin
e the rates be
ome high. Most of the requirementsthat will be applied on the leptons at the "analysis" stage need to be applied at theHLT level in order to keep the rates sustainable. A low mass Higgs preferably de
ays tolow momentum leptons, but the rate of su
h leptons 
an be sensibly high at the LHC.Single lepton triggers 
an only be sustained with very tight identi�
ation and isolationrequirements and large transverse momentum thresholds.This means that double lepton triggers are the only viable option to maintain sensitivityto a low mass Higgs boson, where the leptons transverse momentum 
an be small. Thesedilepton triggers have a high e�
ien
y to 
olle
t Higgs boson events
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ommon presele
tion� Double ele
tron The main diele
tron triggers, require two HLT ele
tron 
andidateswith loose shower shape and 
alorimeter isolation requirements on both ele
trons anda mat
h to a Level-1 seed for the leading ele
tron. To be 
onsistent with the signalsele
tion of pT > 20, 10 GeV for the leading and trailing ele
trons, pT > 17, 8 GeVis required at the HLT level. Controlling the total trigger rate is most 
hallengingin the diele
tron 
hannel, due to large fake ele
tron ba
kground rates. Additionalrequirements must be added to the tra
k-to-
luster mat
hing and tra
k isolation to
ontrol the total trigger rate at instantaneous luminosities above 1 × 1033 cm−1s−1.The identi�
ation and isolation requirements are des
ribed in Table A.1 in AppendixA. Be
ause the ele
tron HLT uses simpli�ed algorithms 
ompared to the o�inesele
tion, the HLT paths in simulation and in data do not always 
orrespond exa
tly.We have 
hosen therefore to apply no HLT sele
tion on simulation, and 
orre
t forthe HLT e�
ien
ies in data as measured in [90℄.� Dimuon The main dimuon triggers require two HLT muon 
andidates with trans-verse momentum greater than 7 GeV and a mat
h to a Level-1 seed is required forboth muons. These are des
ribed in Table A.4 in Appendix A.� Mixed lepton In the ele
tron-muon 
hannel we use two 
omplementary triggers,whi
h require both muon and ele
tron HLT 
andidates. These are summarized inTable A.1 in Appendix A.� Single Muon Finally, to re
over any residual ine�
ien
y, we also allow events thatpassed only the single ele
tron or single isolated muon triggers summarized in Ta-ble A.1 in Appendix A.The e�
ien
ies of the HLT paths measured in data with are summarized in AppendixA. The e�
ien
y is parameterized in bins of pT and η in order to fa
ilitate an event-by-event re-weighting pro
edure on the simulation. The double lepton triggers are highlye�
ient (≥ 99%).7.2.3 Primary VertexVertex Sele
tionSele
ting the vertex 
orresponding to the hard intera
tion is 
ru
ial in a high pile-upenvironment. In this analysis we use the primary verti
es that are re
onstru
ted withthe Deterministi
 Annealing algorithm, introdu
ed in Chapter 6 Se
tion 6.2. With theDA algorithm, nearby intera
tions 
an be resolved and 
orre
tly re
onstru
ted as two(or more) separate verti
es, and, therefore, the position of the hard-s
attering 
ollision isdetermined with higher pre
ision. This has a dire
t impa
t on observables that dependon the signal vertex position, like the impa
t parameter of tra
ks. The impa
t parameter(IP) of a tra
k with respe
t to the primary vertex position is a quantity used to sele
tsignal leptons and reje
t ba
kgrounds leptons, as will be dis
ussed later. If the position ofthe signal intera
tion is in
orre
tly determined, the IP of the tra
k of a genuinely promptparti
le 
an be arti�
ially large. This e�e
t 
an be responsible for a signi�
ant drop in thee�
ien
y of sele
ting signal prompt leptons.We demand that the re
onstru
ted primary verti
es ful�ll the following requirements:� dz < 24 
m (distan
e in the z-dire
tion to the nominal dete
tor 
enter)
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tion 125� ρ < 2 
m (radial position with respe
t to the beamspot).� ndof ≥ 4 (number of degrees of freedom in the �tted vertex).From the set of primary verti
es in the event passing these sele
tion 
uts, the vertexwith the largest summed squared-pT of the asso
iated tra
ks is 
hosen as the event primaryvertex. Re
onstru
ted leptons will be required to have small impa
t parameters withrespe
t to this vertex.Pile-up re-weightingDue to the fast evolution of the LHC ma
hine, with a rapid rise in the instantaneousluminosity, the data taking 
onditions have 
hanged rapidly. In parti
ular it is di�
ultto exa
tly reprodu
e the number of overlapping events (i.e. pileup) between data andsimulation, and thus there are di�eren
es in the number of re
onstru
ted primary verti
es.Moreover, the pile-up distribution in simulation is �at. 2To make sure that the simulation reprodu
es the data, we have to re-weight the numberof pile-up intera
tions in the simulation in order to mat
h the distribution observed in thedata. The problem is however that we 
annot measure the pile-up distribution in data,sin
e we only know the number of re
onstru
ted verti
es.In order to infer the true pile-up distribution in data we 
an use a method 
alledBayesian unfolding [95℄, based on Bayes' theorem. We want to derive the true values (the
auses) of pile-up in data NPU (i = 1, ...,nmax) when knowing the e�e
ts, i.e. the numberof re
onstru
ted verti
es Nvtx (j = 1, ...,nmax), that we 
an measure in data. 3.We 
an then write a migration matrix that 
ontains the 
onditional probabilities
P(Nvtx = j|NPU = i) that a given number of pile-up intera
tions NPU = i will result in
Nvtx = j re
onstru
ted verti
es. This matrix is shown is Figure 7.2(a). Using Bayes' theo-rem it is possible to 
ompute, under a 
ertain prior probability distribution for the "
ause"
P0(NPU = i) the 
onditional probability that Nvtx =j originates from NPU =i.

P(NPU = i|Nvtx = j) =
P(Nvtx = j|NPU = i)P0(NPU = i)

∑nmax
k=1 P(Nvtx = j|NPU = k)P0(Nvtx = j)

. (7.4)The P(NPU = i) distribution is then:
P(NPU = i) =

1

Ntot

nmax
∑

j=1

n(Nvtx = j)P(NPU = i|Nvtx = j) (7.5)The advantage of this pro
edure is that it is iterative, one 
an then insert the newly
al
ulated probability in Equation 7.5 into Equation 7.4 as a new prior P1. The pro
edure�nally 
onverges when no signi�
ant 
hange o

urs in the �nal distribution anymore 4. We
an then re-weight our simulation in order to mat
h the "unfolded" pile-up distribution indata. The pro
edure goes as follows:2It is a
tually �at up to 10 intera
tions, with a poissonian tail from 10 to 20.3Here we �x nmax = 25 as the maximum number of re
onstru
ted verti
es in data, 
ompatibly with theobservation in data.4That is, when PN ∼ PN−1 a

ording to some χ2 test for example.
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tion� extra
t the migration matrix from simulation� derive the true pile-up distribution in Data iteratively with Equations 7.4 and 7.5� re-weight the simulation in order to mat
h NPU in data� 
he
k that the Nvtx distributions mat
h in data and simulation
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(a) (b)Figure 7.2: (a) The migration matrix that serves as an input to the unfolding pro
edure(
olumns are normalized to 1) (b) Comparison between the number of re
onstru
ted ver-ti
es in data and the true number of intera
tions.The �nal number of intera
tions obtained with this method is shown in Figure 7.2(b),
ompared to the number of re
onstru
ted verti
es. The average value is 6.5 intera
tionsper bun
h 
rossing, while we observe on average 5.3 re
onstru
ted primary verti
es, leadingto ∼ 80% e�
ien
y. This 
an be well seen in Figure 6.1. The e�
ien
y is mu
h higherhowever for re
onstru
ting the hard intera
tion vertex (∼ 99.9 % from simulation).In Figure 7.3(a) we show the number of re
onstru
ted verti
es in simulation and data,in order to 
he
k the 
onsisten
y of the method and we see a good agreement. Thisdistribution was produ
ed at the level of the two lepton sele
tion, that will be illustrated inthe next se
tion. In Figure 7.3(b) we show the ratio MC(reweighted)/Data as a fun
tion ofthe number of re
onstru
ted verti
es. This is done in order to 
he
k how well this unfoldingpro
edure is able to reprodu
e the 
orre
t distribution of verti
es in Data. We 
ompareour method with the o�
ial CMS reweighting pro
edure 5: in both 
ases the ratios are
lose to 1. By �tting the ratio to a �at fun
tion, we obtain a smaller χ2/ndof with theunfolding pro
edure, indi
ating a better �t. Both methods give however very 
omparableresults.5The standard CMS pro
edure is based on dire
tly predi
ting the average number of pile-up intera
tionsper bun
h 
rossing, given the instantaneous luminosity.
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(a) (b)Figure 7.3: (a) Distribution of the number of re
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ted verti
es in simulation (afterpile-up re-weighting) and data. (b) Ratio of the Nvtx distribution between simulation anddata. The goodness of �t is given for the unfolding pro
edure (red) and the standard CMSreweighting pro
edure (bla
k).7.2.4 Lepton sele
tionOn
e the hard intera
tion is de�ned, we want to sele
t the leptons that are most likely tooriginate from it. Sin
e we want to keep most of the signal events and reje
t the ba
k-ground (mainly W+jets), we ask that the leptons ful�ll a set of isolation and identi�
ationrequirements, as well as some minimum transverse momentum.Ele
tronsEle
tron Sele
tion Sin
e we allow the trailing ele
tron leg to have low pT threshold (inorder to in
rease the signal e�
ien
y), we need to make stri
t requirements on the identi�-
ation variables in order to redu
e the jet indu
ed ba
kground. The spe
i�
 requirementsto sele
t good prompt ele
trons are the following:� Basi
 a

eptan
e 
uts are imposed, pT > 10 GeV and |η| < 2.5;� The following ele
tron identi�
ation is applied to barrel (end
ap) ele
trons when
pT > 20 GeV:� The lateral shower shape, σiηiη < 0.01 (0.03)� The tra
k-
luster mat
hing in the φ-dire
tion, ∆φtrk−SC < 0.06 (0.03)� The tra
k-
luster mat
hing in the η-dire
tion, ∆ηtrk−SC < 0.004 (0.007)� The relative hadroni
 a
tivity, H/E < 0.04 (0.1)� The following ele
tron identi�
ation is applied to barrel (end
ap) ele
trons when
10 < pT ≤ 20 GeV:
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ommon presele
tion� The lateral shower shape, σiηiη < 0.01 (0.03)� The tra
k-
luster mat
hing in the φ-dire
tion, ∆φtrk−SC < 0.03 (0.02)� The tra
k-
luster mat
hing in the η-dire
tion, ∆ηtrk−SC < 0.004 (0.005)� The relative hadroni
 a
tivity, H/E < 0.025 (0.1)� The tra
k bremsstrahlung fra
tion, fbrem > 0.15 OR (|η| < 1.0 AND ESC/pIN > 0.95)The identi�
ation variables above were de�ned in Se
tion 6.5.1. The H/E requirementis looser in the end
ap sin
e the tighter values introdu
e noti
eable signal re
onstru
tione�
ien
y drop with large pileup.Isolation requirements are then imposed by 
omputing the parti
le �ow isolation, de-�ned as the s
alar sum of the pT of the parti
le �ow 
andidates satisfying the followingrequirements (we 
all this variable IsoPF):� ∆R < 0.4 to the ele
tron in the η × φ plane,� for neutral hadron PF 
andidates, require that it is outside the footprint veto regionof ∆R < 0.07,� for photon and ele
tron PF 
andidates, require that it is outside the footprint vetoregion of |∆η| < 0.025,� |dz(PF Candidate) − dz(electron)| < 0.1 
m, if the PF 
andidate is 
harged,� pT> 1.0 GeV, if the PF 
andidate is 
lassi�ed as a neutral hadron or a photon.The se
ond and third 
riteria are applied in order to make a distin
tion between theprobed ele
tron (that lies in the 
enter of the 
one and the parti
les that surround it). Thefourth 
riterium requires that the parti
les that enter the isolation 
one are atta
hed tothe primary vertex (hard intera
tion). This 
an be done only for 
harged parti
les. Thisis why we veto low energy neutrals, assuming that these mainly originate from pile-upintera
tions.We require relIsoPF = IsoPF
pT

< 0.13 (0.09) for ele
trons in the barrel (end
ap). Addi-tional details of the algorithm are given in 6.5.3.In order to veto fake ele
trons from 
onverted photons, we look for a re
onstru
ted
onversion vertex where one of the two tra
ks is 
ompatible with the ele
tron. The vertex�t probability is required to be greater than 10−6. We then require that there are nomissing expe
ted hits forming the ele
tron tra
k (this requirement redu
es substantiallythe W/Zγ ba
kgrounds).Finally to redu
e fake ele
trons from non-prompt sour
es, we require the transverseand longitudinal impa
t parameters with respe
t to the primary vertex to be less than
0.02 and 0.1 
m respe
tively.
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tion 129Ele
tron e�
ien
ies The ele
tron sele
tion e�
ien
y 
an be fa
torised into two 
on-tributions, the e�
ien
y from the ele
tron re
onstru
tion and from the additional analysissele
tions (a

eptan
e, trigger, identi�
ation and isolation).The ele
tron re
onstru
tion e�
ien
y is de�ned as the e�
ien
y for a super
luster to bemat
hed to a re
onstru
ted ECAL driven ele
tron (see Se
tion 6.5.1). This was measuredand is known to give perfe
t agreement between data and simulation [96℄.The ele
tron sele
tion e�
ien
y was measured in [90℄. The values for the Triggere�
ien
ies are summarized in Appendix A. The resulting data to simulation s
ale fa
tors,given in Table 7.3 show that the ele
tron e�
ien
y is slightly overestimated in simulation(by approximately 5%, depending on the momentum and pseudo-rapidity range).Measurement Barrel ( |η| < 1.479 ) End
ap ( |η| > 1.479 )
10 < pT < 15 0.93 ± 0.06 0.86 ± 0.05
15 < pT < 20 0.92 ± 0.01 0.92 ± 0.03

pT > 20 0.96 ± 0.00 0.96 ± 0.00Table 7.3: Data to simulation s
ale fa
tors for ele
trons parameterized as a fun
tion of theele
tron transverse momentum and pseudo-rapidity.MuonsMuon Sele
tion Most good quality muons are re
onstru
ted as both types at the sametime (the two muon 
lasses were de�ned in Se
tion 6.5.2) and the momentum resolution isdominated by the inner tra
ker system up to about 200 GeV in transverse momentum. Werequire the muon to be re
onstru
ted as GlobalMuon, with χ2/ndof < 10 on the global �t,with at least one good muon hit, and at least two mat
hes to muon segments in di�erentmuon stations. In 
ase of a Tra
kerMuon it must satisfy the �Tra
ker Muon Last Station"de�ned in Chapter 6. This allows the re
overy of events in whi
h the two muons are
lose by in the spe
trometer, for whi
h the global muon re
onstru
tion is known to beine�
ient [97℄In addition, the following spe
i�
 requirements to sele
t good prompt isolated muonsare the following:� transverse momentum pT greater than 10 GeV;� more than 10 hits in the inner tra
ker;� at least one pixel hit;� impa
t parameter in the transverse plane |d0| < 0.02 (0.01) 
m for muons with pTgreater (smaller) than 20 GeV, 
al
ulated with respe
t to the primary vertex;� longitudinal impa
t parameter |dz| < 0.1 
m, 
al
ulated with respe
t to the primaryvertex;� pseudo-rapidity |η| must be smaller than 2.4;� relative pT resolution is better than 10%.
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ommon presele
tionWe require this last point also in order to in
rease the resolution in the missing energy(see next se
tion).Furthermore, the parti
le �ow 
andidate-based isolation variable is used to redu
e the
ontamination from the non-isolated muons originating from jets.� IsoPF: de�ned as the s
alar sum of the pT of the parti
le �ow 
andidates satisfyingthe following requirements:� ∆R < 0.3 to the muon in the η × φ plane,� |dz(PFCandidate) − dz(muon)| < 0.1 
m, if the PF 
andidate is 
harged,� pT> 1.0 GeV, if the PF 
andidate is 
lassi�ed as a neutral hadron or a photon.We require IsoPF
pT

< 0.13 (0.06) for muons in the barrel with pT greater (smaller) than20 GeV. For muons in the end
ap, we require IsoPF
pT

< 0.09 (0.05) for muons with pTgreater (smaller) than 20 GeV.Measurement Barrel ( |η| < 1.479 ) End
ap ( |η| > 1.479 )
10 < pT < 15 0.93 ± 0.02 0.95 ± 0.02
15 < pT < 20 0.96 ± 0.01 0.93 ± 0.01

pT > 20 1.00 ± 0.00 0.98 ± 0.00Table 7.4: Data to simulation s
ale fa
tor for muons parameterized as a fun
tion of themuon transverse momentum and pseudo-rapidity.Muon E�
ien
ies As for the ele
tron 
ase the muon re
onstru
tion e�
ien
y is knownto be 
lose to 1. Therefore we give here only the sele
tion e�
ien
y spe
i�
 to the analysis,as 
al
ulated in [90℄. The data to simulation s
ale fa
tors are summarized in Table 7.4.Lepton PairsThe ele
trons and muons that pass the previous sele
tion in a given event, be
ome 
an-didates to form a lepton pair. This obje
t is a pair of leptons that satisfy the followingrequirements:� the two leptons must have an opposite 
harge� at least one of the two must have a transverse momentum pT greater than 20 GeV(both already have pT > 10 GeV)Signal events from simulation are re-weighted by the s
ale fa
tor de�ned in Tables 7.4and 7.3. We 
all the 
riteria applied up this point the "Lepton Sele
tion".
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tion 1317.2.5 Extra-lepton reje
tionTo further redu
e the ba
kground from diboson pro
esses, we veto events 
ontaining anadditional lepton meeting the previously des
ribed sele
tion requirements (in Se
tion 7.2.4)with pT > 10 GeV. This removes ∼ 60% of the WZ 
omponent but only ∼ 10% on the
ZZ 
omponent, whi
h is dominated by ZZ → 2l2ν de
ays after the full event sele
tion andsurviving the Z veto. The e�
ien
y of this parti
ular sele
tion for WW → 2l2ν events is
∼ 99.9%.7.2.6 The invariant mass of the leptonsTo redu
e the Drell�Yan ba
kground in the e+e− and µ+µ− �nal states, we reje
t eventswith a dilepton invariant mass within 15 GeV of the Z, where the invariant mass is de�nedby

mℓℓ =
√

(pℓ1 + pℓ2)
2 (7.6)
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(a) (b)Figure 7.4: Invariant mass distribution of the two sele
ted leptons at the lepton sele
tionlevel in the same-�avor 
hannel ee/µµ (a) and opposite �avor 
hannel eµ/µe (b)To motivate this 
ut we show in Figure 7.4 the lepton invariant mass (for the same andopposite �avor �nal states).We also reje
t events with a dilepton invariant mass below 12 GeV to suppress 
ontri-butions from low mass resonan
es. Unfortunately no simulation sample was available forthese low resonan
es: they are not in
luded in Figure 7.4. Their 
ontribution is howeverknown to be negligible.
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ommon presele
tion7.2.7 Missing Transverse EnergyThe missing transverse energy is used to reje
t ba
kground events where there is no naturalsour
e of missing energy, like in Drell-Yan and QCD events. In the Z/γ∗ → ττ pro
ess thereis a large di�eren
e in the masses of τ and Z. The taus are produ
ed with large boostand their de
ay produ
ts, in
luding neutrinos, are aligned with the leptons. Therefore atransverse 
omponent of missing energy with respe
t to the leptons is a better measure oftrue missing energy in the event. In order to reje
t su
h ba
kground events with a smallopening angle between ET
miss and one of the leptons, we used the proje
ted ET

miss forevent sele
tion, de�ned as:
proj.ET

miss =

{

ET
miss if ∆φmin >

π
2

ET
miss sin(∆φmin) if ∆φmin <

π
2

(7.7)with ∆φmin = min(∆φ(ℓ1,ET
miss),∆φ(ℓ2,ET

miss)) (7.8)where ∆φ(ℓi,ET
miss) is the angle between ET

miss and lepton i in the transverse plane.As mentioned in Chapter 6 Se
tion 6.4 in the presen
e of high pile-up, the tail of the
ET

miss distribution in Z/γ∗ → ℓℓ events in
reases signi�
antly.To suppress the dependen
e of the ET
miss sele
tion on the amount of pile-up, an al-gorithm was developed [90℄ 
alled trkET

miss(tra
k missing transverse energy), 
onstru
tedfrom 
harged parti
les originating from the primary vertex.The event trk.ET
miss is de�ned as

trk.ET
miss = −−→pT (l1) −−→pT (l2) −

∑

i

−→pT (i) (7.9)where −→pT (l1) and −→pT (l2) are the transverse momentum ve
tors of the two leptons pass-ing the lepton sele
tions des
ribed in Se
tion 7.2.4, and −→pT (i) represents the transversemomentum ve
tors of the 
harged Parti
le Flow 
andidates satisfying the following re-quirements:� the tra
k mat
hed to PFCandidate has ∆z < 0.1 
m with respe
t to the signal pri-mary vertex;� the tra
k has ∆R > 0.1 with respe
t to both leptons, to avoid double-
ounting of theleptons.Compared to the proje
ted Parti
le Flow ET
miss (proj.PFET

miss), we observe that theproje
ted tra
k ET
miss (proj.trk.ET

miss) has a slightly larger tail in Z/γ∗ → ℓℓ ba
kgroundevents. However these two ET
miss values are weakly-
orrelated in ba
kgrounds with nogenuine ET

