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Introdu
tionThe Standard Model of parti
le physi
s represents a major su

ess in the attemptof des
ribing the nature of elementary parti
les and of their intera
tions. It is basedon two 
ornerstones, the quantum 
hromodynami
s and the ele
troweak theory.Quantum 
hromodynami
s [1�5℄ a
ts among quarks and gluons. The latter areeight spin-1 massless bosons, whi
h are responsible for mediating the strong inter-a
tion. Quantum 
hromodynami
s is responsible for the 
on�nement of quarks intohadrons and hen
e for the stability of ordinary matter, made up of protons andneutrons.The ele
troweak theory has been formulated by Glashow, Salam and Weinberg[6�9℄ in order to unify the ele
tromagneti
 and weak intera
tions. The former a
tsbetween ele
tri
ally 
harged parti
les and is mediated by a massless spin-1 boson,the photon, while the latter a
ts on all known fermions, has a shorter range and aweaker strength and is mediated by massive gauge parti
les, the W± and Z bosons.The ele
troweak theory re
ognizes both intera
tions as manifestations of the samefundamental for
e, related to the symmetry group SU(2)L ×U(1)Y , where L statesthe fa
t that this intera
tion only a
ts between left-handed fermions (and right-handed antifermions).The prin
iple of lo
al gauge invarian
e, whi
h is a fundamental 
on
ept of theStandard Model, would prevent the presen
e of massive bosons and fermions, if anadditional me
hanism would not 
ome into play, i.e. the Brout-Englert-Higgs me
h-anism of spontaneous symmetry breaking [10�14℄. The latter generates the massesof all known parti
les in a uni�ed and elegant way, preserving the requirements ofrenormalizability [15℄ and unitarity [16, 17℄ of the theory. To this extent, a doubletof 
omplex s
alar �elds is introdu
ed, with a neutral 
omponent whi
h develops anon-zero va
uum expe
tation value, spontaneously breaking the SU(2)L × U(1)Ysymmetry into the ele
tromagneti
 U(1)QED symmetry. The same me
hanism ex-plains the masses of the W and Z bosons and of the fermions, via the intera
tionwith the newly postulated Higgs �eld.



x Introdu
tionThe sear
h for the Higgs boson, whose mass is a free parameter of the theory, hasrepresented a 
hallenge for parti
le physi
s over the last four de
ades, being regarded,as time went by, as the last missing ingredient of the Standard Model. Before theLHC experiments started their operations, dire
t and indire
t 
onstraints on its massexisted: the dire
t 
onstraints (in parti
ular from the LEP [18℄ and the Tevatron [19℄experiments) had ruled out most of the high-mass range, with a lower threshold at
mH > 114.4 GeV at 95% CL, while the indire
t 
onstraints [20℄ had ex
luded therange above ∼ 144 GeV at 95% CL.One of the main physi
s motivations for the design and thr 
onstru
tion of theLarge Hadron Collider (LHC) [21�23℄, a 
ir
ular proton a

elerator lo
ated at CERN(Geneva), has been to prove or 
on
lusively rule out the existen
e of the Higgsboson. With an energy in the 
entre-of-mass ranging from √

s = 7 TeV in 2011to √
s = 14 TeV during the future run starting in 2015, the LHC meets all therequirements to produ
e a signi�
ant number of Higgs bosons over the whole allowedmass range. The ATLAS experiment [24�26℄, in parti
ular, is well equipped to dete
tleptons and jets with very high a

ura
y, over a vaste range of momenta, besidesensuring, thanks to its hermiti
ity, a pre
ise determination of the missing energy, inthe plane transverse to the beam axis. It follows that the ATLAS experiment 
anre
onstru
t all 
hara
teristi
 de
ays of a Standard Model Higgs boson whi
h involveleptons or photons in the �nal state. Among them, the H →WW (∗) �nal state hasthe largest bran
hing ratio for masses above mH & 135 GeV.This thesis presents a study of the H → WW (∗) → ℓ+νℓ−ν �nal state, with

ℓ denoting ele
trons and muons, using data 
olle
ted by the ATLAS experiment,
orresponding to an integrated luminosity of 4.7 fb−1 at √
s = 7 TeV in 2011,and of 20.7 fb−1 at √

s = 8 TeV in 2012. With the �rst part of the data, at
√
s = 7 TeV, a multivariate sear
h for the Standard Model Higgs boson in the range110 GeV < mH ≤ 600 GeV is performed. It employs the Boosted De
ision Tree(BDT) te
hnique, whi
h is based on the standard 
ut-based analysis in the same
hannel, but is expe
ted to outperform the latter sin
e it takes into a

ount the
orrelations among the variables 
hara
terizing the �nal-state leptons. Through aseries of binary splittings, the events are 
lassi�ed as signal-like or ba
kground-like,so that an in
reased signi�
an
e 
an be extra
ted from the signal-like part of thephase spa
e. The work summarized in this thesis 
onstitutes a leading 
ontributionto the 
on
eption, to the development and to the validation of theH →WW (∗) BDTanalysis, up to the �nal results, whi
h have been published in Ref. [27℄. This anal-ysis 
on�rms and improves the results of the 
orresponding 
ut-based analysis [28℄,



Introdu
tion xileading to an ex
lusion for a Standard Model Higgs boson, with a luminosity 
orre-sponding to 4.7 fb−1 at √
s = 7 TeV, in the range 130 GeV ≤ mH ≤ 281 GeV at95% CL, to be 
ompared with an expe
tation of 127 GeV ≤ mH ≤ 254 GeV.In July 2012, after having analysed an integrated luminosity 
orresponding to

∼ 5.9 fb−1 at √
s = 8 TeV, a �rst observation was made by the ATLAS [29, 30℄and CMS [31℄ 
ollaborations, of an ex
ess of events at a mass 
lose to 125 GeV,
ompatible with the sought Standard Model Higgs boson, in the γγ and ZZ∗ →

4ℓ �nal states, with a signi�
an
e of 4.5 and 3.4 standard deviations, respe
tively.Shortly after, the same ex
ess was observed by the ATLAS 
ollaboration also in the
WW (∗) → ℓ+νℓ−ν �nal state [32℄, with a signi�
an
e of 2.8 standard deviationsusing an integrated luminosity of 13.0 fb−1 at √

s = 8 TeV. The BDT analysis,run on the same dataset, was proved to reprodu
e the signal strength measured bythe 
ut-based analyisis, namely µ = 1.5 ± 0.6 for mH = 125 GeV, in units of theStandard Model 
ross se
tion. While a 
ut-based approa
h seemed good enough toin
rease the a

ura
y on µ and the signi�
an
e of the observation, the multivariateanalysis developed in 2011 was the best suited for studying the quantum numbersof the new resonan
e, and in parti
ular its spin and parity properties.The aim is to test the Standard Model hypothesis, JP = 0+, against alternativeassignments, namely 1+, 1−, 2+. The JP = 2+ hypothesis follows the model forKaluza-Klein-like gravitons [33�36℄, and is investigated in �ve possible values for the
ouplings of the Higgs-like resonan
e to quarks and gluons (from pure gg produ
tionto pure qq). For what 
on
erns the JP = 1± hypothesis, it is worthwhile to testit in the H → WW ∗ �nal state, even if the Landau-Yang theorem [37, 38℄ forbidsthe de
ay of a JP = 1± boson into two on-shell photons, in 
ontradi
tion with theeviden
e a
hieved by the ATLAS 
ollaboration in the γγ 
hannel [39℄. In fa
t, aspredi
ted in various extensions of the Standard Model, there 
ould be two resonan
es,
lose in mass, one de
aying into photons, the other into ve
tor bosons.Most of the fundamental aspe
ts of the H → WW ∗ spin analysis have beendeveloped in the 
ontext of this thesis, from the very beginning to the �nal results,published in Ref. [40℄, whi
h have later served as a leading 
ontribution to theATLAS spin 
ombination [41℄. The latter paper represents the �rst eviden
e forthe spin-0 nature of the new parti
le, whi
h is needed in order to identify it withthe Standard Model Higgs boson. For this reason, it has been 
ited in the o�
ialmotivation for the award of the 2013 Nobel Prize in Physi
s to Peter Higgs andFrançois Englert [42℄.This thesis is organised as follows. In Chapter 1, the Standard Model is brie�y



xii introdu
ed, with an overview of the general 
hara
teristi
s of elementary intera
-tions, the Goldstone theorem and the Higgs me
hanism. The pre-LHC 
onstraintson the Higgs boson mass are then summarized, both from the theoreti
al and theexperimental points of view. Finally, the salient features of proton-proton 
ollisionsat the LHC are reviewed, in
luding the role of parton distribution fun
tions and ofMonte Carlo generators. Chapter 2 fo
uses on the physi
s of the Standard ModelHiggs boson at the LHC, des
ribing its produ
tion and de
ay modes and dis
ussingthe status of the theoreti
al 
omputations. The se
ond part of the 
hapter presentsan overview of the Higgs boson properties, and in parti
ular of the kinemati
al andangular distributions whi
h are expe
ted to 
hara
terize the �nal-state parti
les inthe various spin/CP hypotheses. In parti
ular, the de
ay into ve
tor bosons of thenew resonan
e, X → V V (∗) with V =W,Z, is dis
ussed, for X being either a spin-0,spin-1 or spin-2 boson, with spe
ial emphasis on the models whi
h are later used inChapter 5. Chapter 4 presents a multivariate sear
h in theH → WW (∗) → ℓ+νℓ−ν
hannel, 
arried out with an integrated luminosity of 4.7 fb−1 at √s = 7 TeV in 2011,des
ribing the analysis method and the �nal results. Several additional details and
ross-
he
ks are given in Appendi
es A − I. Chapter 5 illustrates the spin analysis,in the same 
hannel, for whi
h an integrated luminosity of 20.7 fb−1 at √s = 8 TeVhas been used. Also in this 
ase, only the baseline results are shown in the mainbody of the text, while additional details are reported in Appendi
es J − O. Finally,the statisti
al 
ombination of the three bosoni
 
hannels (H → WW ∗ → ℓ+νℓ−ν,
H → γγ and H → ZZ∗ → 4ℓ) is des
ribed and the �nal results are presented.



Chapter 1Ele
troweak Symmetry Breakingin the Standard ModelIn this Chapter, the Standard Model (SM) of parti
le physi
s is brie�y introdu
ed,with an overview of the general 
harateristi
s of elementary parti
les and their in-tera
tions, the Goldstone theorem and the Higgs me
hanism. Afterwards, the pre-LHC 
onstraints on the Higgs boson mass are summarized, both from the theoreti
alpoint of view (unitarity violation, 
onvergen
e issues for perturbation theory, triv-iality bound, va
uum stability) and from the experimental side (global �t to theele
troweak parameters, sear
hes at LEP and at the Tevatron). Finally, the salientfeatures of proton-proton 
ollisions at the LHC are dis
ussed, in
luding the role ofparton distribution fun
tions and Monte Carlo generators.If not stated otherwise, the des
ription follows Refs. [43, 44℄; Ref. [45℄ is usedfor the QCD se
tion, while Ref. [46℄ is used for the summary of the theoreti
al andexperimental 
onstraints on the Higgs boson mass.Throughout this work, natural units are used, based on universal 
onstants: inparti
ular, the redu
ed Plan
k 
onstant ~ and the speed of light c are assumed to be
~ = c = 1. In this system, energy, mass and momentum are all measured in ele
tronvolts (eV).1.1 Matter �elds and intera
tionsIn the Standard Model, elementary parti
les are 
lassi�ed into two main 
ategories,a

ording to their spin: half-integer for fermions (whi
h 
an be divided further intoquarks and leptons), integer for bosons (
ategory to whi
h photons, gluons, W and
Z bosons belong − alike the Higgs boson).



2 1.1. Matter �elds and intera
tionsThe fundamental for
es a
ting between elementary parti
les − the strong, weakand ele
tromagneti
 intera
tions − are all expressed through gauge theories, withthe only ex
eption being the gravitational for
e. In a gauge theory, �elds are de-s
ribed by representations of a symmetry group; requiring the Lagrangian to beinvariant under lo
al phase transformations of the �elds (the so-
alled prin
iple oflo
al gauge invarian
e), the intera
tions between the 
orresponding parti
les aregenerated, mediated through gauge bosons.The Standard Model of elementary parti
les is des
ribed by a Lagrangian whi
his invariant under the symmetry group:
GSM = SU(3)C × SU(2)L × U(1)Y , (1.1)where SU(3)C is the 
olour group of strong intera
tions, while SU(2)L and U(1)Yare the ele
troweak groups of isospin and hyper
harge, respe
tively. The GSM groupis spontaneosuly broken to SU(3)C × U(1)QED, as dis
ussed in the following. Thegauge bosons 
orresponding to the unbroken groups are massless: eight gluons for

SU(3)C and one photon for U(1)QED, respe
tively. The mediators of the weak for
eare, the W± and Z bosons, are, on the other hand, massive.The fermioni
 
ontent of the SM is organized into three generations, whi
h haveidenti
al properties, but in
reasing masses and di�erent �avour quantum numbers:
(
νe
e−

)
L
, e−R ,

(
u
d

)
L
, uR , dR

(νµ
µ−

)
L
, µ−R ,

(c
s

)
L
, cR , sR

(
ντ
τ−

)
L
, τ−R ,

(
t
b

)
L
, tR , bR

(1.2)
with left-handed parti
les belonging to SU(2)L doublets, while right-handed parti-
les are singlets (left- and right-handed parti
les are identi�ed by the subs
ripts Land R, respe
tively). Furthermore, antiparti
les are de�ned as having the same massas their 
orresponding parti
les, but opposite additive quantum numbers. Quarksexist in six �avours (u, d, s, c, b and t) and three 
olours (red, green and blue).Stable matter is made up of fermions belonging to the �rst generation, while theele
tri
ally 
harged fermions of the se
ond and third generations are unstable andde
ay into lighter parti
les. Table 1.1 summarizes masses, 
harges and spin quan-tum numbers for the SM parti
les [47℄. In the following, additional details are given
on
erning the ele
tromagneti
, ele
troweak and strong intera
tions.



Ele
troweak Symmetry Breaking in the Standard Model 3Name Mass Charge (e) Spin
e Ele
tron 0.511 MeV -1 1/2
νe Ele
tron Neutrino < 2 eV (95% CL) 0 1/2
µ Muon 105.66 MeV -1 1/2
νµ Muon Neutrino < 0.19 MeV (90% CL) 0 1/2
τ Tau 1.777 GeV -1 1/2
ντ Tau Neutrino < 18.2 MeV (95% CL) 0 1/2
u Up 2.3+0.7

−0.5 MeV 2/3 1/2
d Down 4.8+0.5

−0.3 MeV -1/3 1/2
c Charm 1.275 ± 0.025 GeV 2/3 1/2
s Strange 96± 5 MeV -1/3 1/2
t Top 173.07 ± 0.89 GeV 2/3 1/2
b Bottom 4.18 ± 0.03 GeV -1/3 1/2
γ Photon 0 0 1
W± W Boson 80.385 ± 0.15 GeV ±1 1
Z Z Boson 91.1876 ± 0.0021 GeV 0 1
g Gluon 0 0 1
H Higgs Boson − 0 0Table 1.1: Summary of Standard Model parti
les, with the indi
ation of their mass,
harge and spin quantum numbers. Ele
tri
 
harges and spins 
orrespond to the SMpredi
tion. All masses are given a

ording to the world average in Ref. [47℄ (apartfrom photons and gluons, whi
h are predi
ted to be massless): for light quarks, theyare estimated at a s
ale µ ≃ 2 GeV, mc and mb are the running masses in theMS s
heme (
f. Se
tion 2.2.1), while mt is measured by the 
ombined Tevatronexperiments. The mass of the Higgs boson is dis
ussed later, hen
e omitted here.1.1.1 Quantum ele
trodynami
sA fermion of mass m and spin 1/2 is des
ribed by the free Dira
 Lagrangian:

L0 = ψ(x)(iγµ∂µ −m)ψ(x) (1.3)where ψ(x) is the fermioni
 spinor and ψ(x) = ψ†(x)γ0 its adjoint. The partialderivative is de�ned as ∂µ = ∂/∂xµ and a sum is assumed when indi
es are repeated.The Lagrangian in Eq. 1.3 is not invariant under lo
al phase trasformations su
h as
ψ(x) → eiQθ(x)ψ(x), with Q being a real 
onstant, be
ause this would introdu
e anadditional term proportional to iQ∂µθ(x). The lo
al gauge invarian
e is restored if,in Eq. 1.3, the standard derivative is substituted by the 
ovariant one:

Dµψ(x) = [∂µ + ieQAµ(x)]ψ(x) (1.4)whi
h 
ontains a new spin-1 �eld, the ele
tromagneti
 �eld Aµ(x). The 
ovariantderivative applied to the �eld transforms like the fermioni
 �eld itself, Dµψ(x) →
eiQθ(x)(Dµψ(x)), provided that Aµ(x) transforms as Aµ(x) → Aµ(x)−(1/e)∂µθ. The



4 1.1. Matter �elds and intera
tionsDira
 Lagrangian 
ontains now a ve
torial gauge �eld intera
ting with the fermioni
�eld, with a 
oupling given by the ele
tri
 
harge eQ:
L = ψ(x)(iγµDµ −m)ψ(x) = L0 − eQAµ(x)ψ(x)γ

µψ(x) . (1.5)Introdu
ing a kineti
 term for the gauge �eld, the latter be
omes a propagating �eld:the full Lagrangian of Quantum Ele
trodynami
s (QED) is then given by:
LQED = L0 − eQAµ(x)ψ(x)γ

µψ(x)− 1

4
Fµν(x)F

µν(x) (1.6)where Fµν(x) = ∂µAν −∂νAµ is the ele
tromagneti
 �eld strength. By means of theEuler-Lagrange equation, applied to the QED Lagrangian, Maxwell equations arere
overed, ∂µFµν(x) = eJν = eQψγνψ.It should be noti
ed that the in
lusion of a mass term for the ele
tromagneti
�eld, proportional to m2AµA
µ, would break the lo
al gauge invarian
e and is, there-fore, forbidden, resulting in the predi
tion of massless photons.The elementary QED pro
ess is e− → e− + γ, depi
ted in Fig. 1.1 (a), andpro
eeds through an ele
tron (or any other 
harged lepton, or a quark) emitting(or absorbing) a photon. Modifying the time arrow, i.e. 
hanging the topologi
al
on�guration of the de
ay, the other QED elementary pro
esses, e.g. e− + e+ → γ,are 
onstru
ted; 
ombining more of these verti
es, all QED pro
esses are obtained.

e

e

γ(a)
q

q

g(b)Figure 1.1: Elementary verti
es: (a) QED vertex for e → eγ, (b) QCD vertex for
q → qg. Time �ows verti
ally downwards in these diagrams.The QED vertex in Fig. 1.1 (a) is at lowest order in the QED 
oupling 
onstant,
αQED = e2/(4π). Adding virtual 
orre
tions introdu
es ultraviolet divergen
es; forinstan
e, the photon self-energy 
ontribution, depi
ted in Fig. 1.2 for the e−e−s
attering, 
onsists of a �nite part and of a divergent one, proportional to ln(−q2/µ2),where q is the photon momentum and µ is some referen
e energy s
ale, whi
h divergesas q → ∞. The in�nity 
an be reabsorbed into a rede�nition of masses, 
harges and
oupling 
onstants; namely, the s
attering amplitude, whi
h at lowest order depends



Ele
troweak Symmetry Breaking in the Standard Model 5on α/q2 (omitting the QED subs
ript), be
omes:
αR(µ

2)

q2
(
1−ΠR(q

2/µ2)
) (1.7)where αR(µ

2) is the renormalized running 
oupling at the s
ale µ2, while ΠR(q
2/µ2)is the renormalized self-energy 
orre
tion. Both terms in Eq. 1.7 depend on the arbi-trary s
ale µ and on the 
hosen renormalization s
heme, but the physi
al s
atteringamplitude does not. All ultraviolet divergent 
ontributions to all s
attering pro
essesare in fa
t eliminated through the rede�nition of the running 
oupling, a fa
t thatensures the renormalizability of QED. Be
ause of its running nature, the value of the�ne stru
ture 
onstant, usually de�ned at the ele
tron s
ale, α(µ2 = m2

e) = 1/137,
hanges at larger s
ales; its evolution is determined by the β fun
tion:
µ
dα

dµ
= αβ(x) = α

(
β1
α

π
+ β2

(α
π

)2
+ . . .

) (1.8)whose solution is, at one-loop level and assuming Q2 = µ2:
α(Q2) =

α(Q2
0)

1− β1α(Q2
0)

2π ln(Q2/Q2
0)
. (1.9)Sin
e β1 = 2/3 > 0, α(Q2) in
reases for in
reasing energies, whi
h also meansthat the e�e
t of the ele
tromagneti
 
harge de
reases at larger distan
es from the
harged parti
le.

e– e–

e–e–

γ

q= + + + . . .

Figure 1.2: Photon self-energy 
ontribution to e−e− s
attering [45℄.1.1.2 Quantum Chromodynami
sThe same idea of lo
al gauge invarian
e, that leads to QED in 
ase of a U(1) sym-metry, results in Quantum Chromodynami
s (QCD) when 
onsidering SU(3)C asa symmetry group. C labels the 
olour 
harge: its introdu
tion as an additionaldegree of freedom [3,48,49℄ is needed in order to explain the observation of baryoni
states su
h as ∆++, whi
h otherwise would be 
onstituted by three u quarks in an
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tionsidenti
al quantum state and would thus violate the Pauli ex
lusion prin
iple. Theobservation that only 
olour singlets exist as asymptoti
 states 
an then be justi-�ed assuming that quarks are 
on�ned into hadrons, either in the form of baryons,
B ∝ ǫαβγ |qαqβqγ〉, or of mesons, M ∝ δαβ |qαq̄β〉.

The elementary QCD intera
tion is q → qg, depi
ted in Fig. 1.1 (b). The quark
olour may 
hange in this intera
tion and, sin
e 
olour is 
onserved, the di�eren
eis 
arried away by the gluon. The free QCD Lagrangian des
ribing a quark �eld qfof �avour f is given by:
L0 =

∑

f

qf (iγ
µ∂µ −mf )qf . (1.10)This is similar to Eq. 1.3, but now qf is a ve
tor in 
olour spa
e, qαf ; under global

SU(3)C transformations (qαf → Uα
β q

β
f ), the free Lagrangian in Eq. 1.10 is invariant,provided that U is unitary (UU † = U †U = 1 and detU = 1). The matrix U 
anbe parametrized as U = exp(iλaθa/2), in terms of the eight generators of the SU(3)algebra, λa = 2T a, whi
h are tra
eless and Hermitian, and satisfy the 
ommutationrelation [T a, T b

]
= ifabcT c, with fabc being the totally antisymmetri
 stru
ture
onstants.