miss, and strongly 
orrelated for the signal pro
esses with genuine ET
miss, asshown in Figure 7.5. Moreover, for the signal both variables peak at high values. Thereforethe signal over ba
kground ratio 
an be improved if we sele
t the events with the mininumof these two proje
ted ET

miss values, min ET
miss= min(proj.trk ET

miss, proj.PF ET
miss)greater than a given threshold.In Figure 7.6 we show the minET

miss variable at the lepton sele
tion level for thesame-�avor (ee/µµ) and opposite �avor �nal states (eµ). In the same �avor �nal state weobserve a signi�
ant dis
repan
y at large ET
miss values (where the signal peaks) between
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(a) (b) (
)Figure 7.5: Distributions of proj.PFET
miss vs. proj.trkET

miss in simulation Drell-Yan (a),Signal (mH = 160 GeV) (b), and Data (
). The �gures were obtained by omitting theZ-veto sele
tion of Se
tion 7.2.6
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(a) (b)Figure 7.6: Distribution of the minET
miss variable at the lepton sele
tion level for thesame-�avor (ee/µµ) and opposite �avor �nal states (eµ/µe)data and simulation. We believe that this di�eren
e is due to poor out-of-time pile-up (andhen
e ET

miss ) modeling in simulation whi
h 
an lead to an ex
ess of Drell-Yan events withhigh ET
miss that are not 
orre
tly predi
ted by simulation. This stresses the importan
eof determining the Drell-Yan ba
kground from fully data-driven te
hniques, in order toredu
e the dependen
y on the simulation (see the �nal dis
ussion in Chapter 8).We apply di�erent sele
tion requirements between ee/µµ and eµ/µe �nal states sin
eDrell-Yan mostly 
ontributes to ee and µµ 
hannels. The sele
tion requirements are:� minET

miss > 20 GeV for opposite �avor
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miss > 40 GeV for same �avor
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Tmin E(a) (b)Figure 7.7: (a) Reje
tion e�
ien
y of the Drell-Yan ba
kground after the sele
tion MET ≥40 GeV for same �avor events with MET = proj.PFET

miss (bla
k), proj.trk.ET
miss, (blue),min ET

miss (red) in data and simulation as a fun
tion of the number of re
onstru
tedverti
es in the event. In order to in
rease the statisti
s, the Z-veto sele
tion of Se
tion 7.2.6was inverted here, and only same �avor events were used. (b) Signal sele
tion e�
ien
yafter the same MET sele
tion in simulation.This variable also helps in designing a sele
tion 
riterium that is independent on theamount of pile-up in the event. This is shown in Figures 7.7(a) and (b). We see that theproj.trk ET
miss gives a stable e�
ien
y versus pile-up. On the other hand, due the itslarge tail it performs worse than proj.PFET

miss in terms of Drell-Yan reje
tion e�
ien
y.By 
ombining these two variables in the min ET
miss we 
an a
hieve the stability vs. pile-up o�ered by the proj.trk ET

miss and the better Drell-Yan reje
tion obtained with theproj.PFET
miss.The e�
ien
y on the sele
tion that was just exposed is believed to be well des
ribedby simulation for the signal events, that display a real ET

miss. In the ba
kground dataestimate se
tion we will see however that we 
annot rely on simulation for estimating theDrell-Yan 
ontribution.7.2.8 Jet CountingJet De�nitionJets in this analysis are re
onstru
ted by 
ombining the energy measured in the 
alorimetersand tra
ks from 
harged parti
les on basis of the standard CMS parti
le �ow algorithm andusing the Anti-kT 
lustering algorithm with R = 0.5. Events will be studied in two 
lasses:one with no 
ounted jets and one with exa
tly one 
ounted jet within |η| < 5. In the zerojet bin, the so-
alled jet veto aims at redu
ing the 
ontribution of the t̄t ba
kground with
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tion 135one or more jets above a 
ertain pT threshold. In this analysis we use high pT jets (
ountedjets) to de�ne the analysis jet bin and low pT jets for b-tagging (see later). We de�ne:� 
ounted jet: a re
onstru
ted jets with pT > 30 GeV within |η| < 5.0;� low pT jet: a re
onstru
ted jets with 7 < pT < 30 GeV within |η| < 5.0We analyze the events separately based on the number of 
ounted jets in the event. Inthis analysis we treat only the 0 and 1 jet bin 
ases.Pile-up subtra
tionWith the presen
e of pile-up, the momenta of the jets are overestimated due to the 
on-tamination of parti
les originating from se
ondary intera
tions, leading to a lower jet vetoe�
ien
y for both the Higgs signal and the t̄t ba
kground in the zero jet bin as well asextra 
ontaminations in the one jet bin.The two methods available in CMS that 
orre
t for the pile-up 
ontribution to thejet energy s
ale were examined already in Chapter 6: L1O�set and and L1Fastjet. Thestandard L2 and L3 jet energy s
ale fa
tors are applied on top of these L1 
orre
tions.As for the missing energy, due to the large variations in the number of pile-up inter-a
tions (NPU) per run and even per lumi-se
tion, we require the methods to give stableresults with respe
t to number of simultaneous intera
tions. In Figure 6.10, we had alreadyshown that the L1 FastJet method appears to be more stable as the number of pile-upintera
tions (NPU) in
reases while a small fra
tion of the needed 
orre
tion seemed to belost with L1O�set at high NPU.
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(a) (b)Figure 7.8: E�
ien
y of (a) sele
ting the signal, (b) reje
ting the t̄t ba
kground whenevents with 0 jets with a pT > 30 GeV are sele
ted.Here we look at the L1 
orre
tion robustness against pile-up is studied in Monte Carlofor the Higgs and t̄t pro
esses. In Figure 7.8 the signal sele
tion e�
ien
y (a) and the
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ommon presele
tionba
kground reje
tion e�
ien
y (b) are shown in simulation when 0 jets are found above30 GeV as a fun
tion of the number of re
onstru
ted primary verti
es. We see that forsignal (ba
kground) sele
tion (reje
tion) the e�
ien
y is �at with respe
t to pile-up whenthe L1 Fastjet 
orre
tion is applied, while a fra
tion of the e�
ien
y is lost when L1O�setis applied. This 
on�rms what we saw in Figure 6.10.
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Figure 7.9: E�
ien
y of (a) sele
ting Drell-Yan events when events with 0 jets with a pT> 30 GeV are sele
ted.We have also tested the performan
e of the L1 FastJet algorithm on data. Z+jets events(playing the role of the signal here) were sele
ted by requiring two opposite sign, same�avor, well isolated and identi�ed ele
trons or muons with an invariant mass 
onsistentwith the Z mass (|mℓℓ − mZ| < 15 GeV) and the primary vertex. In Figure 7.9 we show thejet veto e�
ien
y (0 jet sele
tion) on Drell-Yan. This is not meant to be a measurementof the 0-jet sele
tion e�
ien
y for the signal, as the jet stru
ture of gg → H and qq → Zpro
esses are very di�erent. However, we 
an:� validate the method on Data, as the L1 Fastjet method is stable versus pile-up.� dedu
e that the simulation e�
ien
y for L1 Fastjet 
orre
ted jets is well des
ribedby simulation (as there is almost perfe
t agreement)Given the se
ond point, we 
an 
on�dently take as the e�
ien
y of sele
ting 0 and 1jet events for signal events the value given by simulation. To 
on�rm the good agreementbetween data and simulation in Figure 7.10 we show the pT and η distribution of the mostenergeti
 jet in the event (with pT > 7 GeV).7.2.9 Jet Lepton AngleWe require the angle in the transverse plane between the dilepton system and the mostenergeti
 jet with pjet
T > 15 GeV to be smaller than 165 degrees in the ee/µµ �nal states.
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(a) (b)Figure 7.10: pT (a) and η (b) distribution of the most energeti
 jet in the event (with pT> 7 GeV)

 (°)ll-jetφ∆
0 20 40 60 80 100120140160180

# 
ev

en
ts

-110

1

10

210

310

410

510 Z+jets
WW
WZ/ZZ
W+jets
Single Top
tt
data

 = 160 GeVHm

Z+jets
WW
WZ/ZZ
W+jets
Single Top
tt
data

 = 160 GeVHm

Z+jets
WW
WZ/ZZ
W+jets
Single Top
tt
data

 = 160 GeVHm

Z+jets
WW
WZ/ZZ
W+jets
Single Top
tt
data

 = 160 GeVHm

Z+jets
WW
WZ/ZZ
W+jets
Single Top
tt
data

 = 160 GeVHm

Z+jets
WW
WZ/ZZ
W+jets
Single Top
tt
data

 = 160 GeVHm

Z+jets
WW
WZ/ZZ
W+jets
Single Top
tt
data

 = 160 GeVHm

Z+jets
WW
WZ/ZZ
W+jets
Single Top
tt
data

 = 160 GeVHm

-1 = 1.1 fbint = 7 TeV   Ls

Figure 7.11: Opening angle distribution between the di-lepton system (in the same �avor
ase) and the leading jet (pjet
T > 15 GeV)



138 The W+W− 
ommon presele
tionThis requirement reje
ts Z/γ∗ → ℓℓ+1jet events, where the Z boson re
oils against ajet (see Figure 7.11).7.2.10 Top taggingAt this point of the sele
tion most ba
kgrounds have been drasti
ally suppressed. The�nal step of the WW sele
tion, before addressing the WW reje
tion is the top reje
tion.Top ba
kgrounds pose a signi�
ant 
hallenge, be
ause the produ
tion 
ross-se
tion issubstantially higher than the W+W− 
ross-se
tion. To redu
e the top ba
kground, we usetwo top tagging methods. Both methods rely on the fa
t that top quarks de
ay to Wbwith almost 100% probability.Soft Muon reje
tion The �rst method vetoes events 
ontaining soft muons from the
b-quark de
ays. We de�ne soft muons as:� pT > 3 GeV;� re
onstru
ted as a Tra
kerMuon;� meets Tra
ker Muon Last Station muon identi�
ation requirements;� number of valid inner tra
ker hits > 10;� transverse impa
t parameter with respe
t to the Primary Vertex, |d0| < 0.2 
m;� longitudinal impa
t parameter with respe
t to the Primary Vertex |dz| < 0.1 
m;� non-isolated relIsoPF > 0.1 if pT > 20GeV.b-tagging The se
ond method uses Tra
k Counting High E�
ien
y (TCHE) [91℄ b-jettagging. In this method, events 
ontaining low pT jets tagged with the TCHE algorithmwith a dis
riminator value of greater than 2.1 are vetoed. The algorithm is applied also inthe 
ase of zero 
ounted jets, whi
h 
an still 
ontain low pT tagged jets.The Higgs signal e�
ien
y versus the t̄t e�
ien
y in events with no 
ounted jets a

ord-ing for di�erent standard b-tagging algorithms is shown in Figure 7.12. For a top sele
tione�
ien
y below 60%, the TCHE (red points) tagger performs better than the others. Our
urrent 
ut value has a signal e�
ien
y of about 98.1% and a t̄t e�
ien
y of about 50%.As we will in see in the Top ba
kground data estimate se
tion, the b-tagging e�
ien
iesare 
ompatible between data and simulation. In the 0-jet bin analysis we require that nojets (low pT as de�ned in Se
tion 7.2.8) are b-tagged and that no soft muons are found. Inthe 1-jet bin we require that the hard jet is not-bagged and also ask for no extra soft-muonsin the event.
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Figure 7.12: Higgs signal e�
ien
y versus t̄t e�
ien
y in events with no 
ounted jets fordi�erent standard b-tagging algorithms.Z→ ℓℓ Z→ ττ tt̄ Single Top W+jets WZ/ZZ WW W/Z+γ H140

µµ 2.5 ± 0.8 0.0 ± 0.0 5.1 ± 1.0 2.4 ± 0.3 5.8 ± 4.0 4.3 ± 0.2 70.0 ± 0.8 0.1 ± 0.1 14.5 ± 0.3
µe 1.0 ± 0.3 0.7 ± 0.3 6.9 ± 1.1 4.0 ± 0.4 26.5 ± 9.3 3.0 ± 0.2 120.6 ± 1.0 5.2 ± 1.1 17.8 ± 0.3eµ 0.6 ± 0.2 1.1 ± 0.3 8.6 ± 1.4 4.2 ± 0.4 29.5 ± 10.1 3.8 ± 0.2 131.9 ± 1.1 4.1 ± 1.0 20.6 ± 0.3ee 1.6 ± 0.8 0.0 ± 0.0 3.0 ± 0.8 2.2 ± 0.3 15.2 ± 7.4 2.4 ± 0.1 43.5 ± 0.6 0.4 ± 0.3 8.9 ± 0.2all 5.7 ± 1.1 1.8 ± 0.5 23.7 ± 2.2 12.8 ± 0.7 77.0 ± 16.1 13.5 ± 0.4 366.0 ± 1.8 9.8 ± 1.5 61.7 ± 0.5Table 7.5: Expe
ted number of signal and ba
kground events for an integrated luminosityof 1.1 fb−1 after applying the WW 
ommon sele
tion in the 0 jet binZ→ ℓℓ Z→ ττ tt̄ Single Top W+jets WZ/ZZ WW W/Z+γ H140

µµ 1.5 ± 0.3 0.0 ± 0.0 14.0 ± 1.7 4.6 ± 0.4 0.0 ± 0.0 1.5 ± 0.1 22.1 ± 0.4 0.0 ± 0.0 5.2 ± 0.1
µe 2.4 ± 0.5 4.8 ± 0.7 24.7 ± 2.2 6.9 ± 0.5 2.3 ± 1.7 2.5 ± 0.2 36.6 ± 0.6 0.9 ± 0.4 7.6 ± 0.2eµ 0.7 ± 0.2 6.6 ± 0.9 29.5 ± 2.5 8.5 ± 0.5 6.5 ± 4.9 3.9 ± 0.2 41.1 ± 0.6 0.8 ± 0.3 8.0 ± 0.2ee 1.5 ± 0.3 0.0 ± 0.0 10.2 ± 1.5 2.6 ± 0.3 6.0 ± 4.7 1.6 ± 0.1 13.5 ± 0.3 0.1 ± 0.1 3.1 ± 0.1all 6.1 ± 0.7 11.4 ± 1.2 78.4 ± 4.0 22.6 ± 0.9 14.7 ± 7.0 9.5 ± 0.3 113.3 ± 1.0 1.8 ± 0.5 23.9 ± 0.3Table 7.6: Expe
ted number of signal and ba
kground events for an integrated luminosityof 1.1 fb−1 after applying the WW 
ommon sele
tion in the 1 jet bin
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ommon presele
tion7.2.11 Summary of the WW 
ommon presele
tionHere we summarize the expe
tation of the signal and ba
kground at WW sele
tion sele
tionlevel.In Appendix B we show the ba
kground and signal (for some Higgs masses) expe
tationsand the data yields at ea
h step of the WW 
ommon presele
tion. In Table 7.5 and 7.6the �nal yields at the WW presele
tion are given for ea
h �nal state. At this point theba
kgrounds are purely simulation expe
tations, while the signal has been 
orre
ted for thedata estimated e�
ien
ies (essentially trigger and lepton sele
tion e�
ien
ies). The �rstnumber given 
orresponds to the expe
ted number of events for an integrated luminosityof 1.1 ± 0.1 fb−1. The se
ond entry is the statisti
al un
ertainty due to limitations onthe size of the simulation samples.7.3 Data driven ba
kground estimates at the WW sele
tionlevel7.3.1 Introdu
tionIn order to have a reliable estimate of the number of Signal events after the 0 and 1-jetbin sele
tions introdu
ed in the previous se
tions we need to assess how many ba
kgroundevents are still present in the sample. A naive approa
h would simply 
onsist in 
ountinghow many ba
kground events survive after the sele
tion 
uts that de�ne the Signal regiondire
tly from MonteCarlo simulation. This approa
h presents however several limitations.Consider that we want to measure the ba
kground B in the Signal region. Then, if we relyon simulation, the number of B events left after the signal sele
tion 
an be written as:
Nsr

B = σBL
∏

i

ǫi (7.10)where Nsr
B is the number of ba
kgrounds left after the Signal sele
tion, σB is the total
ross se
tion of the ba
kground B, L is the integrated luminosity and the ǫi are the e�-
ien
ies of sele
ting this parti
ular ba
kground at ea
h step i of the sele
tion (this in
ludesalso the geometri
al a

eptan
e) inferred dire
tly from simulation. The estimate of Nsr

Busing the previous formula su�ers from the un
ertainty on ea
h parameter in the right-hand side of the equation: the 
ross se
tion, the luminosity and ea
h individual sele
tione�
ien
y des
ribed in the previous se
tion, su
h as the triggers e�
ien
ies, the leptonssele
tion, isolation and identi�
ation, the Emiss
T resolution, the top-tagging e�
ien
ies, et


. . . Some of these 
an be reliably extra
ted from simulation, but some others 
annot be-
ause simulation is known to not be parti
ularly reliable. Su
h is the 
ase for b-tagginge�
ien
ies for instan
e, where the details of b-jet fragmentation 
annot be reliably simu-lated at low energy. Another example is the Emiss
T distribution with the presen
e of pile-upintera
tions. In addition, given that the total sele
tion was designed in the �rst pla
e su
hthat the ba
kground yield is small, the statisti
al un
ertainty on Nsr

B is expe
ted to be im-portant. Moreover the systemati
 un
ertainties on some of the e�
ien
ies simply 
annotbe estimated by simulation. So given the 
omplexity of the signal sele
tion, and the lowba
kground yield in the signal region, the total resulting un
ertainty on Nsr
B 
an be verysigni�
ant, if estimated via Equation 7.10.



7.3 Data driven ba
kground estimates at the WW sele
tion level 141An alternative method needs therefore to be de�ned. Before any sele
tion the numberof B events is N0
B. The standard sele
tion �sr� (the signal region) enhan
es the Signalyields and redu
es strongly the ba
kground and the 
orresponding e�
ien
y is ǫsr. Analternative sele
tion �
r� (
ontrol region) 
an also be de�ned so that the ba
kground understudy is kept high but the other ba
kgrounds and the signal are signi�
antly redu
ed. We
an always write:

N0
B =

Nsr
B

ǫsr
=

Ncr
B

ǫcr
(7.11)where the ǫsr and ǫcr are the total e�
ien
ies of respe
tively sele
ting the ba
kgroundin the signal and the 
ontrol region and Nsr

B and Ncr
B are the ba
kground yield in the signaland 
ontrol regions. Relying on the good knowledge of the 
onsidered ba
kground inthe 
ontrol phase-spa
e region, the number of ba
kground events measured in the 
ontrolregion 
an then extrapolated to the signal region using the sele
tion e�
ien
ies obtainedby MonteCarlo simulation, or if possible, measured from Data:

Nsr
B =

ǫsr

ǫcr
Ncr

B (7.12)Ideally, if we know that the 
ontrol region is populated only by one type of ba
kgroundevents, it is enough to 
ount the number of events in the 
ontrol region Ncr
all, and useEquation 7.12 to estimate the ba
kground yield in the signal region. In pra
ti
e howeverit is not always possible to de�ne a 
ontrol region in whi
h the ba
kground purity is 100%,therefore the other ba
kgrounds need to be subtra
ted from Ncr

all. Finally, the number ofevents B in the signal region 
an be written as:
Nsr

B =
ǫsr

ǫcr

(

Ncr
all − Ncr

other

) (7.13)This approa
h is attra
tive mainly for two reasons:� If the 
ontrol region is properly 
hosen the event 
ount of the other ba
kgrounds Ncr
otheris low, while Ncr is high. The statisti
al un
ertainty on the number of observed events

Ncr is therefore low. On the other hand Ncr
other 
an have a big un
ertainty, espe
iallyif these events are 
ounted dire
tly from MonteCarlo simulation. However, sin
e the
ontrol region is 
hosen su
h that Ncr

other is low the impa
t on the total un
ertaintywill not be signi�
ant.� In pra
ti
e the 
ontrol region is 
hosen su
h that it di�ers from the signal region byonly one spe
i�
 sele
tion requirement. This implies that all the 
ommon sele
tion
uts 
an
el out in the ratio and the un
ertainties on quantities involved in the 
om-mon sele
tion 
an be negle
ted. So one only needs to 
onsider the un
ertainties onthis ratio whereas in the MonteCarlo 
ounting method (Equation 7.10) one had toestimate the impa
t of all kinemati
 
uts on the �nal yield.In the following se
tion we will apply this method to the measurement of the mainba
kgrounds of the H→W+W− analysis at the 
ommon presele
tion level.
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ommon presele
tion7.3.2 The Drell-Yan ba
kgroundIn this se
tion we will determine the ba
kground that originates from a de
ay of a Z bosoninto a pair of same �avor leptons (e±e∓ and µ±µ∓): the Drell-Yann Z /γ⋆. In theory sin
eno neutrinos are present in the �nal-state, we expe
t the 
ontribution of this ba
kground tobe negligible in the signal region. However, in pra
ti
e at high luminosity, with the presen
eof several simultaneous intera
tions per bun
h 
rossing (pile-up), the Emiss
T resolution getssmeared toward high values, resulting in a non-negligible tail in the Emiss
T distribution ofthe Drell-Yan 6. Moreover, the Z boson de
aying to a pair of τ leptons, and both the tausde
aying leptoni
ally produ
es non-zero Emiss

T in the event.In prin
iple this ba
kground 
ould simply be inferred in the signal region by 
ountingthe number of same �avor lepton N(ll)sr and subtra
ting the 
ontamination from otherba
kgrounds. The 
ontamination 
an be 
lassi�ed in two 
ategories:� The ba
kgrounds that equally de
ay into same-�avor and opposite-�avor �nal statesu
h as the top ba
kgrounds, W+W−, and W+jets. They 
an be determined bysimply 
ounting the opposite �avor events with a proper fa
tor that takes into a

ountthe di�eren
e in e�
ien
y in sele
ting ele
trons and muons (kee and kµµ).� The ba
kgrounds that de
ay mostly into a same �avor state via a Z boson reso-nan
e su
h as the Diboson ba
kgrounds (WZ,ZZ). As these ba
kgrounds are both
hara
terized by the presen
e of real Emiss
T we assume that they are well modeled bysimulation. Their 
ontamination will therefore be 
al
ulated from simulation.We 
an write:

N(Z→ee)sr = Nsr
ee − 1

2keeN
sr
mix − Nsr

ee(WZ,ZZ)

N(Z→µµ)sr = Nsr
µµ − 1

2kµµNsr
mix − Nsr

µµ(WZ,ZZ)
(7.14)where Nsr

mix is the number of opposite �avor �nal state and the fa
tor 1
2 a

ounts forthe fa
t that there as twi
e as many opposite �avor events than same �avor for non-Zde
ays (su
h as W+W− or t̄t). This approa
h works if Nee/µµ ≫ Nmix, or in other wordsif the statisti
al un
ertainty on Nee/µµ is small. The signal was designed in the �rst pla
eto spe
i�
ally suppress same �avor events originating from Z, so this approa
h 
annot beused as su
h in the signal region.A region in whi
h the same �avor 
ontribution is enhan
ed needs therefore to be se-le
ted. The invariant mass of the di-lepton for same-�avor and opposite-�avor events isshown after the 
ommon W+W− 0-jet sele
tion (Figure 7.13) and 1-jet sele
tion (Figure7.14) The natural 
hoi
e is the 
ontrol region is |mℓℓ − mZ| ≤ 15 GeV and the total signalsele
tion aside from the Z-veto 
ut. From both �gures it is 
lear that this 
ontrol region isdominated by Drell-Yann and Diboson events for the same-�avor �nal state events. Thenumber of same �avor events originating from Z de
ays in the signal region 
an then bewritten as:6This e�e
t is mitigated by the de
ision of using the min. proj. Emiss

T variable previously de�ned, butis still present
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(a) (b)Figure 7.13: Invariant mass of the di-lepton system for (a) same �avor �nal state and (b)opposite �avor �nal state after the W+W− sele
tion in the 0-jet bin (no Z-veto is applied)
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(a) (b)Figure 7.14: Invariant mass of the di-lepton system for (a) same �avor �nal state and (b)opposite �avor �nal state after the W+W− sele
tion in the 1-jet bin (no Z-veto is applied)
N(Z→ee)sr = Ree

out/in

(

Ncr
ee − 1

2keeN
cr
mix − Ncr

ee(WZ,ZZ)

)

N(Z→µµ)sr = Rµµ
out/in

(

Ncr
µµ − 1

2kµµNcr
mix − Ncr

µµ(WZ,ZZ)

) (7.15)
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ommon presele
tionwhere kee = 1
kµµ

=

√

Nloose
ee

Nloose
µµ

. Nloose
ee and Nloose

µµ are the number of same �avor event in�loose� 
ontrol region de�ned by |mℓℓ − mZ| ≤ 15 GeV and minEmiss
T ≥ 40 GeV. If we do sothe 
ontrol region is very similar to the signal region, with the ex
eption of the invariantmass 
ut. The dilepton invariant mass is expe
ted to be well modelled by simulation.
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(a) (b)Figure 7.15: Rout/in in simulation and data in the (a) 0-jet and (b) 1-jet binThe ratio Rout/in is de�ned as the ratio of e�
ien
ies of sele
ting event out of the Zpeak and in the Z peak. The Drell-Yan and Diboson yield in the same �avor �nal state and
Rout/in strongly depends on the Emiss

T (and the min. proj. Emiss
T ). In Figure 7.6 (a) and (b)the min. proj. Emiss

T distribution we 
an dedu
e that min. proj. Emiss
T is poorly modeledby simulation. The Emiss

T is expe
ted to be mismodelled at high luminosity espe
ially forevents with non-real Emiss
T .�nal state ee µµ

kll(0 − jet)(Data) 0.76 ± 0.04 1.31 ± 0.07
kll(1 − jet)(Data) 0.72 ± 0.05 1.37 ± 0.10Table 7.7: Fa
tors that a

ount for the di�eren
e in e�
ien
y between the ee and µµ �nalstates

Rout/in 
an be either estimated from simulation or from data. In order to in
rease thestatisti
s we 
hose to estimate Rout/in by slightly relaxing the min Emiss
T 
ut in both thesignal and the 
ontrol region to 20 GeV. By doing doing so we are impli
itly assumingthat the variable Rout/in is independent from the Emiss

T 
ut. If the fake Emiss
T introdu
edby the Drell Yan ba
kground was to be perfe
tly modeled by simulation this would be the
ase. For the reason already stated however, this is not the 
ase: we de
ide to asso
iate to

Rout/in a systemati
 error that a

ounts for this dependen
e. We take ∆Rout/in(syst.) =
1
2 |maxi,j(Rout/in(min.proj.Emiss

T > i) − Rout/in(min.proj.Emiss
T > j))|, where i,j run over allpossible min.proj.Emiss

T 
uts. In Figure 7.15, Rout/in is shown as a fun
tion of the min.
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T 
ut value for the ee and µµ 
hannels 
ombined in data and simulation.In Table 7.7 the values kll are summarized. In order to in
rease the statisti
s, we have
hosen to 
ombine the ee and µµ 
hannels in one single measurement. The yield of the Zba
kground de
aying to same �avor leptons as measured in data with the pro
edure thatwas just explained are summarized in the 0 and 1 jet bin in Table 7.8 and 7.9. In the signalregion there is 1-to-3 times more Drell-Yan ba
kground in the same-�avor �nal state thanwas expe
ted by simulation . To a

ount for this dis
repan
y, the normalization fa
torgiven in the last line of Table 7.8 and 7.9 will be applied to the Drell-Yan simulated events.For the opposite �avor �nal state, 
orresponding to Z → ττ de
ays, we will simply use theyields obtained from simulation.Parameter ValueNumber of obsverved events in the 
ontrol region (Data) 305Number of opposite �avor events in the 
ontrol region 226 ± 15Number of diboson events in the 
ontrol region (sim.) 46.0 ± 4.7

Rout/in 0.19 ± 0.04 ± 0.08number of Z events in the signal region (data) 6.4 ± 4.0 ± 2.7number of Z events in the signal region (sim.) 4.1 ± 1.0data/simulation s
ale fa
tor 1.56Table 7.8: Summary of measurements that enter in the 0-jet bin Drell-Yan 
ontributionestimate. When two un
ertainties are given, the �rst 
orresponds to the statisti
al un
er-tainty and the se
ond to the systemati
s.Parameter ValueNumber of obsverved events in the 
ontrol region (Data) 201Number of opposite �avor events in the 
ontrol region 113 ± 10.6Number of diboson events in the 
ontrol region (sim.) 18.7 ± 1.9
Rout/in 0.15 ± 0.04 ± 0.05number of Z events in the signal region (data) 10.0 ± 3.0 ± 4.2number of Z events in the signal region (sim.) 3 ± 1data/simulation s
ale fa
tor 3.3Table 7.9: Summary of measurements that enter in the 1-jet bin Drell-Yan 
ontributionestimate. When two un
ertainties are given, the �rst 
orresponds to the statisti
al un
er-tainty and the se
ond to the systemati
s.7.3.3 Top ba
kgroundsBa
kgrounds with top quarks in the �nal state are produ
ed at high rate at the LHC. The
ross-se
tion for su
h pro
esses is substantially higher than that of the irredu
ible W+W−ba
kground. As seen in the previous se
tions the 
ontribution of these ba
kgrounds at

W+W− sele
tion level is redu
ed with the help of a b-tagging dis
riminator and with therequirement that no soft muons should be present in the �nal state.
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ommon presele
tion0 jet binWe re
all that in the 0-jet bin the dedi
ated anti-top tagging 
uts are de�ned in thefollowing way: jets with 7 < pT < 30 GeV are required to not be tagged as b-jets, and noextra soft muons should be present in the event. A top enhan
ed region in the 0-jet bin
an then be de�ned as: at least one jet is b-tagged or at least one soft muon is found. We
all the e�
ien
y of sele
ting su
h events in the 0-jet bin ǫsoft−tag = ǫcr.In Figure 7.16 the distribution of the number of jets is shown in simulation 
omparedto data. Given that the signal sele
tion strategy depends on the number of re
onstru
tedjets with pT > 30 GeV, the approa
h to the estimate top ba
kgrounds di�ers between the0 and 1 jet bin.Given that the signal and the 
ontrol region are 
omplementary in this 
ase, we have
ǫsr = 1 − ǫsoft−tag. We 
an estimate the number of top events in the signal region with:

Nsr
top =

1 − ǫsoft−tag

ǫsoft−tag

(

Nsoft−tag
all − Nsoft−tag

other

) (7.16)where Nsoft−tag is the total number of soft-tagged events in data, while Nsoft−tag
other isthe number of �
ontaminating� events in the 
ontrol region (i.e. other ba
kgrounds thatfall in the 
ontrol region) and is inferred from MonteCarlo simulation. As pointed outearlier, the details of b-jet fragmentation are poorly modeled by simulation (espe
ially atlow transverse momentum), therefore the e�
ien
y ǫsoft−tag needs to be measured dire
tlyfrom data.We de�ne an event sample where exa
tly one jet > 30 GeV was re
onstru
ted and werequire this jet to be tagged as b-jet. This sample is almost a 
lean t̄t sample (95% purein simulated events). We know that the hard b-tagged jet is one leg of the t̄t de
ay. Wealso know that the other top has de
ayed �at best� into a jet with a momentum pT < 30GeV. So the probability for a top quark to de
ay into a low pT b-tagged jet (or no jet) ora soft muon is given by:

ǫb or µ =
Nb or µ

N1b
(7.17)where the denominator N1b is the number of events with exa
tly one b-tagged jet, andthe numerator is the subset of these events with at least one soft b-tagged jet or a softmuon. We have measured ǫb or µ in Data and MonteCarlo and we �nd a good agreement:we �nd ǫb or µ = 41.7 ± 4.1% (41.5 ± 4.1%) in Data (MonteCarlo). The quoted un
ertaintyin
ludes the statisti
al error (10%) and the small bias (5%) due to non-purity of t̄t in the

N1b sample. This agreement validates the method.We have now to distinguish between Single Top and t̄t events. The e�
ien
y for aSingle Top event to be soft muon or b-tagged is simply ǫb or µ. For a t̄t event however, it isthe probability that one of top quark, or both are tagged, that is one minus the probabilitythat neither of them is tagged:
ǫsoft−tag( SingleTop ) = ǫb or µ

ǫsoft−tag( t̄t ) = 1 − (1 − ǫb or µ)2
(7.18)
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Figure 7.16: Contribution of the ba
kgrounds in di�erent jet bins
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riminator in the 0-jet bin (a) and inthe 1-jet bin (b)



148 The W+W− 
ommon presele
tionand �nally taking into a

ount the relative fra
tion of t̄t in the 0-jet bin Ft̄t = 1 − FSingleTop:
ǫsoft−tag = Ft̄t(1 − (1 − ǫb or µ)2) + FSingleTopǫb or µ (7.19)The t̄t fra
tion is measured in the 0 jet bin from simulation (Ft̄t = 72%). This number issubje
t to a large un
ertainty however, mainly due to the fa
t that the ratio of t̄t and SingleTop produ
tion at the LHC is known with an un
ertainty7 of 17% [98℄. We �nd ǫsoft−tag

= 59.1 ± 7.6% (58.1 ± 7.6%) in Data (MonteCarlo) for the soft-tagging e�
ien
y in the0-jet bin. Here again the agreement is good between Data and MonteCarlo simulation. InFigure 7.17(a) the btag dis
riminator of the leading jet in the 0-jet bin is shown.Parameter Value
t̄t fra
tion in the 1-jet btag sample 95.0%numerator for soft mu or b tagging e�
ien
y (Nb or µ) 192 ± 14denominator for soft mu or b tagging e�
ien
y (N1b) 460 ± 21soft mu or b tagging e�
ien
y (ǫb or µ) 41.7 ± 4%
t̄t fra
tion in the 0-jet bin 71.7%soft-tagging e�
ien
y 
ombined (ǫsoft−tag) 59.1 ± 7.6%number of 
ontaminating events in 
ontrol region 12.3 ± 3.5number of observed events in the 
ontrol region (data) 88number of observed events in the 
ontrol region (sim) 56.5number of top events in the signal region (data) 52.2 ± 16number of top events in the signal region (sim) 31.1 ± 10.0number of top events in the signal region (sim, 
ounting) 37.4 ± 6.1data/simulation s
ale fa
tor 1.39Table 7.10: Summary of measurements that enter in the 0-jet bin top 
ontribution estimateFinally, using Equation (7.17), we 
an estimate the residual number of top events inthe 0-jet bin after the 
ommon W+W− sele
tion. From simulation we �nd the number of
ontaminating events in the 
ontrol region Nsoft−tag

other = 12.3 ± 3.5, the main 
ontribution
oming from the W+W− and W+jets ba
kgrounds. When we apply this method to sim-ulated events we �nd Nsr
top(sim) = 31.1 ± 10.0 events, whi
h is in perfe
t agreement withthe number of simulated top events that fall in the signal region (i.e from pure MonteCarlo
ounting), Nsr

top(sim, 
ounting) = 37.4 ± 6.1. In Data, we �nd an ex
ess of top eventswith respe
t to simulation, Nsr
top(data) = 52.2 ± 16 In order to a

ount for this dis
rep-an
y, top-related distributions (and yields) taken from simulation will be renormalized bya s
ale fa
tor Nsr

top(data)

Nsr
top(sim)

= 1.39. All these results are summarized in Table 7.10.1 jet binThe top ba
kground reje
tion in the 1-jet bin is performed by requiring that the leading jetis not b-tagged, that no other (soft) jets are b-tagged and no soft muons are present in the7In addition, some NLO Single Top diagrams overlap with LO tt̄ diagrams. This interferen
e is nottaken into a

ount in MonteCarlo simulation
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tion level 149event. A 
ontrol region 
an thus be de�ned by requiring the leading jet to be b-tagged, andthat no other soft muons and soft b-tagged jets are present in the event. The signal and the
ontrol region then di�er by the requirement that the leading jet is (is not) b-tagged. Wewant therefore to determine the e�
ien
y of b-tagging a hard jet ǫhard−tag. The residualnumber of events in the signal region is then simply:
Nsr

top =
1 − ǫhard−tag

ǫhard−tag

(

Nhard−tag, no soft b or µ
all − Nhard−tag, no soft b or µ

other

) (7.20)with Nhard−tag, no soft b or µ
other to be determined as before from simulation.In order to determine ǫhard−tag from data a sample dominated by top events with hardjets has to be de�ned. We de�ne this 
ontrol sample as 
ontaining events with exa
tlytwo hard jets (pT≥ 30 GeV). In order to in
rease the t̄t purity we also require at leastone of the two jets to be b-tagged. From simulation we 
he
k that this sample is indeeddominated by t̄t events: we �nd 99% purity. We 
an assess the average hard-jet b-tagginge�
ien
y by 
al
ulating:

ǫhard−tag =
Nbb

N1b−leading+N1b−trailing

2

(7.21)where Nbb is the number of events where both the hard jet are b-tagged, and N1b−leading(N1b−trailing) are respe
tively the number of events where the leading (trailing) jet is b-tagged. In data (simulation) we �nd ǫhard−tag = 60.7 ± 4% (65.3 ± 3). Within the quotedstatisti
al un
ertainties the agreement is good.Parameter Value
t̄t fra
tion in the 2-jet btag sample 99%numerator for hard jet b-tagging e�
ien
y 759 ± 18denominator for hard jet b-tagging e�
ien
y 461 ± 19hard jet b-tagging e�
ien
y in simulation (ǫhard−tag) 65.3 ± 3%hard jet b-tagging e�
ien
y in data (ǫhard−tag) 60.7 ± 4%number of 
ontaminating events in 
ontrol region 19.2 ± 4.6number of observed events in the 
ontrol region (data) 320number of observed events in the 
ontrol region (sim) 320.9number of top events in the signal region (data) 159.6 ± 18number of top events in the signal region (sim) 160 ± 25number of top events in the signal region (sim, 
ounting) 122 ± 4data/simlation s
ale fa
tor 1.30Table 7.11: Summary of measurements that enter in the 1-jet bin top 
ontribution estimateWe 
an then use Equation (7.20) to estimate the number of top events in the signalregion in the 1-jet bin. The number of other ba
kground events in the 
ontrol regionestimated from simulation is 19.2 ± 4 
oming mainly from Drell-Yan, W+jets and W+W−.As a 
losure test we apply this method to estimate the number of top events in simulation



150 The W+W− 
ommon presele
tionand we �nd 160.5 ± 29 whi
h is in agreement with 122.6 ± 4 found from 
ounting of t̄t andSingle Top events. In data, we �nd Nsr
top(sim) = 159.6 ± 18, leading to a s
ale fa
tor of1.30. The results are summarized in Table 7.11. In Figure 7.17(b) the btag dis
riminatorof the leading jet in the 1-jet bin is shown.7.3.4 WW ba
kgroundAlthough the 
ross se
tion of the W+W− is sensibly lower than that of top and Z produ
-tion at the LHC, the residual 
ontribution of this ba
kground after the full H→W+W−sele
tion is the highest. Following the same approa
h, a region where the W+W− 
ontri-bution is enhan
ed needs to be de�ned. Naively the W+W− 
ommon sele
tion provides by
onstru
tion su
h a 
ontrol region. However in this same region the signal is enhan
ed aswell, so an additionnal sele
tion needs to be de�ned su
h that the new sele
tion is almost�signal free�.
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Figure 7.18: Distribution of the invariant mass of the two leptons. In order to see the di�er-en
e in shape between the signal (for di�erent Higgs masses) and the W+W− ba
kgroundthe distributions are normalized to unityIn Figure 7.18 the invariant mass of the two leptons for the W+W− ba
kground and fordi�erent values of the Higgs mass is shown. We see that for mH ≥ 200 GeV the ba
kgroundand signal distribution overlap signi�
antly. In this 
ase it is di�
ult to de�ne an e�
ient
ontrol region and therefore the W+W− yield will be taken dire
tly from simulation. For
mH ≤ 200 GeV however the leptons invariant mass distribution in the W+W− 
ase is pretty
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kground estimates at the WW sele
tion level 151well separated than that of the signal. The 
ontrol region in this 
ase 
an be de�ned as mℓℓ

≥ 100 GeV. This region is appropriate for both 0 and 1-jet bin analysis sin
e the kinemati
sof the di-lepton system do not depend on the jet stru
ture of the event. The signal regionin this 
ase is the 
ommon W+W− sele
tion. We 
an write:
Nsr

W+W− =
1

ǫmℓℓ≥100

(

Nmℓℓ≥100
all − Nmℓℓ≥100

other

) (7.22)The pro
edure is as follows:� We measure the total number of events in the 
ontrol region from data Nmℓℓ≥100
all andsubtra
t the events of the other ba
kgrounds that fall in this region Nmℓℓ≥100

other . Thislast number is taken as before from simulation.
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Figure 7.19: Extrapolation signal/
ontrol region fa
tor R0,1jet = 1
ǫmℓℓ≥100

in the 0and 1 jet 
ase as a fun
tion of the invariant mass resolution of the two lepton. Thesolid line represents the 
entral whereas the light-shaded area represent the statisti
alun
ertainty obtained by simulation� We estimate ǫmℓℓ≥100 from simulation as we believe that the dilepton invariant massdistribution is well modeled by simulation. In Figure 7.19 we show the e�e
t ofvarying the invariant mass of the leptons on the ratio R0,1jet = 1
ǫmℓℓ≥100