As in the QED 
ase, requiring the Lagrangian to be invariant under arbitrarylo
al transformations, θa = θa(x), the partial derivative in Eq. 1.10 has to berepla
ed by its 
ovariant form:
Dµqf =

[
∂µ + igs

λa

2
Gµ

a(x)

]
qf . (1.11)Analogously to the QED derivative in Eq. 1.4, the requirement for 
ovarian
e hasintrodu
ed the intera
tion of the quark �elds with the eight gluoni
 �elds, Gµ

a . Thestrong 
oupling gs is unique for all of them. As stated in Eq. 1.11, the quark-gluonintera
tion does not a�e
t the quark �avour; moreover, sin
e leptons are not 
olour-
harged, they do not parti
ipate in the strong intera
tion. The gluon �eld strengthis given by:
Gµν(x) = − i

gs
[Dµ,Dν ] =

λa

2
Gµν

a (x) =
λa

2

(
∂µGν

a − ∂νGµ
a − gsf

abcGµ
bG

ν
c

)
. (1.12)



Ele
troweak Symmetry Breaking in the Standard Model 7By means of it and the quark �elds, the QCD Lagrangian 
an be written as:
LQCD =

∑
f qf (iγ

µ∂µ −mf )qf − 1
4(∂

µGν
a − ∂νGµ

a)

−gsGµ
a
∑

f qfγµ
λa

2 qf

+ gs
2 f

abc(∂µGν
a − ∂νGµ

a)Gb
µG

c
ν − g2s

4 f
abcfadeG

µ
bG

ν
cG

d
µG

e
ν .

(1.13)
The terms in the �rst line are the kineti
 ones for the free quark and gluon �elds,respe
tively, while the se
ond line 
ontains their mutual intera
tion. Finally, as a
onsequen
e of the non-Abelian nature of the 
olour group, the terms grouped inthe last line des
ribe the self-intera
tions among the gluon �elds: the 
ubi
 term,proportional to gs, 
orresponding to three-gluon verti
es, and the quarti
 term, pro-portional to g2s , 
orresponding to four-gluon verti
es. There is no mass term forthe gluon �elds, be
ause ∝ m2

GG
µ
aGa

µ would break the 
ovarian
e of the theory. Sogluons are predi
ted to be massless spin-1 parti
les.Gluon self-intera
tions are responsible for another 
ru
ial feature of QCD: thestrong running 
oupling, αs(Q
2), de
reases with de
reasing distan
es, unlike theQED one. Renormalizing the gluon self-energy, as dis
ussed for the photon self-energy before, owes a value for the �rst β 
oe�
ient of β1 = (2Nf −11Nc)/6. Whilethe positive 
ontribution 
omes from the quark loop 
orre
tions to the gluon internalline, the negative one derives from the gluon self-intera
tions. For Nc = 3 
oloursand Nf = 6 �avours, β1 is negative, so that

lim
Q2→∞

αs(Q
2) = 0 (1.14)whi
h is known as the asymptoti
 freedom property of QCD. On the other hand,at lower energies, Q2 → 0, whi
h is the 
on�nement regime, the running 
ouplingblows up, so that perturbation theory 
an not be applied anymore.1.1.3 Ele
troweak intera
tionsThe uni�
ation of ele
tromagneti
 and weak intera
tions has been �rst formulatedby Glashow, Salam and Weinberg [6�9℄: the ele
troweak theory re
ognizes both in-tera
tions as manifestations of the same fundamental for
e, related to the symmetrygroup SU(2)L×U(1)Y . The label L refers to the fa
t that only left-handed fermions(and right-handed antifermions) parti
ipate in this intera
tion, as already shown inEq. 1.2. Referring to quarks of the �rst generation (the same holds for the other



8 1.1. Matter �elds and intera
tionsgenerations and for the leptoni
 se
tor), the free massless Lagrangian is given by:
L0 =

3∑

j=1

i ψj(x)γ
µ∂µψj(x) (1.15)where ψ1 is a SU(2)L doublet, while ψ2,3 are singlets. The former transforms in�avour spa
e as:

ψ1(x) → eiy1βULψ1(x) , (1.16)with UL = exp(iσiαi/2) being a non-Abelian matrix, written in terms of the Paulimatri
es σi, and β an arbitrary 
onstant phase. On the other hand, the singletsa
quire only a phase in the transformation, ψ2,3 → exp(iy2,3β)ψ2,3. The fa
tors yiare the hyper
harges.The spinor �eld 
an be expli
itly broken down into its left- and right-handed 
om-ponents, introdu
ing the 
hirality proje
tors PL,R, in terms of the matrix γ5 = iγ0γ1γ2γ3:
ψ = (PL + PR)ψ =

(
1− γ5

2
+

1 + γ5

2

)
ψ = ψL + ψR (1.17)so that the free Lagrangian 
an be expressed as:

L0 = iψLγ
µ∂µψL + iψRγ

µ∂µψR . (1.18)A mass term, proportional to m(ψLψR + ψRψL), would break the gauge invarian
eof the theory, sin
e it would mix the left- and right-handed 
omponents.Requiring the transformation in Eq. 1.16 to be lo
al, the derivative is substitutedby the 
ovariant one, namely:
Dµψ1(x) =

[
∂µ + igσiW

i
µ(x)/2 + ig′y1Bµ(x)

]
ψ1(x)

Dµψ2,3(x) = [∂µ + ig′y2,3Bµ(x)]ψ2,3(x)

(1.19)where four gauge bosons have been introdu
ed, and two 
ouplings, g and g′. The
orresponding �eld strengths are given by Bµν = ∂µBν − ∂νBµ and W i
µν = ∂µW

i
ν −

∂νW
i
µ − gǫijkW j

µW k
ν ; the total ele
troweak Lagrangian 
an then be written as:

LEW =
3∑

j=1

i ψj(x)γ
µDµψj(x)−

1

4
BµνB

µν − 1

4
W i

µνW
µν
i . (1.20)Cubi
 and quarti
 intera
tions among the gauge bosons are present, due to thequadrati
 term in W i

µν . Like the fermions, also the gauge bosons are predi
ted to



Ele
troweak Symmetry Breaking in the Standard Model 9be massless.The Lagrangian in Eq. 1.20 
ontains both 
harged and neutral intera
tions. Theformer ones, whi
h derive from the term proportional to gψ1γ
µσiW

i
µψ1, have theform, referring only to quarks and leptons of the �rst generations:

LCC = − g

2
√
2

{
W †

µ[uγ
µ(1− γ5)d+ νeγ

µ(1− γ5)e] + h.
.} (1.21)where Wµ = (W 1
µ + iW 2

µ)/
√
2 and its 
omplex 
onjugate W †

µ = (W 1
µ − iW 2

µ)/
√
2 arethe physi
al W± bosons. The vertex 
ontains a fa
tor γµ(1 − γ5), therefore weak
harged 
urrents are of the V-A type, where V labels the ve
torial 
urrent (γµ) andA the axial one (γµγ5). Su
h an intera
tion violates both parity (P: ~x ↔ −~x) and
harge 
onjugation (C: parti
le ↔ antiparti
le); their 
ombination is, however, stilla good symmetry for V-A intera
tions.For what 
on
erns neutral intera
tions, on the other hand, they are expressed inEq. 1.20 in terms of the �elds W 3

µ and Bµ, whi
h do not 
orrespond to the observedphysi
al states. The latter are rather obtained via a rotation:
(
W 3

µ

Bµ

)
=

(
cos θW sin θW

− sin θW cos θW

)(
Zµ

Aµ

) (1.22)where θW is the weak mixing angle, so that the neutral-
urrent Lagrangian 
an bewritten as:
LNC = −

∑

j

ψjγ
µ
{
Aµ

[
g
σ3
2

sin θW + g′yj cos θW
]
+ Zµ

[
g
σ3
2

cos θW − g′yj sin θW
]}

ψj .(1.23)The 
orre
t quantum numbers for QED are obtained imposing e = g sin θW =

g′ cos θW , whi
h 
orrelates the ele
tromagneti
 and weak 
ouplings. Another equa-tion links the 
harges: Y = 2(Q − I3), where Y is the weak hyper
harge and I3is the third 
omponent of the weak isospin. They are generated by the U(1)Y and
SU(2)L groups, respe
tively; their values for the SM fermions are summarized inTable 1.2. Right-handed neutrinos are not 
onsidered here be
ause they would notintera
t ele
troweakly (Q = I3 = Y = 0) and thus would be sterile.The 
ouplings of Z bosons to fermions are des
ribed by the last term in Eq. 1.23and 
an be re
ast into the form:

LZNC = − e

2 sin θW cos θW
Zµ

∑

f

fγµ(cfV − cfAγ5)f (1.24)where the ve
torial and axial neutral 
ouplings have been introdu
ed: cfV = 2I3f −
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tions
4Qf sin

2 θW and cfA = 2I3f , respe
tively.
Q(e) I I3 Y

e−L , µ
−
L , τ

−
L -1 1/2 −1/2 -1

νe,L, νµ,L, ντ,L 0 1/2 +1/2 -1
e−R, µ

−
R, τ

−
R -1 0 0 -2

uL, cL, tL 2/3 1/2 +1/2 1/3

dL, sL, bL −1/3 1/2 −1/2 1/3

uR, cR, tR 2/3 0 0 4/3

dR, sR, bR −1/3 0 0 −2/3Table 1.2: Overview of the ele
troweak quantum numbers for the Standard Modelfermions: the ele
tromagneti
 
harge (in units of e), the weak isospin, its third
omponent and the resulting ele
troweak hyper
harge, a

ording to the relation
Y = 2(Q− I3). All parti
les are taken to be intera
tion eigenstates.The quarks whi
h take part in the ele
troweak intera
tion (labelled as d′, s′, b′ inEq. 1.25) are superpositions of the eigenstates of the strong intera
tion. They 
anbe obtained from the latter via a rotation, as des
ribed by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [50, 51℄:




d′

s′

b′


 =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb







d

s

b


 . (1.25)The CKM matrix is unitary and has (N−1)2 free parameters, with N = 3 being thenumber of observed generations: three rotation angles and one 
omplex phase, thelatter able to a

omodate the amount of CP violation observed in weak intera
tions,e.g. in the neutral kaon system.1.1.4 Massless Standard Model lagrangianPutting together the various terms dis
ussed so far, the 
omplete SM Lagrangian
an be written as:

LSM = −1
4G

a
µνG

µν
a − 1

4W
a
µνW

µν
a − 1

4BµνB
µν + Li iDµγ

µLi+

eRi iDµγ
µeRi +Qi iDµγ

µQi + uRi iDµγ
µuRi + dRi iDµγ

µdRi

(1.26)with the index i a

ounting for the various generations. This Lagrangian is expli
-itly invariant under lo
al gauge transformations of the GSM group, as in Eq. 1.1.However, gauge bosons and fermions are still massless, sin
e the addition of massterms for either the fermions or the bosons would break the 
ovarian
e of the theory,as previously dis
ussed.



Ele
troweak Symmetry Breaking in the Standard Model 11The most natural solution to this problem is provided by the Brout-Englert-Higgs me
hanism of spontaneous symmetry breaking − or the Higgs me
hanism forshort [10�14℄.1.2 The Higgs me
hanism1.2.1 The Goldstone theoremThe Goldstone theorem [52�54℄ des
ribes the me
hanism of spontaneous symme-try breaking (SSB), a

ording to whi
h a non-symmetri
 ground state arises froma symmetri
 Lagrangian, implying the existen
e of additional massless degrees offreedom.

Figure 1.3: Representation of the potential V of the s
alar �eld φ, V = µ2φ†φ +
λ(φ†φ)2, for µ2 > 0 (a) and µ2 < 0 (b). Both illustrations are taken from Ref. [43℄.Considering the 
ase of a 
omplex s
alar �eld φ(x), and of its Lagrangian L =

∂µφ
†∂µφ− (µ2φ†φ+ λ(φ†φ)2), the symmetry under whi
h L is invariant is a global

U(1) transformation: φ(x) → exp(iθ)φ(x). The s
alar potential has two free pa-rameters, µ2 and λ: while λ is required to be positive in order to have a groundstate, µ2 
an be either positive or negative. The �rst 
ase, µ2 > 0, is the trivial one,des
ribing a potential with only one minimum at |φ| = 0 (see Fig. 1.3 (a)); the 
ase
µ2 < 0, on the other hand, 
orresponds to an in�nite set of degenerate minima, asshown in Fig. 1.3 (b), satisfying the 
ondition:

|φ0| =
√

−µ2
2λ

≡ v√
2
. (1.27)In�nite states φ0 = (v/

√
2)eiθ are at the minimum energy; the symmetry is brokenby making a parti
ular 
hoi
e for the ground state, e.g. θ ≡ 0 in the unitary gauge.The 
omplex �eld φ 
an be expanded around the va
uum state introdu
ing the �eld



12 1.2. The Higgs me
hanismex
itations φ1,2:
φ(x) =

1√
2
(v + φ1(x) + iφ2(x)) (1.28)in terms of whi
h the potential takes the form:

V (φ) = V (φ0)− µ2φ21 + λvφ1(φ
2
1 + φ22) +

λ

4
(φ21 + φ22)

2 . (1.29)Out of the two �eld ex
itations, φ1 is massive, m2
φ1

= −2µ2, while φ2 results tobe massless. This is in fa
t a general result: a

ording to the Goldstone theorem,whenever a Lagrangian is invariant under a group G but its va
uum state is not,there exist as many massless spin-0 bosons as broken generators.1.2.2 Spontaneous symmetry breaking in the Standard ModelThe same me
hanism 
an be expanded to des
ribe the SM 
ase: the goal is thegeneration of masses for the W and Z bosons, leaving the photon massless (indeedQED shall remain unbroken).This 
an be a
hieved introdu
ing a doublet of 
omplex s
alar �elds, with quan-tum numbers Yφ = Iφ = 1/2:
φ(x) =

(
φ+(x)

φ0(x)

) (1.30)des
ribed by the Lagrangian:
LS = (Dµφ)

†(Dµφ)− µ2φ†φ− λ(φ†φ)2 (1.31)whi
h is invariant under a lo
al SU(2)L×U(1)Y transformation. As before, for λ > 0and µ2 < 0 the potential in Eq. 1.31 possesses an in�nite number of equivalentminima, satisfying a 
ondition analogous to Eq. 1.27, |〈0|φ0|0〉| = v/
√
2. Thisholds only for the neutral 
omponent of the doublet, sin
e ele
tri
 
harge has tobe 
onserved. The 
hoi
e of one parti
ular minimum breaks SU(2)L × U(1)Y into

U(1)QED, generating three Goldstone bosons. Expanding φ at �rst order around itsminimum v, one gets:
φ(x) = exp(iσi

2
θi(x)

) 1√
2

(
0

v +H(x)

) (1.32)whi
h 
ontains four real �elds, θi(x) and H(x). Thanks to the SU(2) invarian
e ofthe model, the phase in Eq. 1.32 is arbitrary and 
an be rotated away 
hoosing, as
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ovariant derivative in Eq. 1.31 takes the form:
(DµΦ)

†DµΦ =
1

2
∂µH∂

µH + (v +H)2
{
g2

4
W †

µW
µ +

g2

8 cos2 θW
ZµZ

µ

}
. (1.33)The presen
e of v, the va
uum expe
tation value, generates a mass for the W± and

Z bosons, mW = mZ cos θW = gv/2, while the photon remains massless. In otherwords, by spontaneosuly breaking SU(2)L × U(1)Y into U(1)QED, three masslessGoldstone bosons, θi, emerged, whi
h have been subsequently absorbed by the W±and Z bosons to form their longitudinal degrees of freedom, and thus their masses.1.2.3 Yukawa termsAlso fermion masses 
an be explained through the introdu
tion of the s
alar doubletin Eq. 1.30. The following Yukawa-type term results to be gauge-invariant:
LY = −c1(u, d)L

(
φ+

φ0

)
dR − c2(u, d)L

(
φ0∗

−φ−
)
uR − c3(νe, e)L

(
φ+

−φ0
)
eR + h.
.(1.34)Imposing the unitary gauge again, LY takes the simpler form:

LY = − 1√
2
(v +H){c1dd+ c2uu+ c3ee} (1.35)whi
h de�nes the masses of the light fermions to be:

(md,mu,me) = (c1, c2, c3)
v√
2

(1.36)while neutrinos stay massless. The 
ouplings ci are not �xed by the theory, so themasses are free parameters that need to be determined experimentally.1.2.4 Free parameters of the theoryThe s
alar and gauge se
tors des
ribed so far 
ontain only four free parameters: the
ouplings to the gauge bosons, g and g′ (Eq. 1.19), and the two independent termsin the Higgs boson potential, µ and v (Eq. 1.29). One 
an trade them by GF ,
α−1, mZ and mH (the �rst two being respe
tively the Fermi 
onstant and the �nestru
ture 
onstant), with the advantage of using the three most pre
isely measuredquantities in the SM. The weak mixing angle θW 
an be used to relate 
ouplingsand masses:

sin θW =
g′√

g2 + g′2
, sin2 θW = 1− m2

W

m2
Z

(1.37)



14 1.3. Constraints on the Higgs boson masswhile from the measurement of GF a determination of the va
uum expe
tation value
an be obtained:
v =

(√
2GF

)(−1/2)
= 246GeV . (1.38)The s
alar Lagrangian introdu
ed in Eq. 1.31 
an be rewritten in terms of thephysi
al �elds (in the unitary gauge) as LS = 1
4λv

4 + LH + LHG2 , where:
LH =

1

2
∂µH∂

µH − 1

2
m2

HH
2 − m2

H

2v
H3 − m2

H

8v2
H4 (1.39)
ontains the triple and quarti
 Higgs boson self-intera
tion terms, and:

LHG2 = m2
WW

†
µW

µ

{
1 +

2

v
H +

H2

v2

}
+

1

2
m2

ZZµZ
µ

{
1 +

2

v
H +

H2

v2

} (1.40)the Higgs boson 
ouplings to the gauge bosons, whose strength is proportional to thesquare of the gauge boson mass. Moreover, all Higgs boson 
ouplings are determinedby mH , mW , mZ and v. Fig. 1.4 shows a summary of the Higgs boson 
ouplings tofermions, to massive gauge bosons and to itself.1.3 Constraints on the Higgs boson mass1.3.1 Theoreti
al 
onstraintsDespite being a free parameter in the Standard Model, the Higgs boson mass 
an beused to derive limits on the stability of the Standard Model itself, and on its rangeof validity.The �rst limit 
omes from 
onsiderations of unitarity violation in the WW s
at-tering pro
esses. Histori
ally, in fa
t, massive ve
tor bosons were introdu
ed toexplain weak intera
tions, sin
e the simpler Fermi model (
onta
t 
oupling), postu-lating a 
ross se
tion s
aling with energy like σ ∼ G2
F s, would have violated unitarityabove √s ∼ GF ∼ 300 GeV. The same argument holds, at mu
h higher energies, forthe s
attering pro
esses involving the longitudinal 
omponents of the ve
tor bosons,

WL and ZL, whi
h pro
eed, among the other 
ontributions, through the ex
hangeof a Higgs boson. In the high-energy limit s ≫ m2
W ,m

2
H , taking as an example the

W+W− → W+W− s
attering, the amplitude s
ales like a0 ∼ −m2
H/(8πv

2), whi
his unitary only if mH < 870 GeV. Hen
e, the Higgs boson 
annot be heavier thanthat, unless New Physi
s appears in the TeV range to restore unitarity.The se
ond limit 
omes from perturbation theory, whi
h also requires the Higgsboson not to be too heavy. The de
ay width into longitudinally polarized ve
torbosons is proportional to ΓH ∝ m3
H ; when higher-order radiative 
orre
tions, involv-
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2Gµ)

1/2mf × (i)
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gHV V = 2m2
V /v = 2(

√
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1/2m2
V

× (−igµν)

•H
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Vµ

Vν

gHHV V = 2m2
V /v
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√
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2
V

× (−igµν)

•H

H

H

gHHH = 3m2
H/v = 3(

√
2Gµ)

1/2m2
H × (i)

•H

H

H

H

gHHHH = 3m2
H/v

2 = 3
√
2Gµm

2
H × (i)Figure 1.4: The Higgs boson 
ouplings in the SM and their strengths.

ing the ex
hange of virtual Higgs bosons, are taken into a

ount, the Born widthbe
omes:
Γtot ⋍ ΓBorn [1 + 3λ̂+ 62λ̂2 +O(λ̂3)

] (1.41)with λ being the quarti
 
oupling, and λ̂ = λ/(16π2). For mH above O(10 TeV), thisseries is not 
onvergent (3λ̂ ∼ 1), but already for mH ∼ 1 TeV the two-loop termbe
omes as important as the one-loop term (3λ̂ ∼ 62λ̂2). Therefore, perturbationtheory holds only if mH < 1 TeV. In addition, it should be noti
ed that, already atthe TeV s
ale, the total width and the mass be
ome 
omparable, ΓH ∼ mH , so that,in this regime, the Higgs boson 
annot be 
onsidered as a true resonan
e anymore.The third limit involves again the quarti
 
oupling λ and its one-loop 
orre
tions.The running of λ with the energy s
ale Q is des
ribed by, 
hoosing v as the natural
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e energy:
λ(Q2) = λ(v2)

[
1− 3

4π2
λ(v2) log

Q2

v2

]−1 (1.42)whi
h vanishes for Q2 ≪ v2, at whi
h point the theory be
omes trivial, i.e. nonintera
ting. On the other hand, in the opposite limit Q2 ≫ v2, λ diverges, be
omingin�nite at the Landau pole ΛC , implying that the Standard Model would not be validfor higher energies. Sin
e ΛC = v exp(4π2v2/m2
H), mH needs to be small to push ΛCat energies large enough; for instan
e, ΛC = ΛGUT ∼ 1016 GeV (whi
h is the s
aleof Grand Uni�
ation) would imply mH . 200 GeV. Setting the 
ut-o� at mH itself,
omputations on the latti
e (able to take into a

ount also the non perturbativee�e
ts) yield the triviality bound mH < 640 GeV.The fourth limit is a lower bound, whi
h 
an be set when 
onsidering that notonly the Higgs boson self-
ouplings 
ontribute to the running of λ, but also the
ouplings to gauge bosons and to fermions. Sin
e, as shown already in Fig. 1.4, the
ouplings depend on the mass, the main 
ontributions 
ome from the top-quark loopand loops of massive gauge bosons, but they appear with opposite sign: in parti
ular,sin
e the top-quark loop has a negative sign, it 
an drive λ(Q2) to negative values if