. Assumingan average 
onservative un
ertainty of 3% on the pT resolution of leptons (whi
h
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ommon presele
tionimplies ∆mℓℓ

mℓℓ
∼ 2%) we dedu
t from Figure 7.19 that su
h an un
ertainty on the theinvariant has an e�e
t on R0,1jet 
omparable to the statisti
al un
ertainty.� We extrapolate the 
ontrol region estimate to the signal region (at the W+W− se-le
tion level)using Equation (7.22).
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(a) (b)Figure 7.20: Distribution of the invariant mass of the di-lepton system in the 0-jet bin (a)and in the 1-jet bin (b)Parameter 0-jet bin 1-jet binR 3.03± 0.06 2.87 ± 0.1number of 
ontaminating events in 
ontrol region 47 ± 11 64±6number of observed events in the 
ontrol region (data) 176 107number of observed events in the 
ontrol region (sim) 169 ±8 103±5number of WW events in the signal region (data) 392 ± 40 ± 35 124 ± 18 ± 30number of WW events in the signal region (sim, 
ounting) 369 ± 19 114±11data/simlation s
ale fa
tor 1.06 1.09Table 7.12: Summary of measurements that enter WW ba
kground 
ontribution estimate.When two un
ertainties are quoted, the �rst is statisti
al, the se
ond is systemati
.In Figure 7.20 the invariant mass distribution at the W+W− sele
tion level is shown inthe 0 and 1 jet bin. The highest 
ontamination in the 
ontrol region 
omes from W+jetsba
kground and top in the 0 jet bin (while in the 1 jet bin the top ba
kground dominates).The resulting W+W− ba
kground at 
ommon sele
tion level is summarized in Table 7.12for the 0 and 1 jet bin. The un
ertainty on the �nal yield is highly dominated by thestatisti
al un
ertainty of the other ba
kground 
ontaminations. We quote as statisti
alun
ertainty the un
ertainty on the number of observed events in the 
ontrol region and assystemati
s the 
ombination of the errors on the ba
kground 
ontaminations and on the
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tion level with Data 153extrapolation fa
tor R. The data/simulation s
ale fa
tor being 
lose to 1, we 
on
lude thatthis ba
kground is well modeled by simulation.7.3.5 Fake leptons: W+jets and QCDThe main sour
es of fake leptons are W + jets and QCD events, where at least one ofthe jets or a 
onstituent is misidenti�ed as an isolated lepton. The dominant ba
kgroundis W + jets be
ause there is already one prompt, well isolated, lepton from the W bosonde
ay. Fake non-prompt leptons arise from the leptoni
 de
ay of heavy quarks, misidenti�edhadrons or ele
trons from photon 
onversions.A set of loosely sele
ted lepton-like obje
ts, referred to as the �fakeable obje
t�, isde�ned in a sample of events dominated by dijet produ
tion. The e�
ien
y for thesedenominator obje
ts to pass the full lepton sele
tion 
ritera is measured. This ba
kgrounde�
ien
y, typi
ally referred to as the �fake rate�, is parameterized as a fun
tion of the
pT and η in order to 
apture any dependen
e on kinemati
 and geometri
 quantities.The jet indu
ed ba
kground study was not spe
i�
ally adressed in this thesis. A detailedexplanation 
an be found in [90℄. We will use the results from [90℄ for this ba
kground.Sin
e the requirements that are applied are spe
i�
ally designed to radi
ally suppressthis ba
kground, the amount of simulated events that pass the WW sele
tion are limited(see the big statisti
al un
ertainty on the W+jets yields in Table 7.5). The fake rates 
anbe used as weights to extrapolate the ba
kground yield from a sample of loose denomina-tor obje
ts to the sample of fully sele
ted leptons. These events 
an be used to form a"template" that we 
an use instead of the W+jets simulation sample. This will in
reasethe number of events, and it has the advantage of being dire
tly a dire
t data sample. Wewill therefore use this template instead of the simulation sample in what follows.7.3.6 Other ba
kgroundsThere are four pro
esses whi
h need to be estimated from Monte Carlo simulation, afterapplying the proper data 
orre
tions for lepton, trigger and jet veto e�
ien
ies: WZ, ZZ,
W + γ, Z/γ∗ → ττ . All these ba
kgrounds 
ontaminations are very small.7.4 Results at the WW presele
tion level with Data7.4.1 YieldsWe report here the �nal yields at the WW presele
tion level. The Z → ee, µµ, Top,
W+W− and W+jets yields are estimated dire
tly from data (see previous se
tion). Theother ba
kgrounds are estimated from simulation.For ba
kgrounds estimates taken from simulation, the un
ertainty 
orresponds to thestatisti
al un
ertainty due to limited MonteCarlo sample, and the systemati
 un
ertaintyon the sele
tion e�
ien
y whi
h has been estimated to 9.5 %. From those estimated fromdata, the total un
ertainty has been 
omputed in the previous se
tion. The yields aresummarized in Table 7.13.
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ommon presele
tiondata all bkg. W+W− t̄t + tW W + γ0-jet 622 580 ± 67 392 ± 53 52.2 ± 16 9.8 ± 1.81-jet 340 355 ± 42 124 ± 35 159.6 ± 18 1.8 ± 0.5
WZ/ZZ Z→ ee, µµ Z→ eµ, µe W + jets0-jet 13.5 ± 1.4 6.4 ± 4.9 3.4 ± 0.7 103.0 ± 37.51-jet 9.5 ± 1.0 10.0 ± 5.2 14.5 ± 2.0 35.9 ± 13.4Table 7.13: Expe
ted number of signal and ba
kground events from the data-driven meth-ods for an integrated luminosity of 1.1 fb−1after applying the W+W− sele
tion require-ments. Statisti
al and systemati
 un
ertainties on the pro
esses are reported. For theyields derived from simulation, the un
ertainty is that on the sele
tion e�
ien
y.7.4.2 Control VariablesThe most natural variables that de�ne our �nal state at this point are the lepton tranversemomenta (pmin

T and pmax
T ) and the missing transverse energy that is indire
t measure ofthe neutrinos energy. For reasons already stated, the proje
ted transverse missing energy(min ET

miss) is more appropriate for disentangling the signal from parti
ular ba
kgrounds(rather than the ET
miss).
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(a) (b) (
)Figure 7.21: Distribution, after WW sele
tion for 1.1 fb−1of data in the 0-jet bin, of thetrailing lepton pT (a), leading lepton pT (b) and dilepton invariant mass (
). All �nalstates are in
luded. Ea
h 
omponent in simulation is s
aled to data-driven estimates.We have seen how the dilepton opening angle in the transverse plane (∆φ) 
an play animportant role in dis
riminating the signal from the W+W− 
ontinuum (see Chapter 5).As we are not able to re
onstru
t the full invariant mass of the �nal state, we also needvariables that are sensitive to 
hanges in the Higgs mass. The �rst natural 
hoi
e is theinvariant mass of the two leptons (mℓℓ).A more sophisti
ated variable is the so-
alled "transverse mass". As the name indi
ates,it is simply the invariant mass of the system in transverse plane:



7.4 Results at the WW presele
tion level with Data 155

 (GeV)miss
Tmin E

0 20 40 60 80 100 120 140

# 
ev

en
ts

0

20

40

60

80

100

120

140

160

180
WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

-1 = 1.1 fbint = 7 TeV   Ls
all final states
0 jet

 (GeV)Tm
0 50 100 150 200 250

# 
ev

en
ts

0

20

40

60

80

100

120

140
WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

-1 = 1.1 fbint = 7 TeV   Ls
all final states
0 jet

 (°)φ∆
0 20 40 60 80 100120140160180

# 
ev

en
ts

0

10

20

30

40

50

60 WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

WW
Z+jets
tt
Single Top
WZ/ZZ
W+jets
data

 = 160 GeVHm

-1 = 1.1 fbint = 7 TeV   Ls
all final states
0 jet

(a) (b) (
)Figure 7.22: Distribution, after WW sele
tion for 1.1 fb−1of data in the 0-jet bin, of themin ET
miss (a), transverse mass (b) and dilepton ∆φ (
). All �nal states are in
luded.Ea
h 
omponent in simulation is s
aled to data-driven estimates.
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(a) (b) (
)Figure 7.23: Distribution, after WW sele
tion for 1.1 fb−1of data in the 1-jet bin, of thetrailing lepton pT (a), leading lepton pT (b) and dilepton invariant mass (
). All �nalstates are in
luded. Ea
h 
omponent in simulation is s
aled to data-driven estimates.
mT = (pℓℓ

T + ET
miss)2 − (

−→
pℓℓ

T +
−−−−→
ET

miss)2 (7.23)
=

√

2pℓℓ
TET

miss(1 − cos ∆φℓℓ−ET
miss) (7.24)These six distributions are shown in the 0 (Figure 7.21-7.22) and in the 1-jet bin(Figure 7.23-7.24). In Appendix C the same distributions are shown divided in same �avorand opposite �avor �nal states for mH = 160 GeV.7.4.3 W+W−
ross se
tion estimateWith these numbers we 
an give a rough estimate of the W+W− 
ross se
tion. By treatingthe W+W− as the signal, we have
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(a) (b) (
)Figure 7.24: Distribution, after WW sele
tion for 1.1 fb−1of data in the 1-jet bin, of themin ET
miss (a), transverse mass (b) and dilepton ∆φ (
). All �nal states are in
luded.Ea
h 
omponent in simulation is s
aled to data-driven estimates.

σW+W− =
Ndata − Nbkg

ǫ · L · BR(W+W− → ℓℓνν)
(7.25)where Ndata − Nbkg is our best estimate of the W+W− yield after the sele
tion. Theun
ertainties that enter this 
al
ulation are:� luminosity: we take 4 % un
ertainty for the integrated luminosity, this number beingprovided by the CMS luminosity group [90℄� e�
ien
y: this un
ertainty 
omes from the data estimate of the trigger and leptonsele
tion e�
ien
ies plus the ET

miss resolution� ba
kground dependent systemati
 and statisti
al un
ertainty.The dominant systemati
s are the ba
kground related un
ertainties. In the 0 jet bin,we have Nbkg = 188 ± 40. The signal (W+W−) e�
ien
y is ǫ = 6.7 ± 0.5 %. Finallythe bran
hing ratio, from the parti
le data group [13℄ is BR(W+W− → ℓℓνν) = 0.104.We �nally get:
σ(W+W−) = 53.4 ± 2.9 (stat.) ± 7.3 (syst.) ± 2.1 (lumi.) pb (7.26)whi
h makes our estimate 
ompatible with latest 
al
ulations [99℄ give σ(W+W−) =47.0 ± 2.0 pb within 1 standard deviation. Please note that this is not meant to be ameasurement of the WW 
ross se
tion, whi
h is not the subje
t of the present work. Thiswas only made in order to 
he
k the 
onsisten
y of the WW presele
tion. In order tomake a pre
ise measurement of the WW 
ross se
tion, one needs to take into a

ount thedi�eren
e in the gg → W+W− and qq → W+W− sele
tion e�
ien
y 8.8As a 
ross-
he
k, we have also measured the WW 
ross se
tion from the 1 jet-bin events. We found

σ(W+W−) = 44.1 ± 7.3 (stat.) ± 10.3 (syst.) ± 1.7 (lumi.) pb, whi
h is 
ompatible with 0 jet bin mea-surement.



7.5 Con
lusion 1577.5 Con
lusionIn this Chapter we have des
ribed the sele
tion requirements that allow to suppress a highfra
tion of the initial ba
kgrounds. Data driven methods for estimating the 
ontributionsof su
h ba
kground at the end of the W+W− sele
tion have been des
ribed in details. Thisallowed for a rapid estimate of the W+W− 
ross se
tion and, most important, preparesthe ground for the subje
t of next 
hapter: the Higgs signal extra
tion.
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Chapter 8ResultsIn the previous Chapter we have explained all the steps ne
essary to redu
e most of theba
kgrounds a�e
ting the H → WW sear
h. At this point we are left mainly with theirredu
ible WW ba
kground. This ba
kground is di�
ult to reje
t, sin
e its �nal stateis almost identi
al to that of the signal. At the W+W−presele
tion level the signal toba
kground ratio is ∼ 0.1 in the 0 jet bin and ∼ 0.05 in the 1 jet bin. We have seenhowever, in Chapter 5 that the signal to ba
kground ratio 
an be further improved bymaking use of the kinemati
al di�eren
es between these two pro
esses. As we will see inthe �rst se
tion of this Chapter, these di�eren
es 
an be exploited in two ways: the �rstbeing an intuitive one, and the se
ond being a more advan
ed te
hnique. The result of thesesele
tions will be our �nal result, 
omplemented with the in
lusion of the un
ertainties thata�e
t the �nal yield estimates. We will then make use of these results to set upper limitson the mass dependent Higgs 
ross se
tion.8.1 Signal Extra
tion StrategyWe present here two 
omplementary approa
hes in order to enhan
e the sensitivity to thesignal:� the 
ut-based approa
h� the multivariate approa
h8.1.1 Cut-based sele
tionThis approa
h is simply an extension of the 
ommon presele
tion approa
h. We exploit thedi�eren
e in the kinemati
 behavior of the signal and the ba
kground to derive a sele
tionthat enhan
es the sensitivity to our signal. The variables that will be used at this s
opewere presented in Se
tion 7.4.2. We brie�y re
all them here:� the transverse momenta of the leading pmax
T and trailing pmin

T leptons� the dilepton invariant mass mℓℓ� the angular distan
e in the transverse plane between leptons ∆φ� the Higgs transverse mass mT
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mH(GeV) pmax

T (GeV) pmin
T (GeV) mℓℓ (GeV) ∆φ (dg.) mT (GeV)

> > < < [,℄120 20 10 40 115 [70,120℄130 25 10 45 90 [75,125℄140 25 15 45 90 [80,130℄150 27 25 50 90 [80,150℄160 30 25 50 60 [90,160℄170 34 25 50 60 [110,170℄180 36 25 60 70 [120,180℄190 38 25 80 90 [120,190℄200 40 25 90 100 [120,200℄250 55 25 150 140 [120,250℄300 70 25 200 175 [120,300℄350 80 25 250 175 [120,350℄400 90 25 300 175 [120,400℄450 110 25 350 175 [120,450℄500 120 25 400 175 [120,500℄550 130 25 450 175 [120,550℄Table 8.1: Final event sele
tion requirements for the 
ut-based analysis for the zero andone jet bin anaysis.As the distributions of the variables 
onsistently 
hange by varying the Higgs mass,the sele
tion that we apply has to be Higgs mass dependent. The values of the appliedre
tangular 
uts are shown in Table 8.1. The same sele
tion is applied in the 0 and 1 jetbin as the signal and the WW ba
kground behave similarly in these two 
ases. Also, every�nal state is treated in the same way sin
e most of the �nal state dependent ba
kground(su
h as Drell-Yan and Diboson) have been reje
ted already at this point and essentially,and only the WW remains.A few 
omments have to be made on the sele
tion that was adopted:� As the hypotheti
al Higgs mass in
reases the sele
tion on pmax
T , pmin

T , mT requiresthe threshold on these variables to be higher and higher. This is obviously due tothe fa
t that as the Higgs boson be
omes heavier, the de
ay produ
ts are more andmore Lorentz boosted, with respe
t to the WW ba
kground. However sin
e the 
rossse
tion is very low at high mass mH ≥ 200 GeV in order to not reje
t most of thesignal, the lower bound on the mT 
ut is kept 
onstant.� Due to the tremendous Lorentz boost of the W's at high Higgs mass, the leptonsare folded along their dire
tion and the angle ∆φ between the leptons opens up,de
reasing the dis
riminating power of this variable against the WW ba
kground.� Finally, note that the missing energy was not used as an additional dis
riminatingvariable, as it is very mu
h 
orrelated with the mT variable.8.1.2 Neural Networks sele
tionIn the previous se
tion we have des
ribed the most simple approa
h to signal extra
tion,based on the sele
tion of a parti
ular phase spa
e in whi
h the signal over ba
kground ratio
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tion Strategy 161is enhan
ed. Although very intuitive this approa
h is far from being optimal. In orderto make use of all the available information present in the input dis
riminant variablesmore advan
ed te
hniques 
an be used. One among su
h te
hniques is the Neural Networkdis
riminant. Neural Networks (NN) belong to a general 
lass of multivariate statisti
alte
hniques. The detailed dis
ussion of su
h methods is beyond the s
ope of this thesis, sofor a 
omplete review of su
h multivariate te
hniques and their appli
ation in high energyphysi
s, please see [100℄.8.1.3 Des
riptionAn arti�
ial neural network 
an be seen as surje
tive mapping of the spa
e of input variableof dimension N (x1, . . . , xN) into a 1 dimensioned spa
e, the �nal output dis
riminant.In our parti
ular 
ase the input random variables 
an be taken as the main dis
riminantvariables of the analysis, su
h as those that are used in the 
ut-based sele
tion.In the present work, the so-
alled multi-layer per
eptron (MLP) model was used. Atypi
al MLP ar
hite
ture is shown is Figure 8.1. It is implemented in the following way:� the �rst layer has a number of "neurons" equal to the number of input variables,
hosen by the user� the number and the size of intermediary layers are 
hosen by the user.� the �nal layer 
orresponds to the �nal output of the MLP.A typi
al neuron "j" in the hidden layer is 
hara
terized by the synapse fun
tion κ andthe a
tivation fun
tion α:
κ : (−→yj ,

−→wj) → −→yj · −→wj (8.1)
α : x → tanh x (8.2)where the wj (yj) are the weights (outputs) asso
iated to ea
h neuron that 
onne
ts tothe neuron j (see Figure 8.1). The output fun
tion of the neuron is then simply de�ned as

ρ(−→yj ,
−→wj) = α(κ(−→yj ,

−→wj)).A typi
al learning pro
ess works as follows:� n events 
hara
terized by N variables are given as input.� for every event the output of the �nal layer yNN is 
omputed. The input variable arenormalized to be in the range [0,1℄ so that yNN is the same range.� the output is 
ompared to a desired value: 0 if the ba
kground is being trained, 1 ifthe signal is being trained.� the set of weights that minimizes the distan
e between the desired output and the
yNN value are 
omputed.� the whole pro
edure starts again with a new event until every event has been pro-
essed.
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Figure 8.1: A typi
al multi-layer per
eptron ar
hite
ture. The �rst layer 
orresponds tothe input variables and the �nal layer 
onsisting of 1 neuron produ
es the �nal output.The intermediary layers are not �xed and 
an be set the user.8.1.4 Pro
edureThe training is indeed performed on simulated events. Provided that enough events areused, the NN 1 
an "learn" the di�eren
es between the signal and the ba
kground, and
an build a single dis
riminant out of the learning pro
ess.To simplify to the task to the NN, a presele
tion was applied after the 
ommon pres-ele
tion in order to further redu
e residual ba
kgrounds other than the WW 
ontinuum.The following 
onditions were asked:� an upper bound on the dilepton invariant mass mℓℓ� an lower/upper bound on the transverse mass mTThe 
ut values are mass dependent and are summarized in Table 8.2. As most ofthe other ba
kgrounds have been almost 
ompletely suppressed at this point, the Signalis trained against the WW ba
kground only. For better 
omparison with the 
ut basedresults, we use as input variables the same variables that were used in that 
ase: mℓℓ, mT,
pmax

T , pmin
T , and ∆φ.Rather than �xing the ar
hite
ture of the Neural Network, for every mass point wehave trained the signal against the ba
kground for several di�erent Network topologies.The number of internal layers was allowed to vary between 1 and 4, and the number of1Enough here means that the number of events used to train the NN is 
onsistently higher than thenumber of adjustable weights. If not "overtraining" 
an o

ur, whi
h means that the NN learns statisti
al�u
tuations, rather than dis
erning a global trend in the input variables. Overtraining issues 
an be 
he
kedby dividing the training sample into two independent samples (the training and the testing sample)



8.1 Signal Extra
tion Strategy 163
mH(GeV) mℓℓ (GeV) mT (GeV)

< [,℄120 70 [80,120℄130 80 [80,130℄140 90 [80,140℄150 100 [80,150℄160 100 [80,160℄170 100 [80,170℄180 110 [80,180℄190 120 [80,190℄200 130 [80,200℄250 250 [80,250℄300 300 [80,300℄350 350 [80,350℄400 400 [80,400℄450 450 [80,450℄500 500 [80,500℄550 550 [80,550℄Table 8.2: Cuts applied after the WW 
ommon presele
tion in order to further redu
ethe non-WW ba
kgrounds. The output of this sele
tion serves as an input for the NeuralNetworks
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(a) (b) (
)Figure 8.2: Distribution of the best Neural Network output for mH = 140, 160, 200 GeVin the 0 jet bin.neurons per layer between 5 (the number of input variables) and 9. This resulted in 16trained networks per mass point. As the amount of simulation events is small, we havede
ided to train the NN network without making a distin
tion among di�erent �nal states.For ea
h Network we have looked for the 
ut value on the NN output that maximizes theex
lusion potential of the Higgs Signal. The best NN was then 
hosen as the 
on�gurationthat provided the best ex
lusion limit for the signal (see later for a de�nition of the ex
lusionlimit). The distributions of the output the best Neural Network are shown in Figure 8.2and 8.3 for mH = 140, 160, 200 GeV. In Appendix D the output is shown for every mass
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(a) (b) (
)Figure 8.3: Distribution of the best Neural Network output for mH = 140, 160, 200 GeVin the 1 jet bin.point and jet bin optimization. The sele
tion 
riteria on the NN output are summarizedin Table 8.3.
mH(GeV) 0 jet 1 jet

> >120 0.32 0.60130 0.35 0.70140 0.37 0.67150 0.46 0.71160 0.61 0.82170 0.60 0.81180 0.56 0.70190 0.49 0.76200 0.43 0.67250 0.39 0.63300 0.51 0.68350 0.57 0.73400 0.67 0.87450 0.73 0.88500 0.73 0.87550 0.74 0.93Table 8.3: Sele
tion applied on the Neural Network output for every Higgs mass dependentoptimization.
8.2 Summary of systemati
 un
ertaintiesAfter the full sele
tion dis
ussed in the previous se
tion, we end up for ea
h given �nalstate, jet-bin and mass point with some number of MonteCarlo predi
ted signal events sand ba
kground events bi, some of whi
h are data-driven estimated. Besides the statisti
al
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ertainties 165un
ertainties on s and bi, we have to quantify the experimental and theoreti
al biases thata�e
t them.8.2.1 Un
ertainties on the signal yieldEvery step of the sele
tion starting from the triggers down to the �nal sele
tion (seeEquation 7.3) involves an systemati
 e�e
t either due to the method used to determinethe e�
ien
y, when the e�
ien
y is taken from simulation, and from the un
ertainty onphysi
al parameters involved in that parti
ular sele
tion.� Lepton a

eptan
eThe energy s
ale for ele
trons and the momentum s
ale for muons is known withsome un
ertainty. We assign a systemati
 un
ertainty by varying the transversemomentum of the muons by 1%, and 2% and 5% for ele
trons in the barrel and theend
ap, respe
tively and measure the e�e
t of the signal sele
tion e�
ien
y. The
ontribution to the un
ertainty on the dilepton e�
ien
y is about 1.5%.� Lepton identi�
ation and trigger e�
ien
iesThe 
orresponding e�
ien
ies were measured in data using the tag and probe te
h-nique on Z events. The estimated un
ertainty is about 2% per lepton. Details 
anbe found in [90℄.� ET
miss modeling: Events with neutrinos giving real ET

miss in the �nal state (su
has the signal) have a small un
ertainty. However, sin
e the ET
miss is known to bemismodelled in a high pile-up regime we have addressed this un
ertainty on theevent sele
tion e�
ien
y by varying the ET

miss in signal events by 10%. We �nd anun
ertainty on the event sele
tion e�
ien
y of around 2.5%.� Jet 
ountingSin
e the analysis is divided in di�erent jet bins, we must make sure that the jetmultipli
ity is well reprodu
ed by our simulation. As said in Se
tion 7.2.8 one possibleapproa
h would be to measure the jet 
ounting e�
ien
y in Drell-Yan events in data,and assign an un
ertainty to dis
repan
y observed with simulation. However the jet
ontent is very di�erent for the signal and Drell-Yan events, so we prefer to just takethe value from simulation, and address this un
ertainty by varying the jet energys
ale by 3%. We �nd an overall e�e
t on the jet sele
tion e�
ien
y of 2%.The dominant e�e
t on the jet 
ounting e�
ien
ies 
omes from theory sin
e thejet momenta are strongly dependent on the Higgs momentum. Mainly three e�e
tshave to be estimated: those from parton-distribution fun
tions, missing higher order
orre
tions, and hadronization and parton shower modelling. Details of the following
an be found in [90℄.� The un
ertainties from parton-distribution fun
tion and αS were estimated viathe PDF4LHC pres
ription [15℄: three PDF sets were used. Ea
h PDF set leadsto an un
ertainty band and the total envelope is taken as the total un
ertainties.For ggH and quark VBF indu
ed pro
esses the total un
ertainty was found tobe respe
tively 8% and 2%. The method used to estimate the un
ertainty ona single PDF set is illustrated in Appendix E. The total un
ertainty fromPDFs+αS was however not estimated dire
tly here. The 
orresponding valuesare taken from [90℄.
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lusive Higgs 
ross se
tions are subje
t to large un
ertainties due to missinghigher order 
orre
tions, as dis
ussed in Chapter 3. Here we are mainly inter-ested on the un
ertainty on the ex
lusive 0 and 1 jet 
ross-se
tion (σ0 and σ1).Knowing the un
ertainty on the in
lusive more than 0 jet (σ≥0), more than 1jet (σ≥1) and more than 2 jets with a (σ≥2) pT threshold of 30 GeV, we 
anestimate the un
ertainty on the ex
lusive 0 and 1 
ross se
tions. The un
ertain-ties due to missing higher orders terms on the in
lusive 
an be estimated via theprogram MCFM [92℄ by varying the renormalization and fa
torization s
ales asexplained in Chapter 3. Typi
al values are of the order of 20% for the ex
lusive0 jet and 30% for the 1 jet bin at mH = 160 GeV (these numbers depend onthe Higgs mass).� A sub-dominant un
ertainty on the jet bin fra
tion 
omes from the mismodelingof the multi-parton intera
tions, the parton shower and the hadronization. Inorder to estimate this un
ertainty the relevant parameters are varied in Pythiaand the e�e
t on the jet bin fra
tion is found to be typi
ally of 5% in the 0 jetbin and 5-10% in the 1 jet bin, depending on the Higgs mass [90℄.� LuminosityWe assume an un
ertainty of 4% on the integrated luminosity of 1.1 fb−1, as advi
edby the CMS luminosity group.� Cross Se
tionThe un
ertainty on the in
lusive Higgs 
ross se
tion is already in
luded in the prop-agation of the ex
lusive binned 
ross-se
tion. For simulation purposes, MonteCarloprograms tend to assume that the Higgs is produ
ed on-shell, whi
h is equivalentto say that its width is 0 2. Although valid at low mass (mH ≤ 200 GeV), thisapproximation is not anymore justi�ed for high masses (see Figure 2.1). When thewidth is large, destru
tive interferen
e with other pro
esses su
h as 
ontinuum WWprodu
tion 
annot be negle
ted. Therefore we attribute to the total Higgs 
ross se
-tion an additional un
ertainty ranging from 1% at mH = 200 GeV up to 25% at
mH = 550 GeV.� Monte Carlo statisti
sDue to the �nite size of the signal simulation sample, we have to 
onsider the sta-tisti
al un
ertainty on the �nal Higgs sele
tion. This 
ontributes an un
ertainty ofabout 2 − 3% to the signal e�
ien
ies depending on the Higgs mass.8.2.2 Un
ertainties on the ba
kgroundsThe treatment of ba
kground un
ertainties is di�erent depending on how the ba
kgroundyield was estimated:Data-driven ba
kgrounds The methods used to estimate the di�erent ba
kgroundsare explained in Se
tion 7.3. These ba
kground have been estimated at the WW sele
tionlevel. Therefore we should 
onsider, in addition to un
ertainty on the yield at the WWpresele
tion level, the eventual bias introdu
ed by the su

essive sele
tion.The number of ba
kground "B" after the full NN or 
ut based sele
tion equals to:2The Breit-Wigner distribution is then simply a delta fun
tion.
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NBfull

= Rfull · Ncr
B (8.3)where Rfull = Rin/out · ǫafter−WWsel. (8.4)where the Rin/out and Ncr

B were estimated in Se
tion 7.3. We have:� statisti
al un
ertainty on the number of observed events Ncr
B in the 
ontrol regionspe
i�
ally designed for ea
h ba
kground� systemati
 un
ertainty on the extrapolation fa
tor Rfull that in
ludes both the un-
ertainty on the extrapolation at the WW level Rin/out and the un
ertainty on thee�
ien
y of the sele
tion from the WW level down to the �nal level ǫafter−WWsel..� The WW and the Top ba
kgroundThe un
ertainty on the sele
tion, whether 
ut-based or NN output 3, involves onlywell modeled kinemati
 variables, and in prin
iple there is some un
ertainty asso-
iated to them. In this 
ase we have simply taken the un
ertainties estimated atthe WW level and added an additional 10% un
ertainty on the su

essive sele
tion

ǫafter−WWsel. both for the 
ut-based and the neural network sele
tion.� The Drell-Yan ba
kgroundAs the number of events in simulation surviving after the WW sele
tion is extremelysmall for this ba
kground, we have de
ided to estimate its 
ontribution at the �nalsele
tion level. The 
ontrol region was de�ned to be the same as that of Se
tion 7.3.2by removing the 
uts on the transverse mass and the invariant mass. Although thisleads to substantially large un
ertainties (dominated by the low number of observedevents in the 
ontrol region de�ned), it is a robust method sin
e the Drell-Yan ba
k-ground is estimated dire
tly after the �nal sele
tion. For the neural network sele
tion,we have simply taken the un
ertainties 
al
ulated at the WW level, supplementedwith an additional 50% on the �nal yields, a

ounting for the error due to poorstatisti
s on the numerator and denominator of the e�
ien
y of the transverse mass,invariant mass 
ut and the neural network �nal sele
tion.� W+jetsAs the pro
edure is di�erent for the W+jets ba
kground we just take the un
ertaintyon the fake rate estimate of 35% estimated in [90℄, and add the un
ertainty on
ǫafter−WWsel. that is dominated by statisti
s in this 
ase, leading to an un
ertaintyon the �nal yield up to 60%.Other Ba
kground All the other ba
kgrounds (in
luding the WW ba
kground at mH

> 200 GeV) are estimated dire
tly from simulation. As su
h, their �nal yield su�ers fromthe same un
ertainties as the signal. In some 
ases the statisti
al un
ertainties 
an be mu
hlarger, su
h as the Z → ττ ba
kground. Also, the un
ertainty on the in
lusive 
ross-se
tionhas been in
luded for ea
h of those ba
kground whi
h 
an be as big as 50% for W+γ andas small as 3% for the diboson.We show the �nal yields of the signal and ba
kgrounds in Tables 8.4, 8.5, 8.6, 8.7and 8.8, 8.9 respe
tively for the 
ut-based and the neural network sele
tion. The totalun
ertainty on ea
h pro
ess yield is in
luded.3Consider that the NN sele
tion also in
ludes a pre-kinemati
al sele
tion on the invariant and thetransverse mass.
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mass (GeV) H WW WZ/ZZ Top Z+jets W+jets Wγ all. bkg Data120 6.0 ± 1.4 27.8 ± 5.3 0.7 ± 0.1 2.4 ± 1.3 0.0 ± 0.0 15.0 ± 8.8 3.0 ± 1.8 48.9 ± 10.6 54.0130 11.1 ± 2.5 30.3 ± 5.8 0.7 ± 0.1 2.8 ± 1.4 0.0 ± 0.0 11.2 ± 6.6 1.6 ± 1.0 46.6 ± 9.3 51.0140 14.5 ± 3.3 26.6 ± 5.1 0.6 ± 0.1 2.7 ± 1.4 0.0 ± 0.0 4.8 ± 2.9 1.3 ± 0.9 36.0 ± 6.9 36.0150 13.6 ± 3.1 17.9 ± 3.4 0.4 ± 0.1 2.1 ± 1.3 0.0 ± 0.0 2.0 ± 1.3 0.3 ± 0.4 22.7 ± 5.0 21.0160 20.2 ± 4.6 12.2 ± 2.4 0.3 ± 0.1 1.4 ± 1.0 0.0 ± 0.0 1.1 ± 0.7 0.0 ± 0.0 15.0 ± 5.4 15.0170 15.5 ± 3.6 9.5 ± 1.8 0.2 ± 0.1 1.0 ± 0.6 0.0 ± 0.0 1.0 ± 0.7 0.0 ± 0.0 11.6 ± 4.1 13.0180 11.5 ± 2.7 10.9 ± 2.1 0.2 ± 0.1 1.9 ± 1.2 0.0 ± 0.0 0.6 ± 0.5 0.0 ± 0.0 13.7 ± 3.7 14.0190 10.1 ± 2.3 17.0 ± 3.3 0.3 ± 0.1 2.6 ± 1.4 0.0 ± 0.0 1.1 ± 0.7 0.0 ± 0.0 21.1 ± 4.3 22.0200 7.6 ± 1.8 18.4 ± 3.5 0.4 ± 0.1 3.4 ± 1.7 0.0 ± 0.0 1.1 ± 0.7 0.0 ± 0.0 23.3 ± 4.4 26.0250 4.0 ± 0.9 14.7 ± 1.5 0.5 ± 0.1 5.9 ± 2.5 0.0 ± 0.0 1.4 ± 0.9 0.0 ± 0.0 22.6 ± 3.2 21.0300 3.1 ± 0.7 12.0 ± 1.3 0.4 ± 0.1 3.6 ± 1.6 0.0 ± 0.0 1.6 ± 1.0 0.3 ± 0.4 17.9 ± 2.4 17.0350 3.2 ± 0.8 10.1 ± 1.1 0.3 ± 0.1 3.4 ± 1.5 0.0 ± 0.0 1.3 ± 0.8 0.3 ± 0.4 15.5 ± 2.2 15.0400 2.5 ± 0.6 8.2 ± 0.9 0.2 ± 0.1 3.8 ± 1.7 0.0 ± 0.0 0.9 ± 0.6 0.3 ± 0.4 13.5 ± 2.1 12.0450 1.4 ± 0.4 5.0 ± 0.6 0.1 ± 0.0 2.4 ± 1.2 0.0 ± 0.0 0.7 ± 0.4 0.0 ± 0.0 8.2 ± 1.5 6.0500 1.0 ± 0.3 4.0 ± 0.5 0.1 ± 0.0 2.4 ± 1.3 0.0 ± 0.0 0.7 ± 0.5 0.0 ± 0.0 7.2 ± 1.5 4.0550 0.6 ± 0.2 3.2 ± 0.4 0.1 ± 0.0 1.8 ± 1.2 0.0 ± 0.0 0.7 ± 0.5 0.0 ± 0.0 5.8 ± 1.3 2.0Table 8.4: Expe
ted number of signal and ba
kground events for an integrated luminosity of 1.1 fb−1 after applying the Cut-Based sele
tion inthe 0-jet bin in the opposite �avor state.
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mass (GeV) H WW WZ/ZZ Top Z+jets W+jets Wγ all. bkg Data120 4.0 ± 0.9 19.8 ± 3.8 1.0 ± 0.1 0.8 ± 0.4 1.1 ± 2.9 7.2 ± 4.3 0.1 ± 0.1 30.0 ± 6.5 30.0130 8.6 ± 2.0 24.8 ± 4.7 1.2 ± 0.1 0.7 ± 0.3 0.9 ± 2.8 6.2 ± 3.8 0.1 ± 0.1 33.7 ± 7.0 38.0140 12.1 ± 2.8 23.9 ± 4.6 0.9 ± 0.1 1.0 ± 0.5 0.4 ± 1.5 4.7 ± 2.8 0.0 ± 0.0 30.8 ± 6.3 33.0150 12.8 ± 2.9 16.6 ± 3.2 0.6 ± 0.1 0.6 ± 0.5 0.7 ± 2.5 0.7 ± 0.5 0.0 ± 0.0 19.2 ± 5.1 26.0160 18.6 ± 4.3 11.5 ± 2.2 0.5 ± 0.1 0.9 ± 0.6 1.3 ± 3.6 0.0 ± 0.1 0.0 ± 0.0 14.1 ± 6.1 19.0170 15.8 ± 3.6 9.3 ± 1.8 0.4 ± 0.1 1.3 ± 0.7 0.6 ± 2.7 0.2 ± 0.2 0.0 ± 0.0 11.4 ± 4.9 16.0180 11.1 ± 2.6 10.5 ± 2.0 0.4 ± 0.1 2.2 ± 1.1 0.5 ± 1.9 0.0 ± 0.1 0.0 ± 0.0 13.6 ± 4.0 8.0190 8.8 ± 2.0 15.2 ± 2.9 0.6 ± 0.1 3.4 ± 1.6 0.0 ± 0.1 0.7 ± 0.5 0.0 ± 0.0 19.9 ± 3.9 20.0200 5.9 ± 1.4 14.8 ± 2.8 0.7 ± 0.1 3.3 ± 1.6 0.0 ± 0.2 0.9 ± 0.6 0.0 ± 0.0 19.7 ± 3.6 18.0250 2.1 ± 0.5 8.7 ± 0.9 1.1 ± 0.1 4.3 ± 2.1 0.0 ± 0.1 0.9 ± 0.6 0.0 ± 0.0 15.0 ± 2.5 11.0300 2.2 ± 0.5 8.2 ± 0.9 1.0 ± 0.1 3.9 ± 1.9 0.0 ± 0.1 0.9 ± 0.6 0.0 ± 0.0 14.0 ± 2.3 14.0350 2.4 ± 0.6 7.6 ± 0.8 0.9 ± 0.1 3.7 ± 1.9 0.0 ± 0.1 1.0 ± 0.7 0.0 ± 0.0 13.3 ± 2.3 11.0400 2.0 ± 0.5 6.2 ± 0.7 0.7 ± 0.1 3.1 ± 1.7 0.0 ± 0.0 0.9 ± 0.6 0.0 ± 0.0 10.9 ± 2.0 10.0450 1.1 ± 0.3 3.4 ± 0.4 0.4 ± 0.1 2.9 ± 1.6 0.0 ± 0.0 0.6 ± 0.4 0.0 ± 0.0 7.3 ± 1.7 5.0500 0.7 ± 0.2 2.6 ± 0.3 0.3 ± 0.1 1.9 ± 1.1 0.0 ± 0.0 0.4 ± 0.3 0.0 ± 0.0 5.2 ± 1.2 3.0550 0.4 ± 0.1 2.2 ± 0.3 0.2 ± 0.0 1.5 ± 1.0 0.0 ± 0.0 0.4 ± 0.3 0.0 ± 0.0 4.3 ± 1.0 2.0Table 8.5: Expe
ted number of signal and ba
kground events for an integrated luminosity of 1.1 fb−1 after applying the Cut-Based sele
tion inthe 0-jet bin in the same �avor �nal state.
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mass (GeV) H WW WZ/ZZ Top Z+jets W+jets Wγ all. bkg Data120 2.0 ± 0.8 7.1 ± 2.0 0.7 ± 0.1 5.0 ± 1.5 0.0 ± 0.0 2.2 ± 1.5 0.2 ± 0.2 15.1 ± 3.1 22.0130 4.2 ± 1.7 7.7 ± 2.2 0.6 ± 0.1 6.5 ± 1.8 0.0 ± 0.0 2.2 ± 1.4 0.0 ± 0.0 17.1 ± 3.6 21.0140 5.6 ± 2.3 6.9 ± 2.0 0.4 ± 0.1 5.3 ± 1.5 0.0 ± 0.0 1.7 ± 1.1 0.0 ± 0.0 14.3 ± 3.5 15.0150 6.4 ± 2.6 6.1 ± 1.8 0.4 ± 0.1 5.1 ± 1.5 0.0 ± 0.0 0.8 ± 0.6 0.0 ± 0.0 12.4 ± 3.6 10.0160 9.5 ± 3.9 5.0 ± 1.5 0.2 ± 0.1 4.7 ± 1.4 0.0 ± 0.0 0.8 ± 0.5 0.0 ± 0.0 10.7 ± 4.5 9.0170 7.1 ± 2.9 4.0 ± 1.2 0.2 ± 0.0 4.2 ± 1.5 0.0 ± 0.0 0.4 ± 0.3 0.0 ± 0.0 8.7 ± 3.5 7.0180 5.6 ± 2.3 4.7 ± 1.4 0.1 ± 0.0 4.9 ± 1.8 0.0 ± 0.0 0.5 ± 0.4 0.0 ± 0.0 10.2 ± 3.2 9.0190 4.8 ± 2.0 6.6 ± 1.9 0.3 ± 0.1 10.0 ± 2.8 0.0 ± 0.0 0.8 ± 0.6 0.0 ± 0.0 17.7 ± 4.0 15.0200 4.3 ± 1.8 7.9 ± 2.3 0.3 ± 0.1 11.6 ± 3.1 0.0 ± 0.0 1.0 ± 0.7 0.0 ± 0.0 20.7 ± 4.3 19.0250 2.6 ± 1.1 8.4 ± 1.9 0.4 ± 0.1 18.6 ± 4.2 0.0 ± 0.0 1.3 ± 0.8 0.0 ± 0.0 28.7 ± 4.9 27.0300 2.3 ± 0.9 7.7 ± 1.8 0.3 ± 0.1 16.9 ± 4.0 0.0 ± 0.0 1.2 ± 0.8 0.0 ± 0.0 26.1 ± 4.5 25.0350 2.2 ± 0.9 6.9 ± 1.6 0.3 ± 0.1 13.7 ± 3.4 0.0 ± 0.0 1.0 ± 0.7 0.0 ± 0.0 21.9 ± 3.9 22.0400 1.9 ± 0.8 5.9 ± 1.4 0.3 ± 0.1 14.5 ± 3.6 0.0 ± 0.0 1.3 ± 0.8 0.0 ± 0.0 21.9 ± 4.1 17.0450 1.3 ± 0.5 3.7 ± 0.9 0.1 ± 0.0 8.0 ± 2.4 0.0 ± 0.0 1.0 ± 0.7 0.0 ± 0.0 12.9 ± 2.7 9.0500 0.8 ± 0.4 2.9 ± 0.7 0.1 ± 0.0 4.7 ± 1.7 0.0 ± 0.0 0.9 ± 0.6 0.0 ± 0.0 8.6 ± 1.9 8.0550 0.6 ± 0.3 2.4 ± 0.6 0.1 ± 0.0 4.4 ± 1.6 0.0 ± 0.0 0.8 ± 0.5 0.0 ± 0.0 7.8 ± 1.9 5.0Table 8.6: Expe
ted number of signal and ba
kground events for an integrated luminosity of 1.1 fb−1 after applying the Cut-Based sele
tion inthe 1-jet bin in the opposite �avor state.
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mass (GeV) H WW WZ/ZZ Top Z+jets W+jets Wγ all. bkg Data120 1.2 ± 0.5 4.3 ± 1.2 0.3 ± 0.1 3.3 ± 1.5 2.8 ± 1.8 2.7 ± 1.7 0.1 ± 0.1 13.6 ± 3.2 17.0130 2.4 ± 1.0 5.0 ± 1.4 0.4 ± 0.1 3.2 ± 1.3 2.4 ± 1.6 1.8 ± 1.2 0.1 ± 0.1 12.9 ± 3.0 20.0140 3.8 ± 1.6 4.6 ± 1.3 0.4 ± 0.1 3.6 ± 1.4 1.6 ± 1.4 1.0 ± 0.7 0.1 ± 0.1 11.1 ± 3.0 20.0150 4.5 ± 1.9 4.2 ± 1.2 0.2 ± 0.1 2.8 ± 1.0 1.3 ± 0.9 0.7 ± 0.5 0.0 ± 0.0 9.2 ± 2.7 18.0160 7.4 ± 3.0 3.7 ± 1.1 0.2 ± 0.1 2.2 ± 0.8 0.7 ± 0.8 0.5 ± 0.4 0.0 ± 0.0 7.3 ± 3.4 17.0170 6.1 ± 2.5 3.3 ± 1.0 0.2 ± 0.0 2.9 ± 1.0 0.2 ± 0.6 0.3 ± 0.3 0.0 ± 0.0 6.9 ± 3.0 16.0180 5.0 ± 2.1 3.8 ± 1.1 0.1 ± 0.0 3.7 ± 1.3 0.1 ± 0.4 0.6 ± 0.5 0.0 ± 0.0 8.4 ± 2.7 15.0190 4.1 ± 1.7 5.5 ± 1.6 0.2 ± 0.1 4.9 ± 1.6 0.1 ± 0.4 0.8 ± 0.5 0.0 ± 0.0 11.6 ± 2.9 20.0200 3.1 ± 1.3 5.6 ± 1.6 0.3 ± 0.1 5.4 ± 1.9 0.1 ± 0.5 0.9 ± 0.6 0.0 ± 0.0 12.4 ± 2.9 21.0250 1.3 ± 0.5 4.5 ± 1.0 0.5 ± 0.1 7.3 ± 2.4 0.1 ± 0.7 0.5 ± 0.4 0.0 ± 0.0 12.8 ± 2.8 16.0300 1.4 ± 0.6 4.2 ± 1.0 0.4 ± 0.1 10.2 ± 2.9 0.1 ± 0.4 0.5 ± 0.4 0.0 ± 0.0 15.4 ± 3.2 18.0350 1.6 ± 0.7 3.7 ± 0.9 0.4 ± 0.1 8.5 ± 2.6 0.2 ± 0.4 0.8 ± 0.6 0.0 ± 0.0 13.5 ± 2.9 19.0400 1.4 ± 0.6 3.2 ± 0.7 0.3 ± 0.1 7.2 ± 2.4 0.2 ± 0.2 0.8 ± 0.5 0.0 ± 0.0 11.7 ± 2.6 15.0450 0.8 ± 0.3 1.8 ± 0.4 0.2 ± 0.0 4.0 ± 1.7 0.2 ± 0.2 0.6 ± 0.4 0.0 ± 0.0 6.7 ± 1.8 8.0500 0.6 ± 0.3 1.6 ± 0.4 0.1 ± 0.0 3.3 ± 1.6 0.0 ± 0.0 0.6 ± 0.4 0.0 ± 0.0 5.6 ± 1.7 6.0550 0.4 ± 0.2 1.4 ± 0.3 0.1 ± 0.0 1.9 ± 1.0 0.0 ± 0.0 0.5 ± 0.4 0.0 ± 0.0 3.9 ± 1.1 3.0Table 8.7: Expe
ted number of signal and ba
kground events for an integrated luminosity of 1.1 fb−1 after applying the Cut-Based sele
tion inthe 1-jet bin in the same �avor �nal state.
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mass (GeV) H WW WZ/ZZ Top Z+jets W+jets Wγ all. bkg Data120 10.4 ± 2.4 46.3 ± 9.0 1.9 ± 0.2 3.4 ± 1.7 2.6 ± 2.9 20.7 ± 12.1 1.6 ± 0.9 76.5 ± 15.7 85.0130 24.6 ± 5.6 68.4 ± 11.0 2.6 ± 0.2 4.4 ± 1.8 3.5 ± 2.8 25.4 ± 14.8 2.1 ± 1.2 106.4 ± 19.6 114.0140 42.6 ± 9.8 85.8 ± 11.3 3.1 ± 0.3 5.7 ± 2.0 3.7 ± 1.5 28.6 ± 16.6 2.5 ± 1.4 129.4 ± 22.6 141.0150 48.5 ± 11.1 66.6 ± 8.2 2.3 ± 0.2 4.5 ± 1.8 2.6 ± 6.6 12.6 ± 7.3 0.3 ± 0.2 88.9 ± 17.0 106.0160 46.0 ± 10.6 25.5 ± 4.7 0.6 ± 0.1 2.3 ± 1.5 0.9 ± 1.3 2.5 ± 1.5 0.0 ± 0.0 31.8 ± 11.8 41.0170 42.1 ± 9.7 25.4 ± 3.9 0.7 ± 0.1 2.5 ± 1.4 0.8 ± 1.2 1.7 ± 1.0 0.0 ± 0.0 31.1 ± 10.6 42.0180 33.3 ± 7.6 29.8 ± 4.5 1.0 ± 0.1 5.7 ± 2.4 0.9 ± 1.4 2.0 ± 1.2 0.0 ± 0.0 39.5 ± 9.4 36.0190 27.1 ± 6.2 45.6 ± 6.8 1.7 ± 0.1 9.1 ± 3.1 0.5 ± 0.8 3.9 ± 2.2 0.0 ± 0.0 60.9 ± 10.0 61.0200 21.8 ± 5.0 48.4 ± 7.0 2.3 ± 0.2 11.7 ± 3.5 0.5 ± 0.3 5.1 ± 3.0 0.0 ± 0.0 68.0 ± 9.7 78.0250 12.6 ± 2.9 52.5 ± 5.1 3.0 ± 0.3 19.1 ± 5.0 0.1 ± 0.1 6.7 ± 3.9 0.3 ± 0.2 81.6 ± 8.6 89.0300 7.9 ± 1.8 29.0 ± 2.8 1.7 ± 0.1 10.4 ± 3.6 0.0 ± 0.0 3.6 ± 2.1 0.3 ± 0.2 45.1 ± 5.3 45.0350 7.5 ± 1.8 23.0 ± 2.2 1.3 ± 0.1 9.4 ± 3.5 0.0 ± 0.0 2.5 ± 1.5 0.3 ± 0.2 36.5 ± 4.7 39.0400 5.2 ± 1.3 14.3 ± 1.4 0.8 ± 0.1 6.1 ± 3.3 0.0 ± 0.0 2.3 ± 1.3 0.0 ± 0.0 23.5 ± 4.0 28.0450 3.2 ± 0.9 10.0 ± 1.0 0.8 ± 0.1 5.4 ± 2.8 0.0 ± 0.0 1.4 ± 0.8 0.0 ± 0.0 17.7 ± 3.2 21.0500 2.1 ± 0.6 8.5 ± 0.8 0.5 ± 0.0 4.3 ± 2.4 0.0 ± 0.0 1.4 ± 0.8 0.0 ± 0.0 14.7 ± 2.7 14.0550 1.3 ± 0.4 7.8 ± 0.8 0.4 ± 0.0 4.2 ± 2.1 0.0 ± 0.0 1.0 ± 0.6 0.0 ± 0.0 13.4 ± 2.4 12.0Table 8.8: Expe
ted number of signal and ba
kground events for an integrated luminosity of 1.1 fb−1 after applying the Neural Network sele
tionin the 0-jet bin .
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mass (GeV) H WW WZ/ZZ Top Z+jets W+jets Wγ all. bkg Data120 3.2 ± 1.4 11.7 ± 3.3 1.0 ± 0.1 9.3 ± 3.0 1.4 ± 1.8 6.0 ± 4.4 0.1 ± 0.1 29.5 ± 6.6 36.0130 7.1 ± 3.0 12.3 ± 3.6 1.0 ± 0.1 10.0 ± 3.1 1.6 ± 1.6 5.4 ± 3.9 0.1 ± 0.1 30.4 ± 7.1 38.0140 14.2 ± 6.0 18.4 ± 3.9 1.4 ± 0.1 16.7 ± 3.0 1.8 ± 1.4 7.5 ± 5.4 0.1 ± 0.1 45.7 ± 9.6 51.0150 19.2 ± 8.1 18.0 ± 3.6 1.3 ± 0.1 14.7 ± 2.6 1.4 ± 3.6 4.5 ± 3.2 0.1 ± 0.1 40.0 ± 10.4 47.0160 21.4 ± 9.0 9.7 ± 2.6 0.4 ± 0.0 9.6 ± 2.3 0.8 ± 1.2 1.3 ± 1.0 0.0 ± 0.0 21.9 ± 9.8 28.0170 22.4 ± 9.5 11.9 ± 2.5 0.4 ± 0.0 12.7 ± 2.6 0.9 ± 1.4 1.5 ± 1.1 0.0 ± 0.0 27.5 ± 10.3 33.0180 24.8 ± 10.5 26.1 ± 4.3 1.2 ± 0.1 29.4 ± 3.5 1.5 ± 2.3 4.4 ± 3.2 0.0 ± 0.0 62.6 ± 12.5 57.0190 9.3 ± 3.9 11.0 ± 3.5 0.4 ± 0.0 16.0 ± 4.4 0.7 ± 1.0 1.8 ± 1.3 0.0 ± 0.0 29.8 ± 7.0 37.0200 13.5 ± 5.7 25.5 ± 5.0 1.5 ± 0.1 42.4 ± 5.4 1.9 ± 0.9 4.3 ± 3.1 0.1 ± 0.0 75.6 ± 9.9 72.0250 7.8 ± 3.3 23.5 ± 5.3 1.7 ± 0.2 51.0 ± 7.1 0.9 ± 0.4 4.3 ± 3.1 0.1 ± 0.0 81.4 ± 10.0 69.0300 6.1 ± 2.6 17.2 ± 3.9 1.2 ± 0.1 41.3 ± 7.1 0.5 ± 0.3 3.6 ± 2.6 0.0 ± 0.0 63.9 ± 8.9 41.0350 5.8 ± 2.5 12.3 ± 2.8 0.9 ± 0.1 29.4 ± 6.1 0.4 ± 0.4 2.9 ± 2.1 0.0 ± 0.0 45.8 ± 7.5 31.0400 3.6 ± 1.6 5.4 ± 1.2 0.3 ± 0.0 13.5 ± 5.9 0.0 ± 0.0 1.3 ± 0.9 0.0 ± 0.0 20.5 ± 6.3 20.0450 2.6 ± 1.2 5.1 ± 1.2 0.3 ± 0.0 12.2 ± 4.1 0.0 ± 0.0 1.4 ± 1.0 0.0 ± 0.0 19.1 ± 4.5 18.0500 2.0 ± 0.9 5.5 ± 1.2 0.3 ± 0.0 13.4 ± 3.3 0.0 ± 0.0 1.3 ± 0.9 0.0 ± 0.0 20.5 ± 3.7 18.0550 1.1 ± 0.5 2.8 ± 0.6 0.1 ± 0.0 5.4 ± 2.7 0.0 ± 0.0 0.8 ± 0.6 0.0 ± 0.0 9.2 ± 2.8 9.0Table 8.9: Expe
ted number of signal and ba
kground events for an integrated luminosity of 1.1 fb−1 after applying the Neural Network sele
tionin the 1-jet bin .