λ(v2) is too small, hen
e V (v) is not the absolute minimum anymore and the theoryis not stable. To avoid this, i.e. to keep λ(Q2) > 0, a boundary on mH is needed,whi
h depends on the value of ΛC : a low 
ut-o� (ΛC ∼ 103 GeV) would imply
mH & 70 GeV, a large one (ΛC ∼ 1016 GeV) would bring it up to mH & 130 GeV.It should be noti
ed, anyhow, that these bounds be
ome weaker in 
ase the va
uumis metastable, rather than stable, with a life longer than the observed lifetime of theUniverse.Putting together the triviality upper bound with the stability lower one, the
onstraints represented in Fig. 1.5 are obtained, whi
h in
lude all 
orre
tions up tothe two-loop level, and use as inputs the physi
al masses of the top-quark and ofthe gauge bosons, and their 
ouplings [55℄. The allowed range for mH as a fun
tionof the 
ut-o� ΛC is shown; in parti
ular, if New Physi
s appears at the TeV s
ale,the following limit 
an be derived:

50GeV . mH . 800GeV for ΛC ∼ 103GeV (1.43)while, if the Standard Model is valid up to the GUT s
ale, this range shrinks signif-i
antly:
130GeV . mH . 180GeV for ΛC ∼ 1016 GeV . (1.44)
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PSfrag repla
ementsFigure 1.5: Bounds on the Higgs boson mass as a fun
tion of the New Physi
s s
ale Λ,
ombining triviality and va
uum stability arguments. The plain red line is obtainedfor the 
entral value of mt and αS , the dashed red one for ±2σ variations of mt,the dotted red one for ±2σ variations of αS . The same in blue for the metastables
enario [55℄.1.3.2 Experimental 
onstraints before the LHCIndire
t sear
hesThe Higgs boson mass is tightly bounded to the other SM parameters, as previ-ously dis
ussed; moreover, radiative 
orre
tions to the ele
troweak observables aresensitive to mH . For these reasons, a global �t to the SM observables allows to setstringent limits on mH . To this extent, all quantities a

urately predi
ted by the SMand pre
isely measured in data are used, namely: α(mZ), Gµ, mZ , observables from
Z analyses at LEP1, from W analyses at LEP2 and at the Tevatron, the left-rightand forward-ba
kward asymmetries for heavy quark de
ays, Ab,c

LR,FB, as measuredat LEP1 and at the SLC, and �nally a few low-energy measurements. The resultof the global �t, ∆χ2, is shown in Fig. 1.6 (a) as a fun
tion of mH ; taking intoa

ount the lower bound from dire
t sear
hes at LEP (dis
ussed in the following),the allowed range at 95% C.L. is:
114.4GeV < mH < 144GeV (1.45)It should be noti
ed that su
h a range is obtained from the average of the 3σ-distantmeasurements of sin2 θW from leptoni
 data (ALR) and b-quark data (Ab

FB).Combining this result with the theoreti
al limit in Eq. 1.44, a preferen
e for the
∼ (130− 140) GeV range is obtained, in 
ase the Standard Model is valid up to theGUT s
ale.
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(b)Figure 1.6: (a) Distribution of ∆χ2 = χ2 − χ2min as a fun
tion of mH , resultingfrom the global ele
troweak �t; the shaded area marks the region ex
luded by dire
tsear
hes [20℄. (b) Final limit on mH from LEP2 [18℄. The ratio CLs = CLs+b/CLbfor the signal plus ba
kground hypothesis, as a fun
tion of the test mass mH , isshown. The solid line refers to observation, the dashed line is the median ba
kgroundexpe
tation for the ba
kground-only hypothesis.Dire
t sear
hes at LEPBefore the era of the TeV 
olliders, the highest 
entre-of-mass energy used to beprovided by the LEP (Large Ele
tron Positron) 
ollider, whi
h operated between1989 and 2000 at CERN, with √
s ranging from mZ (LEP1) to 209 GeV (LEP2).The a

elerator 
omplex in
luded four experiments: ALEPH, DELPHI, OPAL andL3. At LEP2 energies, the main produ
tion me
hanism for a SM Higgs boson isthe asso
iate produ
tion e+e− → Z∗ → ZH, or Higgs-strahlung; its 
ross se
tions
ales as 1/s, vanishing around mmax
H ∼ √

s−mZ ∼ 117 GeV. Considering the totalintegrated luminosity 
olle
ted by LEP2, ∫ L dt = 0.1 fb−1, this me
hanism wouldhave provided around 30 Higgs bosons for mH = 110 GeV. The most abundantde
ay 
hannels are those involving heavy parti
les in the �nal state, i.e. b-quarks or
τ leptons.Results from the four LEP2 
ollaborations have been 
ombined, resulting in theex
lusion limit mH > 114.4 GeV [18℄, as depi
ted in Fig. 1.6 (b), to be 
omparedwith 115.3 GeV expe
ted in absen
e of signal. This di�eren
e is 
aused by a 1.7σex
ess around mH = 116 GeV (the 
orresponding p-value for the ba
kground-onlyhypothesis is 9%).
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t sear
hes at the TevatronThe Tevatron, a 6.28 km long proton-antiproton 
ollider, has been operative atFermilab (US) between 1987 and 2011, with an energy in the 
entre-of-mass up to
√
s = 1.96 TeV. Its two main experiments, CFD and D∅, 
olle
ted and analyzeda total luminosity of 10.0 fb−1 [19℄. Similarly to the LHC, the most importantprodu
tion pro
esses for a SM Higgs boson at the Tevatron are gluon-fusion (gg →

H) and asso
iate produ
tion (W±H and ZH), the latter having a smaller 
rossse
tion but a distin
tive signature, with two hard jets in the �nal state. Con
erningde
ay modes, bb dominates below mH ≈ 135 GeV, WW otherwise.

Figure 1.7: Observed and expe
ted 95% C.L. upper limits on the ratios to the SM
ross se
tion, as a fun
tion of the Higgs boson mass, for the 
ombined CDF and D∅analyses [19℄.Despite being the most abundant pro
ess at low masses, the gg → H → bb 
hannelis overwhelmed by the in
lusive produ
tion pp → bb + X, whi
h pro
eeds via thestrong intera
tion; as a 
onsequen
e, the sear
h for the asso
iate produ
tion mode
V H, with isolated leptons from theW±/Z de
ays, is experimentally more 
onvenient.In parti
ular, sear
hes have been performed in the W → ℓν 
hannel, in the Z →
νν, ℓ+ℓ− 
hannels, and at CDF also in the hadroni
 de
ay modes.The se
ond most powerful 
hannel at low masses is V H with H → τ+τ−, wherethe hard jets are used to 
lean up the dominant Z → τ+τ− ba
kground. The H →
γγ de
ay mode, on the other hand, is suppressed by its low signal-to-ba
kgroundratio, so that this 
hannel does not 
ontribute more than 5% to the overall 
ombinedsensitivity [56℄.For masses above mH ≈ 135 GeV, the leading 
hannel is H → W+W− →
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ollisions
ℓ+νℓ−ν. For this 
hannel, the D∅ analysis uses the Boosted De
ision Tree te
hnique(
f. Se
tion 4.6). A total of 14 BDTs are trained for the various phase spa
e regions,lepton �avours and jet bins, resulting in the ex
lusion of a SM Higgs boson in therange 159 < mH < 176 GeV at 95% C.L. [57℄.The CDF analysis, on the other hand, makes advantage of the Neural Network(NN) te
hnique to maximize its sensitivity. After a 
ommon presele
tion, the phasespa
e is splitted a

ording to the jet bin, to the lepton �avour and to the dileptoninvariant mass, training a NN with spe
i�
 variables for ea
h 
on�guration. In themost sensitive bin, the eµ 0-jet one, the output of a Matrix Element 
omputation atleading order is used as additional input. To extra
t �nal ex
lusion limits, a binnedlikelihood is 
onstru
ted using 12 NN templates, leading to an ex
lusion at 95% C.L.in the range 148 GeV < mH < 175 GeV [58℄.Combining all the 
hannels, above the whole mass range (100-200 GeV), for bothexperiments, an ex
lusion for the regions 100 GeV < mH < 120 GeV and 139 GeV <

mH < 184 GeV is expe
ted in the absen
e of signal, while the observed ex
lusionis found to be limited to 100 GeV < mH < 103 GeV and 147 GeV < mH < 180GeV [19℄. The reason for this is the presen
e of an ex
ess of data events over theba
kground expe
tation between 115 GeV and 140 GeV. The signi�
an
e of su
han ex
ess is 3.0σ lo
ally at mH = 120 GeV; the 
orresponding global signi�
an
e,taking into a

ount the look-elsewhere e�e
t, is 2.5σ. Most of the sensitivity 
omesa
tually from the H → bb 
hannel (with most of the signal 
andidates 
oming fromthe CDF ZH → ℓ+ℓ−bb analysis).1.4 Phenomenology of hadron 
ollisionsThe following Se
tion brie�y des
ribes the fundamental aspe
ts of phenomenologyat hadron 
olliders; the des
ription follows Ref. [59℄ if not stated otherwise.1.4.1 Fa
torizationCollisions at hadron 
olliders 
an be divided into either hard or soft. Hard 
ollisions,
hara
terized by large momentum transfer among the partons and thus 
apable ofsigni�
antly redire
ting the energy �ow, are the rarest; they 
an be des
ribed bymeans of perturbation theory, allowing for pre
ise predi
tions of their rates andproperties. Soft s
attering, on the other hand, involves small momentum transfer;perturbation theory 
annot be applied in this 
ase, sin
e, due to the running natureof the strong 
oupling 
onstant, αS(Q
2) in
reases with smaller energies, preventingthe 
onvergen
e of the perturbative expansion.
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(b)Figure 1.8: (a) S
hemati
 representation of a proton-proton intera
tion, showing thepartoni
 
ollision 
orresponding to the redu
ed 
ross se
tion σ̂ab [59℄. (b) Kinemati-
al rea
h of the LHC 
ollider, in the (Q2, x) phase spa
e, at √s = 7 TeV, 
omparedto HERA and previous �xed-target experiments [60℄.Proton-proton 
ollisions 
an be s
hemati
ally represented as in Fig. 1.8 (a): whentwo protons, A and B, 
ollide, the intera
tion a
tually happens between two of their
onstituents, a and b, with redu
ed 
ross se
tion σ̂. The proton 
onstituents, i.e.quarks and gluons, are generi
ally referred to as partons. The proton remnants 
annot exist as asymptoti
 states, due to 
on�nement, and thus hadronise into 
olour-neutral states, in the so-
alled underlying event. Moreover, the in
oming partons
an radiate additional partons, due to their 
olour 
harge, resulting in additional jetswhi
h might be re
onstru
ted in the event; they 
onstitute the initial state radiation(ISR), while, if the �nal obje
ts radiate bremsstrahlung radiation, this takes thename of �nal state radiation (FSR).The 
entre-of-mass energy for the partoni
 system is redu
ed with respe
t to
√
s, the hadroni
 one, namely ŝ = xa xb s, where xa,b label the fra
tions of protonmomenta 
arried by the two 
olliding partons. In the referen
e frame of the twohadrons, with z being the beam axis, the four-momenta of the 
olliding partons aregiven by (negle
ting their masses):

pµa =

√
s

2
(xa, 0, 0, xa) , pµb =

√
s

2
(xb, 0, 0,−xb) . (1.46)Two kinemati
al variables, the rapidity y and the pseudorapidity η, are widely usedin 
ollider phenomenology, sin
e distan
es in y or η are invariant under a Lorentz
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ollisionsboost in the z dire
tion:
y =