174 Results8.3 Limit SettingWhen establishing an upper limit on a signal 
ross-se
tion we adress the following question:how likely is the observation of n events after a parti
ular phase spa
e sele
tion to originatefrom the existen
e of the signal, or 
onversely to result from a statisti
al �u
tuation of theba
kground. This problem 
an be addressed in the framework of statisti
al hypothesistesting.8.3.1 Hypothesis testingThe starting point is the de�nition of the ba
kground (b) hypothesis and the signal plusba
kground (s+b) hypothesis. Consider for instan
e that the Standard Model predi
tionis to expe
t 10 ba
kground and 5 signal events and we observe 14 events, the observationis more 
ompatible with the (s+b) hypothesis. Conversely if one observes 11 events the(b) hypothesis is favored. Although very intuitive, we need to make the statement moreor less 
ompatible quantitative.The test statisti
sThe probability or likelihood that the out
ome of a random LHC experiment resulting in
n when s or s + b events are expe
ted is des
ribed by a Poisson distribution. We 
an write:

L(n|s + b) =
(s + b)ne−(s+b)

n!
(8.5)

L(n|b) =
bne−b

n!
(8.6)The building blo
k of the problem of hypothesis testing is the de�nition of a "test statis-ti
s". A test statisti
 is some fun
tion of the observation that is able to rank an observationas signal or ba
kground-like. In this 
ase, a 
onvenient test is the likelihood-ratio Q′, de-�ned as:

Q′ =
L(n|s + b)

L(n|b)
(8.7)Rather than using Q′ it is 
ommon to use the test statisti
s Q:

Q = −2 ln Q′ (8.8)
= 2s − 2n ln(1 +

s

b
) (8.9)This test statisti
s Q has to advantage of being negative (positive) for signal (ba
kground)-like out
omes. This 
an be easily seen by expanding the logarithm in the limit where s ≪b. The intermediary situation, when Q=0, indi
ates that no 
lear separation 
an be madebetween the two hypothesis.In pra
ti
e the probability distribution for the two hypothesis 
an be obtained by gen-erating a high number of pseudo-experiments via a MonteCarlo random number generator.The out
omes of su
h experiments 
orrespond to the number of observed events that fol-low the poissonian distributions from Equations (8.5) and (8.6). With this pro
edure thedistribution of n 
an be generated both in the ba
kground only and in the signal plusba
kground 
ase hypothesis. The distribution of the test statisti
s Q 
an then be easilyobtained via the Equation 8.9. The probability distributions for the ba
kground obtained
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(a) (b) (
)Figure 8.4: Example of distributions of the test statisti
s Q for the signal plus ba
kgroundhypothesis (blue) and ba
kground only hypothesis (red) obtained with a high number ofpseudo-experiments. From left to right the signal standard model predi
tion de
reases inthis examples.with the "b" (red) and "b+s" (blue) hypothesis are shown in Figure 8.4 for 3 di�erent s
e-narios from a large signal 
ross se
tion (a) to a low one (
). In (
) the test distributions arenot so well separated, leading to more ambiguity in the distin
tion of the two alternativehypothesis.Con�den
e levelsFrequentist intervals We now have to de�ne the rules for the ex
lusion or a dis
overyof the signal. We have:
CLs+b =

∫ ∞

Qobs

fs+b(Q) dQ. (8.10)
CLb =

∫ ∞

Qobs

fb(Q) dQ. (8.11)We say that the (s+b) hypothesis is ex
luded at the α 
on�den
e level if CLs+b ≤ 1 − α.In other words we are falsely ex
luding a real signal with a probability α. Conversely, theba
kground hypothesis is reje
ted (in favor of the signal plus ba
kground hypothesis) atthe β 
on�den
e level if 1 − CLb ≤ 1 − β. This is equivalent to say that the probabil-ity for the ba
kground yield to statisti
ally �u
tuate up to nobs observed events is smallerthan 1 − β.This is shown in Figure 8.5. The blue shaded area 
orresponds to the false ex
lusionrate CLs+b and the red shaded area is the signi�
an
e (1 − CLb). In high energy physi
sexperiments we use the 
onvention that a signal is ex
luded if CLs+b ≤ 5%. In this
ase we 
all it ex
lusion at the 95% 
on�den
e level. We speak about dis
overy when β isequal to the fra
tion of the area of a gaussian distribution obtained by integrating over 5standard deviations.
β = erf−1(2 · CLb − 1) (8.12)
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Figure 8.5: Test statisti
s for the signal and ba
kground hypothesis. CLs+b is the dashedblue area and CLb the dashed red. The observation Qobs is represented by the bla
k solidline. where erf(x) =
1√
π

∫ x

−x
e−x2

dx (8.13)
β is usually referred as the signi�
an
e of the observation. Observing a "5σ" ex
ess inthe number of observed events is then usually understood as the dis
overy a new parti
le.The modi�ed frequentist CLs method Sin
e no signi�
ant ex
ess was observed werestri
t our dis
ussion to the signal ex
lusion only. Consider two experiments leading tothe same expe
ted signal but very di�erent amount of expe
ted ba
kground. For instan
e:� A) s = 2, b = 6� B) s = 2, b = 30A small ba
kground �u
tuation in 
ase 2 
an easily lead to a CLs+b smaller in 2 thanin 1, resulting in a better ex
lusion limit for the experiment 2. This out
ome is quiteundesirable as the ex
lusion limit would depend more on the sensitivity of the experimentitself rather than on the existen
e of the signal. Moreover, a downward �u
tuation of theba
kground in 
ase 2 
ould lead to the (unphysi
al) 
on
lusion that the signal 
ross se
tionis negative.One possible way to deal with this kind of situation is to normalize the 
on�den
e level

CLs+b by CLb [101℄,
CLs =

CLs+b

CLb
(8.14)
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ase s b nobs CLb CLs+b CLsA 2 6 6 0.60 0.31 0.52B 2 30 28 0.40 0.27 0.68Table 8.10: Illustration of the CLs method.By 
hoosing to use CLs, we are obliged to in
orporate in the �nal limit both theknowledge on fs+b(Q) and fb(Q). When the two hypothesis are well separated, the CLsand CLs+b methods give the same result and they diverge substantially when the hypothesis(b) and (s+b) overlap. The CLs approa
h is indeed more 
onservative, sin
e CLb ≤ 1.This approa
h 
an be seen as an approximation of a 
on�den
e level built obtained in thesignal only hypothesis 4.As an illustration of this pro
edure we show in Table 8.10 a test on the CLs and CLs+bmethods in the two simple 
ases mentioned above.Parameter dependent ex
lusion Rather than simply testing the hypothesis (s+b)with the Higgs produ
tion rate predi
ted by the Standard Model we 
an let the quantity
σ

σSM
be a free parameter. By operating this way, given an observation, we 
an alwaysex
lude a Higgs whose produ
tion mode ex
eeds a given value.

SMσ/σR = 
0.5 1 1.5 2 2.5 3 3.5

s
C

L
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 = 23obsn

Figure 8.6: CLs values shown as fun
tion of the parameter R = σ
σSM

for a given observa-tion. In this toy example value a Higgs produ
ed at a rate σ > 2.2 σSM would be ex
ludedat the 95% 
on�den
e level.This is shown in Figure 8.6 where we have generated several test-statisti
s distributionfor di�erent values of the ratio R = σ
σSM

.4This 
an be easily 
he
ked by looking at the 
ase n = 0 where CLs = e−(s+b)/e−b = e−s
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luding un
ertainties So far, in our dis
ussion we have assumed that s and b are�xed numbers. As we saw previously these numbers are subje
t to several un
ertainties,both statisti
al and systemati
. If after all the sele
tion in given 
hannel "i" (same-�avor,0 jet bin for instan
e) we expe
t si and bi signal events, in reality these numbers 
orrespondto the best estimate for the ba
kground and the signal yield in that parti
ular 
hannel. Inour model we should really treat bi and si as a random variables.As some of the 
onsidered un
ertainties 
an be very large (espe
ially in some ba
k-ground 
ases), we avoid using the normal distribution 5. Instead every un
ertainty ismodeled via a log-normal distribution 6, that is always positive and in the 
ase of smallun
ertainties is asymptoti
ally identi
al to a gaussian. The only ex
eption is that forstatisti
al un
ertainties, we use the "Gamma" distribution.In pra
ti
e, every time a pseudo-experiment is generated via Equation 8.6 and 8.9the values s and b are themselves random number previously generated. For instan
e,in the simple 
ase of a single 
hannel, for log-normally distributed errors, the signal andba
kground values are generated before ea
h pseudo-experiment a

ording to
s(θ1) = s · κθ1

1 (8.15)
b(θ2) = b · κθ2

2 (8.16)where,
κ1 = 1 +

δs

s
(8.17)

κ2 = 1 +
δb

b
(8.18)and θ1,θ2 are random variables generated from a log-normal distribution with respe
tiveparameters κ1 and κ2. Un
ertainties have the overall e�e
t, as expe
ted, of spreading the(b) and (s+b) test-statisti
s, thus in
reasing the overlap (see Figure 8.7). As a result theex
lusion limit of observations gets worse.Combining di�erent 
hannels For every mass point (mH), �nal state (fs) and jet bin(Njet) optimization we have:� expe
ted number of signal events, s(mH,fs,Njet) and several sour
es of un
ertainties

δ sj(mH, fs,Njet)� expe
ted number of ba
kground events, bi(mH,fs,Njet) and several sour
es of un
er-tainties δ bij(mH, fs,Njet)As we have seen in Se
tion 8.2 some un
ertainties are 
ommon for the s and bi quan-tities. These un
ertainties are then assumed to be fully 
orrelated for the signal and theba
kgrounds that are a�e
ted by them. Su
h is the 
ase for the luminosity and the e�-
ien
y (for non-data driven ba
kgrounds). Un
ertainties that are 
orrelated are modelledby Equation 8.16 by taking the same value of θ in su
h a way that variations of s and b"happen together". Un
orrelated un
ertainties are simply modelled by 8.16 with di�erentrandom numbers.When 
ombining di�erent �nal states or jet bins, the expe
ted signal and ba
kgroundsevents yields are simply added and their 
orresponding un
ertainties, when they belong tothe same sour
e, are also assumed to be fully 
orrelated.5As this 
an lead to unphysi
al downward �u
tuations and negative signal/ba
kground6A variable "θ" is log-normally distributed if ln(θ) is normally distributed
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Figure 8.7: Comparison of test statisti
s with or without systemati
s8.4 ResultsThe �nal upper limit ex
lusions are presented in the following way. For ea
h mass pointwe give the expe
ted (Rexp) and the observed ex
lusion limits (Robs).� The observed limit is simply 
omputed with the observed number of events.� The expe
ted limit is obtained by setting the number of observed events equal to thetotal ba
kground expe
tation. This means that for a given value Rexp, 
ross se
tions
σ ≥ R · σSM would be ex
luded at the 95% 
on�den
e level if the observation wouldmat
h the ba
kground expe
tation. This quantity serves as a baseline to determinethe sensitivity we have for ea
h mass dependent optimization. The lower it is, thehigher is the sensitivity. We also 
ompute the 1 and 2 σ bands. These are obtainedby simply varying the number observed events (in this 
ase equal to the number ofba
kground events) respe
tively by 1 or 2 standard deviations with respe
ted to thenominal ba
kground expe
tation 7.For ea
h mass point we also show the value R = 1. Values of R ex
eeding 1 mean thata Higgs boson produ
ed at the rate predi
ted by the Standard Model 
annot be ex
luded.Conversely for R below 1, we 
an a�rm that the Higgs is ex
luded, for that parti
ularmass mH. In Figures 8.8 (Cut-based 0 and 1 jet), 8.9 (NN 0 and 1 jet) and 8.10 (0 and1 jet 
ombined in Cut-Based and NN) we show the upper limits obtained with 1.1 fb−1.The dotted line 
orresponds to the expe
ted limit, the green and yellow bands are the 17The standard deviation is de�ned a

ording to the test statisti
 for the ba
kground hypothesis.



180 ResultsMass Observed Median Expe
ted 68% probability band 95% probability band120 3.9 2.9 [2.1, 4.0℄ [1.5, 5.3℄130 2.0 1.4 [1.0, 2.0℄ [0.7, 2.6℄140 1.0 0.8 [0.6, 1.1℄ [0.4, 1.5℄150 0.8 0.6 [0.4, 0.8℄ [0.3, 1.1℄160 0.5 0.3 [0.2, 0.4℄ [0.1, 0.6℄170 0.6 0.4 [0.2, 0.5℄ [0.2, 0.7℄180 0.4 0.5 [0.3, 0.7℄ [0.2, 0.9℄190 1.0 0.8 [0.6, 1.1℄ [0.4, 1.5℄200 1.5 1.1 [0.8, 1.6℄ [0.6, 2.2℄250 1.9 2.3 [1.6, 3.2℄ [1.2, 4.2℄300 2.4 2.5 [1.8, 3.4℄ [1.3, 4.6℄350 2.2 2.2 [1.6, 3.1℄ [1.2, 4.1℄400 2.2 2.5 [1.8, 3.4℄ [1.3, 4.6℄450 2.3 3.3 [2.3, 4.6℄ [1.8, 6.1℄500 3.0 4.5 [3.3, 6.3℄ [2.4, 8.4℄550 3.4 6.5 [4.6, 9.0℄ [3.5, 12.0℄Table 8.11: Cut based analysis expe
ted and observed Upper Limits with 1.1 fb−1of datafor the 0 and 1 jet bin 
ombined.Mass Observed Median Expe
ted 68% probability band 95% probability band120 3.6 2.8 [2.0 , 4.0℄ [ 1.5 , 5.3 ℄130 1.7 1.3 [1.0 , 1.9℄ [ 0.7 , 2.5 ℄140 1.0 0.8 [0.6 , 1.2℄ [ 0.4 , 1.5 ℄150 0.8 0.5 [0.3 , 0.7℄ [ 0.2 , 0.9 ℄160 0.5 0.3 [0.2 , 0.4℄ [ 0.1 , 0.5 ℄170 0.5 0.3 [0.2 , 0.4℄ [ 0.1 , 0.5 ℄180 0.3 0.4 [0.2 , 0.5℄ [ 0.2 , 0.7 ℄190 0.8 0.7 [0.5 , 1.0℄ [ 0.3 , 1.3 ℄200 1.1 0.9 [0.6 , 1.2℄ [ 0.4 , 1.6 ℄250 1.7 1.7 [1.2 , 2.3℄ [ 0.9 , 3.1 ℄300 1.2 1.8 [1.3 , 2.6℄ [ 1.0 , 3.4 ℄350 1.4 1.7 [1.2 , 2.4℄ [ 0.9 , 3.2 ℄400 2.6 2.1 [1.5 , 2.9℄ [ 1.1 , 3.8 ℄450 3.3 2.8 [2.0 , 3.9℄ [ 1.5 , 5.2 ℄500 3.3 3.8 [2.7 , 5.3℄ [ 2.0 , 7.0 ℄550 5.0 5.6 [4.0 , 7.8℄ [ 3.0 , 10.4℄Table 8.12: Neural Network analysis expe
ted and observed Upper Limits with 1.1 fb−1ofdata for the 0 and 1 jet bin 
ombined.and 2 σ bands and the red-line is the observed limit. The results are summarized for ea
hmass point in Table 8.11 and 8.12.8.4.1 Cut-based resultsThe dotted line shows that, if our observation mat
hed exa
tly the ba
kground expe
tation,we would be able to ex
lude Higgs boson masses 137 ≤ mH ≤ 195 GeV (Figure 8.10(a))with 1.1 fb−1. However, the observed upper limit (red line) lies above the expe
ted one inthe mass range 120 ≤ mH ≤ 220 GeV, indi
ating an overall ex
ess observed in data. Forlow masses mH ≤ 160 GeV the ex
ess 
orresponds to approximately 1 standard deviationwith respe
t to the ba
kground expe
tation. This results in a slightly worse observedex
lusion range of 145 ≤ mH ≤ 190 GeV.
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(a) (b)Figure 8.8: Cut-based analysis upper limits at the 95% 
on�den
e level using 1.1 fb−1 ofdata for the 0-jet bin (a) and the 1-jet bin (b).
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(a) (b)Figure 8.9: Neural Network analysis upper limits at the 95% 
on�den
e level using 1.1 fb−1of data for the 0-jet bin (a) and the 1-jet bin (b).
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(a) (b)Figure 8.10: Combined upper limits at the 95% 
on�den
e level using 1.1 fb−1 of data forthe 
ut-based (a) and the neural network (b) analysis.
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(a) (b)Figure 8.11: Cut-based analysis upper limits at the 95% 
on�den
e level using 1.1 fb−1 ofdata in the 1 jet bin for the same �avor (a) and opposite �avor �nal state (b).The observed ex
ess is driven both by the 0 and 1 jet bin analysis. In the latter 
ase,the ex
ess 
orresponds to 1.5 σ in the whole mass range. In Figure 8.11 we show the upperlimits in the 1 jet bin for the same and opposite �avor �nal states. We see a signi�
antex
ess (2 σ) in the same-�avor �nal state events 
on�rmed by Table 8.7.
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(a) (b)Figure 8.12: Events surviving the �nal mH = 140 GeV 
ut-based sele
tion (omitting the
mT 
ut )shown in the angle between the di-lepton and the di-jet (of the two most energeti
jets) system (a) and the minEmiss

T (b) distributions.Due to the broad nature of this ex
ess, it is hard to interpret it as a possible signal.Also, it appears to be present only in the same-�avor events, whi
h might be a hint thatwe are rather looking at a possibly underestimated Drell-Yan 
ontribution. Finally thisex
ess is equally distributed among the ee and µµ �nal state, whi
h 
on�rms the Drell-Yanhypothesis. As we are looking at the one jet bin, these 
ould be Z+2jets events, with these
ond jet being 
lose to the 30 GeV threshold. We expe
t a typi
al Z+2jets event to havethe di-jet system re
oiling against the di-lepton system with a big opening angle. This 
an
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lusion 183be 
he
ked in the 
orresponding distribution in Figure 8.12(a). Finally we 
an also seethat the ex
ess event have minEmiss
T 
lose to the 40 GeV 
ut (Figure 8.12(b)). This lastobservation further supplements the hypothesis of an underestimate of this ba
kground.8.4.2 Neural Network resultsThe Neural Network based analysis leads to a slightly better sensitivity with respe
t to the
ut-based analysis. The expe
ted ex
lusion range obtained by 
ombining both the 0 and1 jet analysis is larger: 137 ≤ mH ≤ 205 GeV(Figure 8.10(b)). Starting from middle-range masses (mH ≥ 150 GeV) the expe
ted upper limit ex
lusion is slightly smallerthan in the 
ut-based 
ase, indi
ating a better separation of the signal and ba
kgroundhypothesis. A 
lear advantage of this method 
an be seen in the 1-jet bin analysis where theexpe
ted ex
lusion is 150 ≤ mH ≤ 180 GeV, whereas in the 
ut-based 
ase we are barelyable to ex
lude 155 ≤ mH ≤ 165 GeV. Also a signi�
ant improvement is observed inthe 0-jet bin analysis where the upper bound of the ex
lusion is extended up to 200 GeV.However, no signi�
ant improvement is observed at low masses (mH ≤ 140 GeV).In data we observe an overall 1σ ex
ess. The reason for this ex
ess was investigated inthe 
ut based analysis 
ase. The observed upper limit is also slightly better than in the
ut-based s
enario. We are are able to ex
lude with 1.1 fb−1 a Standard Model Higgs bosonwith a mass 145 ≤ mH ≤ 195 GeV showing a very small improvement with respe
t tothe 
ut-based analysis. As for the expe
ted limit, no improvement is seen at low masses.8.5 Con
lusionIn this Chapter two approa
hes for signal extra
tion were presented. The 
ut-based analysisis a simpler approa
h, based on the sele
tion of a parti
ular phase spa
e in whi
h thesignal over ba
kground ratio is enhan
ed. The Neural Network optimization relies onthe 
onstru
tion of a single dis
riminant output that is able to separate the signal andba
kground hypothesis via a learning pro
ess. Although slightly more performant, webelieve the se
ond approa
h to be less robust due to its non-linear nature. Both approa
hesshow similar performan
es with the 
urrent data gathered with the CMS dete
tor. As the�nal result we quote the ex
lusion range obtained with the 
ut-based sele
tion rather thanthe one obtained with the Neural Network analysis. The latter 
an be seen as a 
ross-
he
kof the �nal result. As shown in Figure 8.13, with the data gathered by the CMS experiment
orresponding to 1.1 fb−1, we are able to ex
lude a Standard Model Higgs Boson with amass 145 ≤ mH ≤ 190 GeV.
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Figure 8.13: Combined upper limits at the 95% 
on�den
e level using 1.1 fb−1 of data forthe 
ut-based analysis in the full mass range.
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Figure 8.14: Combined upper limits at the 95% 
on�den
e level using 1.1 fb−1 of data forthe neural network analysis in the full mass range.



Con
lusionsIn this thesis we perform a sear
h of the Brout-Englert-Higgs Boson using 1.1 fb−1 ofLHC data 
olle
ted at a 
enter of mass energy √
s = 7 TeV with the CMS dete
tor.The main possible Higgs de
ay 
hannels are introdu
ed. The presented sear
h is per-formed 
onsidering the H→W+W−→ℓ+νℓ−ν̄ de
ay mode, whi
h is the most sensitive interms of dis
overy and ex
lusion potential in the mass range mH = 120 − 200 GeV/c2.A short introdu
tion on the signal and its main ba
kground is given. In parti
ular it isshown that a given de�nition of a phase spa
e volume 
an sensibly in
rease the signal-over-ba
kground ratio. The full analysis is performed both with sequential sele
tion 
riteria andwith neural networks. Final upper limits on the Higgs produ
tion 
ross se
tion are ob-tained in these two s
enario. We 
on
lude that, with 1.1 fb−1 of data, a BEH boson ofmass 145 ≤ mH ≤ 190 GeV/c2 is ex
luded at the 95% 
on�den
e level.
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Figure 8.15: O�
ial CMS 
ombined upper limits at the 95% 
on�den
e level using 1.1 fb−1of data for the 
ut-based analysis (left) 
ompared to the upper limits obtained in this thesis(right).If we 
ompare our results, obtained independently, with the o�
ial CMS results, weobserve a slight di�eren
e in the ex
lusion limit. The CMS ex
lusion limit as fun
-tion of the Higgs mass is shown in Figure 8.15. The obtained ex
lusion is in that 
ase
150 ≤ mH ≤ 190 GeV/c2. This slight di�eren
e was 
arefully studied, and no major
ause 
ould be found. The di�eren
e is likely to be driven by a slightly di�erent esti-mate (∼ 5%) of the WW ba
kground in the opposite �avor 
hannel, 0 jet bin for the
mH = 140 GeV/c2 optimization. However, overall the results are 
ompatible, if one 
on-siders the 1 and 2 σ bands.A Standard Model BEH boson is more likely to have a low mass, if one believes indire
t
onstraints from measured Standard Model parameters. If we take into a

ount ex
lusion
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lusionsfrom the LEP a

elerator, a low mass Higgs is then expe
ted to be dis
overed in the massrange mH = 115 − 145 GeV/c2.In this thesis we have analyzed 1.1 fb−1, a part of the total dataset 
orresponding to4.8 fb−1 of integrated luminosity. The �nal CMS 
ombination, in
luding all BEH sear
hes isshown in Figure 8.16. These results have further 
onstrained the Higgs mass parameter. AHiggs Boson with a mass mH ≥ 127 GeV/c2 is ex
luded, leaving a small range of possiblemasses. Furtheremore a 
lear 2.5σ ex
ess is observed at approximately mH = 125 GeV/c2 ,whi
h is also seen in Tevatron data, shown in Figure 2.7.In April 2012, the LHC has started taking data at √s = 8 TeV and high instantate-nous luminosity. By the end of 2012, CMS will have 
olle
ted appriximately an additional15 fb−1 of integrated luminosity. This amount of data should be su�
ient to �nally either
on�rm the observed ex
ess or show that this was the result of a misunderstood �u
tua-tion. Although the H→W+W− 
an add some sensitivity at low mass, the main sear
hmode will be the H → γγ 
hannel. In the near future we will then have a 
learer pi
tureon the nature of the ele
troweak symmetry breaking me
hanism, and hopefully, on manyother opened questions.

Figure 8.16: Combined upper limits at the 95% 
on�den
e level using 4.8 fb−1 with theCMS dete
tor (left) with a zoom in the low mass region (right) showing an ex
ess at
mH = 125 GeV/c2.
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Appendix ATrigger tables and e�
ien
y
A.1 Trigger de�nitionsHere we give the de�nitions of the trigger used in the analysis. In Table A.1 the HLTpath names a given for Diele
tron triggers. The number after the label "Ele" indi
atesthe momentum threshold on the ele
tron. The other labels that follow indi
ate additionalisolation and identi�
ation requirements. They are explained in Table A.1. The followingtables list the DiMuon, Mixed, and Single Muon triggers.Dataset Trigger name L1 sel. HLT sel.DoubleEle
tron HLT_Ele17_CaloIdL_CaloIsoVL_ pT > 12 pT > 17, 8 GeV/cEle8_CaloIdL_CaloIsoVLDoubleEle
tron HLT_Ele17_CaloIdT_TrkIdVL_CaloIsoVL_TrkIsoVL_ pT > 12 pT > 17, 8 GeV/cEle8_CaloIdT_TrkIdVL_CaloIsoVL_TrkIsoVLTable A.1: Analysis triggers for the ee �nal state. The identi�
ation and isolation require-ments are des
ribed in Table A.1.A.2 Double lepton trigger e�
ien
iesThe following e�
ien
ies are used to 
orre
t the signal MonteCarlo by applying an event-by-event weight that pT and |η| dependent. Details on how these were estimated 
an befound in [90℄. The overall e�e
t of this reweighting pro
edure amounts to ∼ 1%.
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ien
yname 
riterionCaloId_L H/E < 0.15(0.10)

σηη< 0.014 (0.035)CaloId_VT H/E < 0.05(0.05)

σηη< 0.011 (0.031)TrkId_VL |∆η|< 0.01 (0.01)

∆φ< 0.15 (0.10)TrkId_T |∆η|< 0.008 (0.008)

∆φ< 0.07 (0.05)CaloIso_VL ECalIso/ET < 0.2 (0.2)

HCalIso/ET < 0.2 (0.2)CaloIso_T ECalIso/ET < 0.15 (0.075)

HCalIso/ET < 0.15 (0.075)CaloIso_VT ECalIso/ET < 0.05 (0.05)

HCalIso/ET < 0.05 (0.05)TrkIso_VL TrkIso/ET < 0.2 (0.2)TrkIso_T TrkIso/ET < 0.15 (0.075)TrkIso_VT TrkIso/ET < 0.05 (0.05)Table A.2: Summary of requirements applied to ele
trons in the triggers used for this anal-ysis. The sele
tion requirements are given for ele
trons in the barrel (end
ap). L=Loose,VL=Very loose, T=Tight, VT=Very Tight.Dataset Trigger name L1 sel. HLT sel.MuEG HLT_Mu17_Ele8_CaloIdL pT > 3, 5 GeV/c pT > 17, 8 GeV/cMuEG HLT_Mu8_Ele17_CaloIdL pT > 3, 5 GeV/c pT > 8, 17 GeV/cTable A.3: Analysis triggers for the eµ �nal state. The identi�
ation and isolation require-ments for ele
trons are des
ribed in Table A.1.Table A.4: Analysis triggers for the µµ �nal state. Triggers marked (*) are also used fore�
ien
y studies.Dataset Trigger name L1 sel. HLT sel.DoubleMu HLT_DoubleMu6 pT > 3, 3 GeV/c pT > 6, 6 GeV/cDoubleMu HLT_DoubleMu7 pT > 3, 3 GeV/c pT > 7, 7 GeV/cDoubleMu HLT_Mu13_Mu8 pT > 3, 3 GeV/c pT > 13, 8 GeV/cDoubleMu HLT_Mu17_Mu8 pT > 3, 3 GeV/c pT > 17, 8 GeV/c
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ies 191
Dataset Trigger name L1 sel. HLT sel.SingleEle HLT_Ele27_CaloIdVT_CaloIsoT_TrkIdT_TrkIsoT L1_SingleEG15 pT > 27 GeV/cSingleMu HLT_IsoMu12 L1_SingleMu7 pT > 12 GeV/cSingleMu HLT_IsoMu17 L1_SingleMu10 pT > 17 GeV/cSingleMu HLT_Mu15 L1_SingleMu10 pT > 15 GeV/cTable A.5: Single lepton triggers to re
over lost e�
ien
y. These trigges are also used fore�
ien
y studies. The identi�
ation and isolation requirements for ele
trons are des
ribedin Table A.1.

Measurement 0.00 < |η| < 1.479 1.479 < |η| < 2.50

10 < pT < 15 0.99 ± 0.00 0.99 ± 0.01
15 < pT < 20 1.00 ± 0.00 1.00 ± 0.00
pT > 20 1.00 ± 0.00 1.00 ± 0.00Table A.6: Overall double ele
tron trigger e�
ien
y as a fun
tion of pT and |η|.

Measurement 0.00 < |η| < 0.80 0.80 < |η| < 1.20 1.20 < |η| < 2.40

10 < pT < 15 0.94 ± 0.02 0.92 ± 0.02 0.94 ± 0.01
15 < pT < 20 0.97 ± 0.01 0.96 ± 0.01 0.96 ± 0.00
pT > 20 0.97 ± 0.00 0.95 ± 0.00 0.95 ± 0.00Table A.7: Overall double muon trigger e�
ien
y as a fun
tion of pT and |η|.
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Appendix BTables for the 
ommon presele
tion
B.1 Sele
tion down to the jet 
ountIn Table B.1- B.6 we show the ba
kground and signal (for some Higgs masses) expe
tationsand the data yields at ea
h step of the WW 
ommon presele
tion up to the number of jetssele
tion.sele
tion Z+jets t̄t Single Top W+jetsHLT + lepton sel. 771125.1 ± 253.3 5256.4 ± 32.9 387.4 ± 3.7 320.3 ± 32.8

mℓℓ > 12 770179.4 ± 252.3 5243.1 ± 32.9 386.3 ± 3.6 312.4 ± 32.4Z veto 107056.6 ± 101.2 4677.0 ± 31.0 345.8 ± 3.4 300.0 ± 31.9min ET
miss 83.1 ± 3.2 2635.1 ± 23.3 203.9 ± 2.6 118.5 ± 20.2Table B.1: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1

fb−1 of integrated luminosity before the jet bin de�nition. Statisti
al un
ertainty arein
luded. The signal yields a

ount for the data driven e�
ien
y estimates.sele
tion WZ/ZZ gg → WW qq → WW W/Z+γHLT + lepton sel. 985.6 ± 3.1 43.2 ± 0.3 1091.6 ± 3.2 6946.7 ± 39.7
mℓℓ > 12 985.2 ± 3.1 42.9 ± 0.3 1088.1 ± 3.2 6937.3 ± 39.7Z veto 136.5 ± 1.1 38.9 ± 0.3 972.5 ± 3.0 4699.6 ± 32.7min ET

miss 30.0 ± 0.6 27.4 ± 0.2 518.2 ± 2.2 14.8 ± 1.8Table B.2: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1
fb−1 of integrated luminosity before the jet bin de�nition. Statisti
al un
ertainty arein
luded. The signal yields a

ount for the data driven e�
ien
y estimates.
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ommon presele
tionsele
tion H120 H130 H140 H150HLT + lepton sel. 45.9 ± 0.3 99.2 ± 0.5 162.0 ± 0.8 216.0 ± 1.0
mℓℓ > 12 44.2 ± 0.3 96.5 ± 0.5 158.6 ± 0.8 212.5 ± 1.0Z veto 44.1 ± 0.3 95.5 ± 0.5 155.4 ± 0.8 206.1 ± 1.0min ET

miss 25.2 ± 0.2 58.3 ± 0.4 102.1 ± 0.6 145.7 ± 0.8Table B.3: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1
fb−1 of integrated luminosity before the jet bin de�nition. Statisti
al un
ertainty arein
luded. The signal yields a

ount for the data driven e�
ien
y estimates.sele
tion H160 H170 H180 H190HLT + lepton sel. 259.9 ± 1.2 250.1 ± 1.1 208.2 ± 0.9 159.6 ± 0.7

mℓℓ > 12 256.4 ± 1.2 247.2 ± 1.1 206.5 ± 0.9 158.6 ± 0.7Z veto 250.4 ± 1.1 237.6 ± 1.1 190.1 ± 0.9 140.7 ± 0.6min ET
miss 193.4 ± 1.0 190.2 ± 1.0 152.4 ± 0.8 109.8 ± 0.6Table B.4: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1

fb−1 of integrated luminosity before the jet bin de�nition. Statisti
al un
ertainty arein
luded. The signal yields a

ount for the data driven e�
ien
y estimates.sele
tion H200 H250 H300 H350HLT + lepton sel. 144.5 ± 0.6 94.6 ± 0.4 71.5 ± 0.3 67.1 ± 0.3
mℓℓ > 12 143.7 ± 0.6 94.4 ± 0.4 71.4 ± 0.3 67.1 ± 0.3Z veto 125.0 ± 0.5 81.4 ± 0.3 63.8 ± 0.3 61.7 ± 0.2min ET

miss 93.5 ± 0.5 52.9 ± 0.3 38.6 ± 0.2 36.0 ± 0.2Table B.5: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1
fb−1 of integrated luminosity before the jet bin de�nition. Statisti
al un
ertainty arein
luded. The signal yields a

ount for the data driven e�
ien
y estimates.sele
tion H400 H450 H500 H550HLT + lepton sel. 52.0 ± 0.2 34.4 ± 0.1 22.2 ± 0.1 14.5 ± 0.1

mℓℓ > 12 51.9 ± 0.2 34.4 ± 0.1 22.2 ± 0.1 14.5 ± 0.1Z veto 48.9 ± 0.2 32.8 ± 0.1 21.3 ± 0.1 14.0 ± 0.1min ET
miss 28.0 ± 0.1 18.4 ± 0.1 11.8 ± 0.1 7.6 ± 0.0Table B.6: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1

fb−1 of integrated luminosity before the jet bin de�nition. Statisti
al un
ertainty arein
luded. The signal yields a

ount for the data driven e�
ien
y estimates.