1

2
ln((E + pz)/(E − pz)) , η = − ln(tan(θ/2)) . (1.47)These two quantities are identi
al for massless parti
les. In a partoni
 
ollision like

ab→ X, where a state X is produ
ed, its mass M and rapidity y are linked to thefra
tional momenta of the in
oming partons by the following relation:
xa =

M√
s
ey , xb =

M√
s
e−y . (1.48)This is shown in Fig. 1.8 (b), where the kinemati
al rea
h of the LHC experiments(for √

s = 7 TeV) is 
ompared with that of the previous �xed-target experimentsand of HERA: with respe
t to them, the LHC rea
h extends to harder s
ales, hen
eto heavier obje
ts. For a given rapidity y, two lines are drawn, 
orresponding to
xa and xb; the verti
al axis 
orresponds to Q2, the 
harateristi
 s
ale of the pro
ess(Q2 =M2).The hadroni
 
ross se
tion σAB 
an be obtained from the partoni
 one, σab, 
onvo-luting it with the parton distribution fun
tions (PDFs) fa/A(xa, Q2) and fb/B(xb, Q2)[61℄:

σAB =

∫
dxa dxbfa/A(xa, Q

2) fb/B(xb, Q
2) σ̂ab→X . (1.49)Here, Q2 is again the momentum transferred in the pro
ess; this equation is validin the asymptoti
 s
aling limit, s→ ∞ and τ = m2

X/s �xed. When real and virtual
ollinear gluon emissions are 
onsidered, they give rise to large logarithms, whi
happarently spoil the 
onvergen
e of the series. In fa
t, a general result, known asfa
torization theorem, shows that 
ollinear emissions are pro
ess-independent andhen
e 
an be reabsorbed at all orders into a rede�nition of the PDFs themselves [62℄.Only �nite 
orre
tions are left behind, whi
h are on the other hand not universaland 
onstitute the perturbative O(αn
S) 
orre
tions, so that Eq. 1.49 
an be rewrittenas:

σAB =

∫
dxa dxbfa/A(xa, µ

2
F ) fb/B(xb, µ

2
F )× [σ̂0 + αS(µ

2
R) σ̂1 + . . . ]ab→X . (1.50)The strong 
oupling αS is a fun
tion of the renormalization s
ale µR, while µF is thefa
torization s
ale, whi
h separates small and large distan
es, i.e. the perturbativeregime from the soft one. Formally, on
e all αS orders have been resummed, the
ross se
tion in Eq. 1.50 does not depend on any of the s
ales. On the other hand,the dependen
e on µF and µR 
an be used to quantify the un
ertainty on σAB givenby missing higher orders. Typi
ally, to avoid the presen
e of large logarithms, values
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lose to the energy s
ale of the pro
ess under 
onsideration are 
hosen for µF and
µR, e.g. µF = µR = mH .1.4.2 Parton distribution fun
tionsS
aling violations, i.e. the dependen
e of the parton distribution fun
tions on Q2,are des
ribed by the DGLAP equations [63�66℄:

∂qi(x,Q2)
∂ logQ2 = αS

2π

∫ 1
x

dz
z

{
Pqiqj(z, αS)qj(

x
z , Q

2) + Pqig(z, αS)g(
x
z , Q

2)
}

∂g(x,Q2)
∂ logQ2 = αS

2π

∫ 1
x

dz
z

{
Pgqj(z, αS)qj(

x
z , Q

2) + Pgg(z, αS)g(
x
z , Q

2)
}
.

(1.51)The 
oe�
ients Pab are the splitting fun
tions, des
ribing how parton densities
hange due to gluon and quark emissions. They 
an be expanded perturbatively[67, 68℄:
Pab(x, αS) = P

(0)
ab (x) +

αS

2π
P

(1)
ab (x) +

α2
S

2π
P

(2)
ab (x) + . . . (1.52)It should be noti
ed that the DGLAP evolution only applies to multiple parton emis-sions where partons are strongly ordered in transverse momentum, k2T1 ≪ . . . ≪

k2Tn ≪ Q2, sin
e it resums only the leading logarithms in the expansion of (αS logQ2)n,and may therefore not be a

urate at low x, where log(1/x) > log(Q).For what 
on
erns the x dependen
e of parton densities, it 
annot be obtainedperturbatively and has to be determined by a �t on data. The result is illustrated inFig. 1.9 (a) for a representative set [69℄: the gluon density dominates for x . 0.01,while the up-quark distribution peaks around x ≈ 0.2(1).The �t is performed by several independent groups, among them the CTEQ[71℄, MSTW [72℄, NNPDF [73℄ and HERA [74℄ 
ollaborations. The data used inthe �ts 
over a wide range in x and Q2, and in
lude HERA data (H1 and ZEUS,mainly at low x), Deep Inelasti
 S
attering and Drell-Yan data (at higher x), and�nally 
ollider data. In parti
ular, the LHC experiments have already providedvaluable data for the pre
ision determination of the PDF distributions, in both thejet and ele
troweak se
tors. An example is shown in Fig. 1.9 (b), where the ATLASmeasurement of the W → ℓν �du
ial 
ross se
tion is 
ompared with the latest PDFpredi
tions, allowing for their dis
rimination. Ellipses are obtained through theHessian method, whi
h is the standard pro
edure to 
ompute PDF un
ertaintiesand their impa
t on 
ollider observables.The Hessian method quanti�es un
ertainties by means of a 
omplete set of eigen-1For this reason, sin
e to produ
e a state of mass ≈ 100 GeV at intermediate rapidities, y = 2,two partons of xa ≈ 0.05 and xb ≈ 0.001 are needed, partoni
 intera
tions at the LHC are mostlikely gluon-gluon 
ollisions in the low and intermediate mass range.
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(a) (b)Figure 1.9: (a) PDF distributions for the MSTW 2008 NLO set at Q2 = 19 GeV2 [69℄.The �lled areas 
orrespond to the 68% C.L. un
ertainties. (b) Correlation betweenthe W+ → ℓ+ν and W− → ℓ−ν 
ross se
tions as measured by the ATLAS 
ollabo-ration [70℄. The theoreti
al predi
tions are shown for various PDF sets, 
omparedwith the result observed with an integrated luminosity 
orresponding to 33 pb−1 at√
s = 7 TeV. The ellipses span the 68% C.L. 
overage for total un
ertainties (green)and ex
luding the luminosity un
ertainty (bla
k).ve
tors, obtained from the diagonalization of the N × N Hessian matrix(2), where

N is the number of free parameters in the �t. Their eigenvalues span many ordersof magnitude, with the largest ones being related to the best-determined dire
tions.For ea
h eigenve
tor there are two error sets, �+� and �-�, obtained via a ∆χ2 ex
ur-sion from the global minimum(3). The positive and negative variations indu
ed onan observable 
an be asymmetri
, espe
ially for the eigenve
tors whi
h are poorlydetermined. This is taken into a

ount when 
omputing the PDF envelope for avariable X via the Master Formula [75, 76℄:
∆X+ =

√∑N
i=1[max(X+

i −X0,X
−
i −X0, 0)]2

∆X− =
√∑N

i=1[max(X0 −X+
i ,X0 −X−

i , 0)]
2 .

(1.53)2For CTEQ latest sets, N goes from 20 (CTEQ6.1) to 26 (CT10 NLO), while for MSTW2008
N = 20.3The 
hoi
e of the ∆χ2 
riterium is di�erent for the CTEQ (∆χ2 = 100, 
orresponding to 90%C.L.) and the MSTW (∆χ2 = 50) 
ollaborations, re�e
ting the fa
t that a 
oherent and uniquestatisti
al treatment is not possible, given the large varian
e of experimental data to be in
luded.
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ertainty to be 
onsidered when 
omputing theoreti
al un
ertaintiesrelated to PDFs on physi
al observables, is the one deriving from the running strong
oupling 
onstant, sin
e this value is used in the global PDF �ts.1.4.3 Monte Carlo generatorsMonte Carlo (MC) generators are an essential tool for parti
le physi
s: they areused to simulate 
ollision events in a probabilisti
 way, whi
h is intrinsi
 to thequantisti
 nature of elementary parti
les. A

ording to the theoreti
al 
ross se
tionsof physi
s pro
esses and to their expe
ted kinemati
al and angular distributions,MC generators produ
e a large number of events, providing the information aboutthe four-momenta of the parti
les involved. The name �Monte Carlo� derives fromthe fa
t that, in order to simulate the probabilisti
 out
ome, random numbers areused. Fig. 1.10 shows a s
hemati
 break down of the various steps involved in the

f(x,Q2) f(x,Q2)
Parton
Distributions

Hard
SubProcess

Parton
Shower

Hadronization

Decay

+
Minimum Bias
Collisions

(a)Figure 1.10: S
hemati
 representation of the various phases of a 
ollision event, asimplemented in Monte Carlo generators [77℄. Time �ows from the bottom to thetop of the �gure.generation of a MC event, with the time �owing from the bottom to the top of the�gure [77℄. The starting point is the hard 
ollision between two of the in
omingpartons, based on the matrix element of the intera
tion. Most MC generators onlyallow the presen
e of a �xed number of partons in the �nal state. Subsequently,higher order e�e
ts in perturbation theory are added by evolving the event thanksto an iterative pro
ess, known as the parton shower method. Starting from thehard intera
tion, an algorithm evolves the event ba
kward and forward in time, bymeans of the DGLAP equations, to add initial and �nal state radiation, respe
tively.
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ollisionsWith this pro
edure, soft and 
ollinear partons are added to the event, so thatat the end of the series of splittings (whi
h is determined by an energy 
ut-o�,typi
ally O(1 GeV)), a number of parti
les moving 
oherently with the in
omingpartons is produ
ed. PYTHIA [78℄ and HERWIG [79℄ are two of the most 
ommonlyused generators and are able to simulate both the hard 
ollision and the followingparton shower; the generators whi
h do not possess this latter feature, on the otherhand, are 
ommonly interfa
ed to either PYTHIA or HERWIG.After the shower is 
omplete, the produ
ed parti
les are generally unstable andare for
ed to de
ay, until stable �nal parti
les are obtained; moreover, there might beparti
les with non-zero 
olour 
harge, for whi
h the hadronization step takes pla
e.In this 
ase, partons are grouped into hadrons using a phenomenologi
al model, sin
eperturbation theory 
annot des
ribe long-range e�e
ts. Treating the hadronisationstep as 
ompletely de
oupled from the perturbative part of the event, allows thetuning of the phenomenologi
al model to data, using minimum bias events(4) [80�82℄.The last step in the MC event generation 
onsists in adding the details of theunderlying and pile-up events. Also in this 
ase, the parameters of the model haveto be tuned to data, as measured by the ATLAS experiment at √s = 900 GeV and
√
s = 7 TeV [83℄. While PYTHIA uses its own implementation for the underlyingevent and multiple parti
le intera
tions, HERWIG is interfa
ed with JIMMY [84℄.The generated events are �nally propagated through the full ATLAS dete
tor,simulated by the GEANT4 toolkit [85℄. It in
ludes an exa
t des
ription of thematerial distribution in the dete
tor, of the intera
tions undergone by the parti
lesduring their propagation, of the energy measurement and resolution and the read-out ele
troni
s. For a few of the ba
kgrounds used in the H → WW (∗) analysisdo
umented in this thesis, the full simulation of the ATLAS dete
tor has beensubstituted by a faster (but less pre
ise) one, provided by the ATLFAST software [86℄.The 
ompatibility of the two simulations, within the respe
tive un
ertainties, hasbeen veri�ed in ea
h 
ase.Finally, for some of the theoreti
al studies (like those aiming to quantify theimpa
t of PDFs on some observable), no dete
tor simulation is required: in these
ases, MC samples at generator level are used.
4The term minimum bias refers to soft, inelasti
 
ollisions, with low transverse momentum andlow parti
le multipli
ity.



Chapter 2Higgs Boson Physi
sThis Chapter o�ers an overview of the most important produ
tion and de
ay 
han-nels for the Standard Model Higgs boson at the LHC. The gluon-fusion, ve
tor-bosonfusion and asso
iate produ
tion modes are brie�y des
ribed, with a fo
us on theirpotential at the LHC and on the status of the theoreti
al 
omputations. With re-gards to the de
ay 
hannels, the me
hanisms for the Higgs boson de
aying into twofermions, two photons or two massive ve
tor bosons are introdu
ed. The des
rip-tion follows Refs. [46, 87℄ if not stated otherwise. The se
ond part of the Chapterfo
uses on the Higgs boson properties, and in parti
ular on its spin-CP assignmentsin the Standard Model and on their 
onsequen
es for the �nal-state parti
les. Thekinemati
al and angular distributions expe
ted for leptons arising from X → V V ∗de
ays are dis
ussed, with X being either a spin-0, spin-1 or spin-2 resonan
e. Inthe latter 
ase, the Randall-Sundrum model for Kaluza-Klein gravitons is assumed.2.1 Produ
tion modesAs dis
ussed in Chapter 1, the Higgs boson 
ouples preferentially to the heaviestparti
le allowed by the phase spa
e 
onstraints. This property, together with thehypothesis on the Higgs boson mass (that in the following is assumed to be mH =

125 GeV), de�nes 
ompletely the produ
tion and de
ay 
hannels, and their relativeabundan
es. Fig. 2.1 shows the produ
tion modes at the LHC (for (a) √s = 7 TeVand (b) √
s = 8 TeV), in the intermediate mass range, stating also the pre
isiona
hieved by the theoreti
al 
omputations.The most important produ
tion 
hannels are the gluon-fusion me
hanism (gg → H),the ve
tor-boson fusion pro
ess (qq → V ∗V ∗ → qq +H), the asso
iated produ
tionwith W or Z bosons (qq̄ → V H) and the asso
iated produ
tion with top- or bottom-quarks (gg, qq̄ → QQ+H). The 
orresponding 
ross se
tions are summarized in Ta-
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(b)Figure 2.1: Cross se
tions for Higgs boson produ
tion in the Standard Model, for(a) √s = 7 TeV and (b) √s = 8 TeV [88℄.ble 2.1, for two di�erent 
enter-of-mass energies, √s = 7 and 8 TeV, 
orresponding tothe 2011 and 2012 LHC runs, respe
tively. The theoreti
al un
ertainties derive fromthe s
ale variations (µR, µF = mH/2, 2mH), whi
h a

ount for the higher ordersmissing in the 
omputation, and from the PDFs (and the 
orresponding un
ertaintyon αs), both introdu
ed in Se
tion 1.4.Pro
ess Cross se
tion (pb) + Error (%) - Error (%) ± S
ale (%) ± (PDF, αs) (%)

√
s = 7 TeV gg 15.32 +14.7 -14.9 7.8 7.6VBF 1.222 +2.8 -2.4 +0.3 2.5WH 0.5729 +3.7 -4.3 0.8 3.5ZH 0.3158 +4.9 -5.1 1.6 3.5ttH 0.0863 +11.8 -17.8 9.3 8.5

√
s = 8 TeV gg 19.52 +14.7 -14.7 7.8 7.5VBF 1.578 +2.8 -3.0 0.2 2.8WH 0.6966 +3.7 -4.1 0.6 3.5ZH 0.3943 +5.1 -5.0 +1.6 3.5ttH 0.1302 +11.6 -17.1 9.3 7.8Table 2.1: Summary of the LHC referen
e values for the produ
tion 
ross se
tionsof a SM Higgs boson with mH = 125 GeV, at √

s = 7 and 8 TeV [87℄. The totaltheoreti
al un
ertainties are broken down into the s
ale variation term and the PDFterm (in the latter 
ase, 
onsidering also the asso
iated un
ertainty on αs). If theun
ertainties are asymmetri
, the largest value is given.



Higgs Boson Physi
s 292.1.1 The gluon-fusion produ
tion me
hanismThe gluon-fusion pro
ess, depi
ted in Fig. 2.2 at leading order (LO), pro
eedsthrough a quark loop, mainly 
onstituted by t- and b-quarks; this is due to the fa
tthat the Higgs boson 
oupling to fermions, gHff , is proportional to mf (
f. Fig.1.4), whi
h also means that the b-loop is suppressed with respe
t to the t-loop by afa
tor mt/mb ∼ 35.
Ht, b

g

g

Figure 2.2: Feynman diagram 
ontributing to gg → H at leading order.The partoni
 
ross se
tion at leading order 
an be written as [89℄:
σH0 (gg → H) =

Gµ α
2
s(µ

2
R)

288
√
2π

∣∣∣∣∣
3

4

∑

q

AH
1/2(τQ)

∣∣∣∣∣

2 with τQ = m2
H/4m

2
Q (2.1)where Q labels heavy quarks and AH

1/2(τQ) is the form fa
tor for spin-1/2 parti-
les. Below the threshold for produ
ing QQ pairs, the real part of the amplitudedominates, going from AH
1/2 = 4/3 for small values of τQ, to AH

1/2 = 2 for τQ = 1,and de
reasing linearly afterwards, modulo logarithmi
 
orre
tions (the amplitudevanishes in the 
hiral limit mQ → 0). Eq. 2.1 is obtained in the narrow-widthapproximation (NWA).Convoluting σH0 (gg → H) with the gluoni
 PDFs, one 
an obtain the proton-proton 
ross se
tion at LO for the gluon-fusion pro
ess:
σLO(pp→ H) = σH0 τ

dLgg

dτ
(2.2)with dLgg

dτ =
∫ 1
τ

dx
x g(x, µ2F ) g(τ/x, µ

2
F ) and τ = m2

H/s.At next-to-leading order (NLO), virtual and real QCD 
orre
tions have to be takeninto a

ount, namely gg → H(g) (Fig. 2.3 (a),(
)), qq̄ → Hg (b) and gq → Hq (d),all 
ontributing at the same order in αs. When all QCD 
orre
tions are added up(1),ultraviolet and infrared divergen
es 
an
el, while the remaining 
ollinear divergen
esare absorbed into a rede�nition of the parton densities [90�92℄. The 
ross se
tion1Ele
troweak radiative 
orre
tions are not dis
ussed here, sin
e they are negligible with respe
tto the sizeable QCD ones (less than 5% on σLO for mH = 125 GeV).
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HQ(d)Figure 2.3: Typi
al diagrams for the virtual and real QCD 
orre
tions to gg → Hat next-to-leading order: (a) virtual gluon 
orre
tion to gg → H, (b) qq̄ → Hg, (
)real gluon 
orre
tion to gg → H, (d) gq → Hq.be
omes then [93, 94℄:
σ(pp→ H +X) = σH0

[
1 + CH αs

π

]
τH
dLgg

dτH
+△σHgg +△σHgq +△σHqq̄ (2.3)where the CH 
oe�
ient, denoting the two-loop quark 
orre
tions after regulariza-tion, is equal to 11/2 in the limit of large quark masses, τQ = m2

H/4m
2
Q ≪ 1 (whi
his the 
ase if mH = 125 GeV). In this limit, also the remaining real 
ontributions △σtake simpler expressions, omitted here. The K-fa
tors, de�ned as K = σNLO/σLO,are tiny for Kqq̄ and Kqg, the latter being negative, while Kgg and Kvirt are ratherlarge, of the order of 50% ea
h. This result, whi
h holds for all masses at the LHC,brings Ktot to in
rease the LO 
ross se
tion of a fa
tor 60− 90%, both in the limit

τQ ≪ 1 and when the full dependen
e on mt is taken into a

ount, the di�eren
ebetween the two 
ases being only a few per
ent.On the other hand, the in
lusion of next-to-next-to-leading order (NNLO) 
or-re
tions has been performed only in the large mt limit, leading to an in
rease withrespe
t to σNLO of about 25%, and of an additional 5% when resumming also thesoft-gluon terms up to NNLL (next-to-next-to-leading logarithms) [95�97℄. Re
ently,also approximate NNNLO 
orre
tions have been 
omputed, showing that the 
on-vergen
e of the perturbative series is slower than expe
ted (kNNNLO = 17% for
mH = 125 GeV and √

s = 8 TeV [98℄), yielding a 
entral value of σNNNLO = 22.58 pb.



Higgs Boson Physi
s 31The referen
e value for LHC experiments is on the other hand 19.52 pb ± 14.7% for
mH = 125 GeV (
f. Table 2.1), 
omputed at NNLL QCD and NLO EW, with theerror given by the linear 
ombination of s
ale, PDF and αs un
ertainties [87℄.The dependen
e on µR and µF (varied in the range µR, µF = mH/2, 2mH ),shown in Fig. 2.4, is redu
ed when going from LO to NNNLO, being ±7% in thelatter 
ase.
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 gg NNLOFigure 2.4: Dependen
e of the gluon-fusion 
ross se
tion on the renormalizations
ale µR, for all orders up to NNNLO [98℄.2.1.2 The ve
tor-boson fusion produ
tion me
hanism
q
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V(b)
q

q

q

q

H

V V(
)Figure 2.5: Feynman diagrams for the (a) t-, (b) u-, and (
) s-
hannel 
ontributionsto qq → qqH at LO, where V =W,Z and q denotes any quark or antiquark.The ve
tor-boson fusion me
hanism (VBF) qq → qqH (where q denotes any quark orantiquark), depi
ted in Fig. 2.5 at LO in the t-, u- and s-
hannels, is 
hara
terizedby the presen
e of two hard jets in the �nal state, separated by a large pseudorapiditygap. The intermediate ve
tor bosons tend to 
arry only a small fra
tion of the energyof the in
oming partons; the rest is released in terms of jets, with large energies andsmall transerve momenta (pT ∼ mV ), and hen
e at small angles from the beamaxis. This is in 
ontrast with the large QCD ba
kground, whi
h normally exhibitssubstantial 
entral a
tivity; these features are used to tag the VBF jets and suppressQCD and other ba
kgrounds.