B.2 Sele
tion down to the WW presele
tion 195B.2 Sele
tion down to the WW presele
tionB.2.1 0 jet binIn Table B.7- B.12 we show the ba
kground and signal (for some Higgs masses) expe
tationsand the data yields at ea
h step of the WW 
ommon presele
tion up to the number of jetssele
tion. 
ut level Z+jets t̄t Single Top W+jets0 jet 
ount 9.7 ± 1.3 58.0 ± 3.5 22.9 ± 0.9 77.0 ± 16.1
∆φℓℓ−jet < 165 8.2 ± 1.2 56.6 ± 3.5 22.3 ± 0.9 77.0 ± 16.1soft muon 8.1 ± 1.2 46.6 ± 3.1 20.2 ± 0.8 77.0 ± 16.1b-tag dis
r. > 2.1 7.5 ± 1.2 23.7 ± 2.2 12.8 ± 0.7 77.0 ± 16.1Table B.7: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1

fb−1 of integrated luminosity in the 0 jet bin. Statisti
al un
ertainty are in
luded. Thesignal yields a

ount for the data driven e�
ien
y estimates.
ut level WZ/ZZ gg → WW qq → WW W/Z+γ0 jet 
ount 15.2 ± 0.4 18.9 ± 0.2 360.8 ± 1.8 10.1 ± 1.6
∆φℓℓ−jet < 165 14.7 ± 0.4 18.5 ± 0.2 355.9 ± 1.8 10.1 ± 1.6soft muon 13.8 ± 0.4 18.5 ± 0.2 355.0 ± 1.8 10.1 ± 1.6b-tag dis
r. > 2.1 13.5 ± 0.4 18.1 ± 0.2 347.9 ± 1.8 9.8 ± 1.5Table B.8: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1

fb−1 of integrated luminosity in the 0 jet bin. Statisti
al un
ertainty are in
luded. Thesignal yields a

ount for the data driven e�
ien
y estimates.
ut level H120 H130 H140 H1500 jet 
ount 16.7 ± 0.2 37.5 ± 0.3 64.4 ± 0.5 89.7 ± 0.7
∆φℓℓ−jet < 165 16.4 ± 0.2 36.9 ± 0.3 63.3 ± 0.5 88.1 ± 0.7soft muon 16.4 ± 0.2 36.8 ± 0.3 63.1 ± 0.5 87.8 ± 0.7b-tag dis
r. > 2.1 16.1 ± 0.2 36.1 ± 0.3 61.7 ± 0.5 86.2 ± 0.7Table B.9: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1

fb−1 of integrated luminosity in the 0 jet bin. Statisti
al un
ertainty are in
luded. Thesignal yields a

ount for the data driven e�
ien
y estimates.
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ut level H160 H170 H180 H1900 jet 
ount 116.1 ± 0.9 111.3 ± 0.8 86.7 ± 0.6 61.0 ± 0.5

∆φℓℓ−jet < 165 113.6 ± 0.8 108.6 ± 0.8 84.6 ± 0.6 59.9 ± 0.5soft muon 113.3 ± 0.8 108.2 ± 0.8 84.3 ± 0.6 59.6 ± 0.5b-tag dis
r. > 2.1 110.8 ± 0.8 106.0 ± 0.8 82.7 ± 0.6 58.4 ± 0.5Table B.10: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1
fb−1 of integrated luminosity in the 0 jet bin. Statisti
al un
ertainty are in
luded. Thesignal yields a

ount for the data driven e�
ien
y estimates.


ut level H200 H250 H300 H3500 jet 
ount 49.2 ± 0.4 25.6 ± 0.2 17.4 ± 0.1 15.7 ± 0.1
∆φℓℓ−jet < 165 48.3 ± 0.4 25.2 ± 0.2 17.0 ± 0.1 15.4 ± 0.1soft muon 48.1 ± 0.4 25.0 ± 0.2 17.0 ± 0.1 15.3 ± 0.1b-tag dis
r. > 2.1 47.0 ± 0.4 24.5 ± 0.2 16.6 ± 0.1 14.9 ± 0.1Table B.11: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1

fb−1 of integrated luminosity in the 0 jet bin. Statisti
al un
ertainty are in
luded. Thesignal yields a

ount for the data driven e�
ien
y estimates.

ut level H400 H450 H500 H5500 jet 
ount 11.6 ± 0.1 7.1 ± 0.1 4.4 ± 0.0 2.5 ± 0.0

∆φℓℓ−jet < 165 11.3 ± 0.1 7.0 ± 0.1 4.3 ± 0.0 2.5 ± 0.0soft muon 11.3 ± 0.1 6.9 ± 0.1 4.3 ± 0.0 2.5 ± 0.0b-tag dis
r. > 2.1 11.0 ± 0.1 6.8 ± 0.1 4.2 ± 0.0 2.4 ± 0.0Table B.12: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1
fb−1 of integrated luminosity in the 0 jet bin. Statisti
al un
ertainty are in
luded. Thesignal yields a

ount for the data driven e�
ien
y estimates.
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tion down to the WW presele
tion 197B.2.2 1 jet binIn Table B.13- B.18 we show the ba
kground and signal (for some Higgs masses) expe
ta-tions and the data yields at ea
h step of the WW 
ommon presele
tion up to the numberof jets sele
tion.sele
tion Z+jets t̄t Single Top W+jets1 jet 
ount 44.5 ± 2.2 519.2 ± 10.3 102.9 ± 1.9 23.3 ± 8.9
∆φℓℓ−jet < 165 20.8 ± 1.5 507.3 ± 10.2 99.5 ± 1.8 18.7 ± 7.8soft muon 20.4 ± 1.5 416.4 ± 9.3 87.2 ± 1.7 18.5 ± 7.8b-tag dis
r. > 2.1 17.5 ± 1.3 78.4 ± 4.0 22.6 ± 0.9 14.7 ± 7.0Table B.13: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1

fb−1 of integrated luminosity in the 1 jet bin. Statisti
al un
ertainty are in
luded. Thesignal yields a

ount for the data driven e�
ien
y estimates.sele
tion WZ/ZZ gg → WW qq → WW W/Z+γ1 jet 
ount 11.0 ± 0.4 7.0 ± 0.1 120.6 ± 1.1 2.7 ± 0.7
∆φℓℓ−jet < 165 10.6 ± 0.4 6.8 ± 0.1 117.3 ± 1.0 2.1 ± 0.6soft muon 10.0 ± 0.3 6.7 ± 0.1 115.9 ± 1.0 1.8 ± 0.5b-tag dis
r. > 2.1 9.5 ± 0.3 6.3 ± 0.1 107.0 ± 1.0 1.8 ± 0.5Table B.14: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1

fb−1 of integrated luminosity in the 1 jet bin. Statisti
al un
ertainty are in
luded. Thesignal yields a

ount for the data driven e�
ien
y estimates.sele
tion H120 H130 H140 H1501 jet 
ount 6.1 ± 0.1 14.7 ± 0.2 27.1 ± 0.3 39.7 ± 0.4
∆φℓℓ−jet < 165 6.0 ± 0.1 14.4 ± 0.2 26.3 ± 0.3 38.5 ± 0.4soft muon 5.9 ± 0.1 14.2 ± 0.2 26.0 ± 0.3 38.0 ± 0.4b-tag dis
r. > 2.1 5.5 ± 0.1 13.0 ± 0.2 23.9 ± 0.3 35.2 ± 0.4Table B.15: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1

fb−1 of integrated luminosity in the 1 jet bin. Statisti
al un
ertainty are in
luded. Thesignal yields a

ount for the data driven e�
ien
y estimates.
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tion
sele
tion H160 H170 H180 H1901 jet 
ount 54.8 ± 0.5 55.2 ± 0.5 45.0 ± 0.4 33.1 ± 0.3

∆φℓℓ−jet < 165 52.9 ± 0.5 53.1 ± 0.5 43.4 ± 0.4 31.9 ± 0.3soft muon 52.2 ± 0.5 52.4 ± 0.5 42.8 ± 0.4 31.5 ± 0.3b-tag dis
r. > 2.1 48.4 ± 0.5 48.2 ± 0.5 39.4 ± 0.4 29.1 ± 0.3Table B.16: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1
fb−1 of integrated luminosity in the 1 jet bin. Statisti
al un
ertainty are in
luded. Thesignal yields a

ount for the data driven e�
ien
y estimates.

sele
tion H200 H250 H300 H3501 jet 
ount 29.1 ± 0.2 17.3 ± 0.1 13.4 ± 0.1 12.8 ± 0.1
∆φℓℓ−jet < 165 28.0 ± 0.2 16.7 ± 0.1 12.9 ± 0.1 12.3 ± 0.1soft muon 27.6 ± 0.2 16.5 ± 0.1 12.7 ± 0.1 12.1 ± 0.1b-tag dis
r. > 2.1 25.4 ± 0.2 15.0 ± 0.1 11.6 ± 0.1 11.1 ± 0.1Table B.17: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1

fb−1 of integrated luminosity in the 1 jet bin. Statisti
al un
ertainty are in
luded. Thesignal yields a

ount for the data driven e�
ien
y estimates.
sele
tion H400 H450 H500 H5501 jet 
ount 10.2 ± 0.1 6.7 ± 0.1 4.3 ± 0.0 2.9 ± 0.0

∆φℓℓ−jet < 165 9.8 ± 0.1 6.5 ± 0.1 4.2 ± 0.0 2.8 ± 0.0soft muon 9.6 ± 0.1 6.4 ± 0.1 4.1 ± 0.0 2.7 ± 0.0b-tag dis
r. > 2.1 8.8 ± 0.1 5.8 ± 0.1 3.7 ± 0.0 2.5 ± 0.0Table B.18: Cut-by-
ut breakdown for the ba
kground and signal expe
ted yields for 1.1
fb−1 of integrated luminosity in the 1 jet bin. Statisti
al un
ertainty are in
luded. Thesignal yields a

ount for the data driven e�
ien
y estimates.



Appendix CControl Distributions at the WWpresele
tion level
We show here the 
ontrol distributions (pmin

T ,pmax
T , mℓℓ, min ET

miss, mT, ∆φ) are showndivided in same �avor and opposite �avor �nal states for mH = 160 GeV in 0 and 1 jetbin.C.1 0 jet bin
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(a) (b) (
)Figure C.1: Distribution, after WW sele
tion for 1.1 fb−1of data in the 0-jet bin, ofthe trailing lepton pT (a), leading lepton pT (b) and dilepton invariant mass (
) with
mH = 160 GeV for the same �avor �nal state. Ea
h 
omponent in simulation is s
aledto data-driven estimates.
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tion level
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(a) (b) (
)Figure C.2: Distribution, after WW sele
tion for 1.1 fb−1of data in the 0-jet bin, of themin ET
miss (a), transverse mass (b) and dilepton ∆φ (
) with mH = 160 GeV for thesame �avor �nal state. Ea
h 
omponent in simulation is s
aled to data-driven estimates.
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Appendix DNeural Network distributions
D.1 O jet bin
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(a) (b) (
)Figure D.1: Distribution of the best Neural Network output for mH = 120, 130, 140 GeVin the 0 jet bin.
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(a) (b) (
)Figure D.2: Distribution of the best Neural Network output for mH = 150, 160, 170 GeVin the 0 jet bin.
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(a) (b) (
)Figure D.3: Distribution of the best Neural Network output for mH = 180, 190, 200 GeVin the 0 jet bin.
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(a) (b) (
)Figure D.4: Distribution of the best Neural Network output for mH = 250, 300, 350 GeVin the 0 jet bin.
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)Figure D.5: Distribution of the best Neural Network output for mH = 400, 450, 500 GeVin the 0 jet bin.
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(a) (b) (
)Figure D.6: Distribution of the best Neural Network output for mH = 120, 130, 140 GeVin the 1 jet bin.
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(a) (b) (
)Figure D.7: Distribution of the best Neural Network output for mH = 150, 160, 170 GeVin the 1 jet bin.
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(a) (b) (
)Figure D.8: Distribution of the best Neural Network output for mH = 180, 190, 200 GeVin the 1 jet bin.
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)Figure D.9: Distribution of the best Neural Network output for mH = 250, 300, 350 GeVin the 1 jet bin.
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Appendix EMethod used to estimateParton-distribution fun
tionsun
ertainties
E.1 Introdu
tionIn order to generate events a

ording to hadron 
ollision pro
esses, MC generators needto randomly produ
e events with parton momentum fra
tion and energy taken from somedistributions. These distributions are 
alled parton distribution fun
tions (PDFs) and theyare �avor spe
i�
. Unfortunately PDFs are empyri
al fun
tions, they are obtained as aresult of a QCD �t using data 
olle
ted dependent from many di�erent experiments andtherefore are subje
t to un
ertainties 
oming from these QCD analyses. Consequently, a
onsistent approa
h for parametrization has to be de�ned in order to be properly able topropagate these systemati
s to MC 
ross se
tion (or other physi
al variables) 
al
ulations.Indeed it is 
ru
ial to point out how important is the knowledge of PDFs in order to
orre
tly predi
t the 
ross se
tion of a given pro
ess, whi
h 
an be written as:

σhad =
∑

m,n

∫

fm(x1, Q)fn(x2, Q)dx1dx2σpart (E.1)The variables x1,2 are respe
tively the momentum fra
tions of the in
oming partonsentering the hard intera
tion and Q is the event s
ale of the pro
ess. σpart is the partoni

ross se
tion and fm,n(x1,2, Q) are the PDFs of the in
oming partons at a given momentumfra
tion and energy s
ale. The indexes m,n denote the �avor of the partons involved. Inthe follwing se
tions we will �rst dis
uss the framework and the method whi
h is ne
essaryto 
ompute the propagation of PDFs un
ertainties and �nally we will present some results
on
erning the H→WW and its main ba
kgrounds.E.2 PDF errorsPDFs are parametrized in a polynomial form. As an example, the PDF parametrizationfor the gluon by the CTEQ group is
f(x,Q0) = A0x

A1(1 − x)A2(1 +A3x
A4) (E.2)
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Figure E.1: Iso-
ontours of χ2
global before and after diagonalization of the Hessian matrixwhere the Ai are the free parameters of the �t. Depending on the analysis, the groupde�nes a minimal set of parameters ne
essary to des
ribe the QCD data. Then a global �tis performed leading to a minimal χ2

global estimation whi
h de�nes the optimal des
riptionof the di�erent experiments that were used. The optimal set of parameters de�nes the"best" PDFs but does not give any information about the un
ertainties. The CTEQ grouphas developed a method in order to provide the error asso
iated with the estimation of ea
hof the free parameters. Additional information 
an be extra
ted from the χ2 derivatives, inparti
ular the Hessian matrix 
an give an estimation of the un
ertainties 
oming from theerror on the parameters estimation. In order to have independent errors the Hessian matrixis diagonalized and a new set of parameters is 
omputed in this new orthogonal basis. Avisual explanation is given in Figure E.1. The up-down variations of the new parametersare then 
omputed by indepedently shifting them in this new basis and 
al
ulating therelative ∆χ2 variation. The main PDF groups work on this basis to provide the 
entralvalue and 2d parameters variation (there are d parameters and therefore 2d +/- variations).
E.3 PDFs un
ertainty propagationE.3.1 The reweighting methodAs we saw in the previous se
tion, PDF sets are provided with a 
entral value f0(x,Q),whi
h is used for 
al
ulations, su
h as 
ross se
tions or e�
ien
ies, and a set of 2d +/-variations with respe
t to the 
entral value, fk±(x,Q). The propagation of PDF un
er-tainties to physi
al variables is therefore straightforward. If X is the physi
al quantity ofinterest (i.e 
ross se
tion, e�
ien
y, PDF itself), we need to 
ompute X not only for the
entral value but also for the 2d "deviations" due to PDF un
ertainty and endup with 2d
al
ulations of X whi
h we label as Xk± (see FigureE.2).There are two methods to 
al
ulate these deviations. The most intuitive is the "brutefor
e" produ
tion of 2d+1 MC samples, 
orresponding to the 
entral value and the 2ddeviations. This method is indeed 
orre
t but time 
onsuming. The other approa
h one
an have is to simply produ
e one MC sample, 
orresponding to the 
entral value, andassign to ea
h event 2d-
ouple of weights de�ned by:
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PDF parameter label for CTEQ61
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Figure E.2: Cal
ulation of the tt̄ 
ross-se
tion and its d=20 +/- parameters deviationswith the use of CTEQ6.1 tables
wi

k± =
fk±(xi

1, f
i
1, Q

i)fk±(xi
2, f

i
2, Q

i)

f0(x
i
1, f

i
1, Q

i)f0(x
i
2, f

i
2, Q

i)
(E.3)for 1 ≤ i ≤ Ntotal and 1 ≤ k ≤ d and where x1,2 and Q are the momentum fra
tionsand s
ale of the event i. This method works provided that two 
onditions are ful�lled.The �rst is that events simulated with a deviated PDF exhibit the same topology as theones simulated with the 
entral value. This seems as fairly good assumption at leadingorder sin
e the fk± are only small deviations of f0(x,Q) and 
over the same x,Q range withapproximately the same integral. The se
ond 
ondition is that enough events need to begenerated in order to have a good 
overage of the momentum fra
tion spe
trum. On
e theweights are stored for ea
h event, the 
al
ulation of Xk± is straightforward. For instan
eif X is a 
ross se
tion, Xk± would then be:

σ±k =

Nevents
∑

i=1

wi
k± (E.4)or an e�
ien
y:

ε±k =

Nselected
∑

i=1

wi
k±

Ntotal
∑

i=1

wi
k±

(E.5)and if the physi
al observable would be the PDF itself then 
learly one has Xk± = fk±.E.3.2 The Master FormulaThe merit of the Hessian approa
h is produ
ing un
orrelated parameters. In other words,the total un
ertainty 
an be 
omputed by adding in quadrature the "d" independent 
on-tributions. Nevertheless, a 
onvention needs to be introdu
ed for spe
i�
 
ases where the+/- 
ontribution falls on the same side with respe
t to the 
entral value, as it happensfor parameter 19 in Figure E.2. Therefore a general formula has to be introdu
ed. It will
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Figure E.3: MET distribution for signal with mH=160 GeV and its relative PDF un
er-tainty per bin using di�erent CTEQ tablesbe de�ned in su
h a way that, for instan
e, the 19th parameter in Figure E.2 will get nonegative 
ontribution to the �nal un
ertainty (but will indeed get a positive one). So if, asbefore, Xk± are the varied quantities of the physi
al observable, the �nal +/- un
ertainty,
∆X±, is given by:

∆X± =

√

√

√

√

D
∑

k=1

[

max(X±
k −X0,X

∓
k −X0, 0)

]2 (E.6)E.4 ResultsE.4.1 Un
ertaintiesAs an example we show the distributions of missing transverse energy (MET) and theangle between the two leptons (∆φ) for signal, WW and tt̄ samples. Even though limitedby small statisti
s, it is interesting to see that this reweighting method and master formulausage 
an be used also with kinemati
 distributions. The Figures E.3-E.4 show the relativeun
ertainty per bin a

ording to 4 di�erent PDF sets (CTEQ61, CTEQ6mE, CTEQ65,CTEQ66) to be almost stable around 5% for WW and 3% for signal, even though in thelast bins there are only few events left.In Tables E.4.1 and E.4.1 we summarize the total 
ross se
tion un
ertainties. The+/- un
ertainties are shown for all signal and ba
kground sample and for all CTEQ tablesversions. The un
ertainties are found to be at the level of 3% for the signal and 5% forba
kgrounds.
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Figure E.4: ∆φ distribution for signal with mH=160 GeV and its relative PDF un
ertaintyper bin using di�erent CTEQ tables
PDF Un
ertainties for H→WW 
hannelMass (GeV) Cross Se
tion at 14 TeV (pb) CTEQ 6.1 CTEQ 6mE CTEQ 6.5 CTEQ 6.6130 0.91 + 2.9 % + 2.2 % + 2.3 % + 2.3 %- 3.7 % - 3.3 % - 3.4 % - 2.8 %150 1.65 + 2.6 % + 2.0 % + 2.0 % + 2.1 %- 3.2 % - 2.9 % - 3.1 % - 2.5 %160 1.90 + 2.5 % + 1.9 % + 1.9 % + 2.0 %- 3.0 % - 2.7 % - 3.0 % - 2.4 %170 1.81 + 2.4 % + 1.9 % + 1.9 % + 1.9 %- 2.9 % - 2.7 % - 2.9 % - 2.4 %200 1.01 + 2.2 % + 1.7 % + 1.8 % + 1.8 %- 2.5 % - 2.3 % - 2.6 % - 2.1 %Table E.1: PDF un
ertainties for signal samples
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PDF Un
ertainties for ba
kgroundsSample Cross Se
tion at 14 TeV (pb) CTEQ 6.1 CTEQ 6mE CTEQ 6.5 CTEQ 6.6
t̄t 375 + 5.1 % + 4.9 % + 5.1 % + 4.9 %- 5.0 % - 4.6 % - 4.4 % - 4.6 %WW 75 + 3.7 % + 3.6 % + 3.0 % + 3.2 %- 4.7 % - 4.1 % - 3.1 % - 3.2 %W+jets 40000 + 4.1 % + 3.5 % + 3.4 % + 3.2 %- 5.0 % - 4.1 % - 3.5 % - 3.3 %Table E.2: PDF un
ertainties for ba
kground samples
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