32 2.1. Produ
tion modesThe theoreti
al un
ertainty given by the NLO QCD and NLO EW 
omputation[99℄ is redu
ed from 5 − 10% to 1 − 2% when in
luding approximate NNLO QCD
orre
tions, whi
h makes the VBF 
hannel the most theoreti
ally a

urate Higgsboson produ
tion 
hannel at hadron 
olliders [100℄. The referen
e value for LHCexperiments is σ = (1.578pb)+2.8%
−3.0% at √

s = 8 TeV for mH = 125 GeV (
f. Table2.1) [87℄.This me
hanism pro
eeds through radiation of ve
tor bosons from a qq̄ pair, with
W ∗W ∗ → H being three times more likely than Z∗Z∗ → H at the LHC, due to thefa
t thatW -boson 
ouplings to fermions are larger than those of the Z boson. Whileat the LHC the VBF me
hanism is the se
ond most abundant produ
tion pro
ess,at the Tevatron it does not ex
eed 0.1 pb, even for low mH values; this is be
ausethe main 
ontribution to VBF originates from longitudinal ve
tor-bosons ex
hange,whose 
ross se
tion grows with s, as seen in Se
tion 1.3.1.The NLO K-fa
tor in
reases the LO 
ross se
tion by about 5% and, at the LHC,is pra
ti
ally 
onstant over the entire mass range [101, 102℄. For what 
on
erns thedependen
e on s
ales and PDFs, it is of the order of 2% at NLO [103℄.2.1.3 The asso
iate produ
tion me
hanism

q

q̄
V ∗

• HVFigure 2.6: The V H produ
tion me
hanism at leading order.The third most abundant produ
tion pro
ess at hadron 
olliders is the asso
iateprodu
tion mode, qq̄ → V ∗ → V H, depi
ted in Fig. 2.6. It 
an be fa
torized intothe Drell-Yan produ
tion of a virtual ve
tor boson, followed by its de
ay into a V Hpair, so that the partoni
 
ross se
tion at any order 
an be written as [46℄:
σ(qq̄ → HV ) = σ(qq̄ → V ∗)× dΓ

dk2
(V ∗ → HV ) (2.4)where k is the momentum of V ∗ (k2 6= m2

V ). With this fa
torization, it is only the
σ(qq̄ → V ∗) term that has to be modi�ed to in
lude NLO 
orre
tions, whi
h in
reasethe LO 
ross se
tion by approximately 30%, setting µR = µF = mV [104�106℄;adding also the NNLO QCD terms [95℄ and the NLO EW ones [107�109℄, both ofthe order of a few per
ent, yields the referen
e values of σWH = (0.697pb)+3.7%

−4.1%and σZH = (0.394pb)+5.1%
−5.0% for mH = 125 GeV [87℄, at √s = 8 TeV (
f. Table 2.1).
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σWH is a fa
tor two larger than σZH at both the Tevatron and the LHC, over thewhole mass range; in addition, given the fa
t that BR(W± → ℓ±ν) ≃ 20% whileBR(Z → ℓ+ℓ−) ≃ 6%, the WH 
hannel results to be mu
h more abundant than
ZH.2.2 De
ay modesFig. 2.7 (a) shows the de
ay bran
hing ratios for a SM Higgs boson over the wholemass range, up to 1 TeV. In (b), the bran
hing ratios are multiplied by the 
orre-sponding produ
tion 
ross se
tions at √s = 8 TeV.
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(b)Figure 2.7: Bran
hing ratios for Higgs boson de
ay in the Standard Model (a),multiplied by the 
orresponding produ
tion 
ross se
tions at √s = 8 TeV (b) [88℄.The most abundant de
ay 
hannel for a light Higgs boson (110 GeV . mH . 130 GeV)is bb̄, with a bran
hing ratio between 75% and 50%, followed by WW ∗, whi
h in-
reases up to 30% in this mass range, and gg (around 10%, mediated by loops ofheavy quarks). The remaining 
hannels (τ+τ−, cc̄, γγ, ZZ∗, γZ) are under theper
ent level. The a
tual values, used as a referen
e for LHC experiments, 
an beseen in Table 2.2 for mH = 125 GeV; the 
orresponding total width is ΓH = 4.07MeV, with an un
ertainty of ±4% [87℄.In the intermediate mass range (130 GeV . mH . 180 GeV), the WW (∗) and
ZZ(∗) 
hannels are fully a

essible (one or two on-shell bosons for mH < 2mV and
mH > 2mV , respe
tively) and dominate the total width, with a small 
ontributionfrom bb̄, dropping from 50% at mH = 130 GeV as mentioned above, to a few per
ent
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ay modesat mH = 180 GeV. For 2mW . mH . 2mZ , given the virtuality of one of the Zbosons, the WW 
hannel is 
lose to a bran
hing ratio of 100%.In the high-mass range (mH & 2mZ), the Higgs boson de
ays ex
lusively intomassive gauge bosons, with a bran
hing ratio of ∼ 2/3 for WW and ∼ 1/3 for
ZZ �nal states. For mH & 350 GeV, also the tt̄ 
hannel opens up, but the patternjust mentioned does not 
hange signi�
antly, given that the tt̄ bran
hing ratio staysbelow 20%.

bb̄ WW ∗ gg ττ cc ZZ∗ γγ Zγ µµBran
hing ratio 0.577 0.215 0.0857 0.0632 0.0291 0.0264 0.0228 0.00154 0.00022
± Relative error (%) 3.3 4.3 10.2 5.7 12.2 4.3 5.0 9.0 6.0Table 2.2: Summary of the LHC referen
e values for the de
ay bran
hing ratios ofa SM Higgs boson with mH = 125 GeV, with their relative theoreti
al un
ertainties[87℄. If the un
ertainties are asymmetri
, the largest value is given.

f

H

f̄(a)
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g(b)
γ

H Q,W

γ(
)
W,Z

H

W,Z(d)Figure 2.8: Leading order de
ay diagrams, with Q denoting any heavy quark: (a)
H → f f̄ , (b) H → gg, (
) H → γγ, (d) H → V V .2.2.1 The H → f f̄ 
hannelThe H → f f̄ de
ay 
hannel is depi
ted in Fig. 2.8 (a) at leading order. The partialde
ay width 
an be 
ast into the form [110, 111℄:

ΓLO(H → f f̄) =
GµNc

4
√
2π

mH m
2
f β

3
f (2.5)where Nc is the number of 
olours (Nc = 1 for leptons, Nc = 3 for quarks). Thepartial width is proportional to m2

f , signaling the preferen
e for heavy fermions,
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s 35and to β3f = (1 − 4m2
f/m

2
H)3/2, βf being the relativisti
 velo
ity of the �nal-statefermions. Due to this latter fa
tor, ΓLO(H → f f̄) is strongly suppressed near themass threshold(2), ΓLO(H → f f̄) ∝ β3f → 0 for mH ⋍ 2mf .For de
ays into light quarks (mq ≪ mH < mt, with q 6= t, so that βq ∼ 1),large logarithms appear in the de
ay width at one loop. The Feynman diagrams to
onsider are those involving the emission of a real or virtual gluon by one of the quarklines, yielding the following expression for the NLO partial de
ay width [112�115℄:

ΓNLO(H → qq̄) ⋍
3Gµ

4
√
2π

mH m
2
q

[
1 +

4

3

αs

π

(
9

4
+

3

2
log m2

q

m2
H

)] (2.6)proportional to log(m2
q/m

2
H), whi
h is negative for mq < mH . This 
an be avoidedvia a rede�nition of the quark masses; in parti
ular, using the MS fa
torizations
heme, these logarithms are resummed to all orders and absorbed into mq(m

2
H)and αs(m

2
H).2.2.2 The H → γγ 
hannelAs shown in Fig. 2.8 (
), due to their massless nature, the Higgs boson de
ay intophotons or gluons pro
eeds at lowest order via loops involving massive parti
les. Inparti
ular, theH → γγ andH → Zγ de
ays are mediated by loops 
onstituted byWbosons and 
harged fermions (essentially top-quarks, sin
e the other 
ontributions
an be negle
ted), while for Hgg only quark loops 
ome into play. Due to thepresen
e of additional ele
troweak or strong 
oupling 
onstants, these loop-de
aysbe
ome negligible when the WW and ZZ kinemati
al thresholds open up.At LO, the partial de
ay width into photons is given by [110, 116�118℄:
ΓLO(H → γγ) =

Gµ αm
3
H

128
√
2π3

∣∣∣∣∣∣

∑

f

NcQ
2
f A

H
1/2(τf ) +AH

1 (τW )

∣∣∣∣∣∣

2 (2.7)where AH
1/2 and AH

1 
orrespond to the form fa
tors for spin-1/2 and spin-1 parti
les,respe
tively (
f. Eq. 2.1), whi
h are fun
tions of the parameter τf,W = m2
H/(4M

2
f,W ).In parti
ular, for mH = 125 GeV, AH

1/2(τt) ≃ 4/3 and AH
1 (τW ) ≃ −8, so that the

W -loop dominates. The de
ay width into photons is just a few keV in the lowmass range, but, thanks to its 
lear experimental signature, the H → γγ 
hannelhas been the �rst, together with H → ZZ∗ → 4ℓ [29℄, where an ex
ess of events
ompatible with the SM Higgs boson has been dete
ted by the ATLAS experiment2This does not happen for a pseudos
alar Higgs boson A, for whi
h the partial de
ay widthwould have been suppressed by a fa
tor βf only [46℄.
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ay modesin 2012 [30, 119℄.Con
erning the NLO QCD 
orre
tions to the quark loop, they are only virtual,and the following parametrization 
an be used [94, 120�125℄:
AH

1/2(τt) = (AH
1/2(τt))LO [1 + αs

π
CH(τt)

]
. (2.8)The perturbative fa
tor CH(τt) 
an be approximated as -1 in the region of interest(or, more in general, in the mt → ∞ limit), while it gets mu
h larger above the tt̄threshold, in parti
ular above 650 GeV, where the W - and t-loop amplitudes exhibitdestru
tive interferen
e.2.2.3 The H → V (∗)V (∗) 
hannelThe Higgs boson de
ay into real and virtual gauge bosons is depi
ted in Fig. 2.9 atleading order.

•H

V

V(a) •H

V

f̄

f(b) •H

f3

f̄4

f1

f̄2(
)Figure 2.9: Higgs boson de
ays into real and virtual gauge bosons: (a) both V s areon-shell, (b) one V is on-shell, the other is o�-shell, (
) both V s are o�-shell.For mH = 125 GeV, the de
ay into two real ve
tor bosons is not possible, so one ofthem has to be o�-shell (the probability for both V s being o�-shell is smaller than
1%). In this range, the de
ay into WW ∗ dominates over the de
ay into bb̄, notwith-standing the suppression of the former by an additional power of the ele
troweak
oupling and the virtuality of theW ∗ boson, due to the fa
t that gHV V ≫ gHff (the�rst involves 2m2

V , the se
ond mb). The width for the three-body de
ay is obtainedassuming massless fermions in the �nal state, and yields [126, 127℄, [128℄:
Γ(H → V V ∗ → V ff̄) =

3G2
µm

4
V

16π3
mHδ

′
VR(x) (2.9)with δ′W = 1 and δ′Z = 7

12 − 10
9 sin2 θW + 40

9 sin4 θW , where all the dependen
e on
x = m2

V /m
2
H is 
ontained in the R(x) fa
tor. The partial width is proportional to

mH , rather than to m3
H as in the 
ase of a two-body de
ay.
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s 37The higher order 
orre
tions to H → V (∗)V (∗) have �rst been 
omputed for on-shell gauge bosons, in the narrow-width approximation [129�131℄, and later in thegeneral 
ase [132℄.At the LHC, the following bran
hing ratios are used, for mH = 125 GeV:
ΓH→WW = 0.215+4.3%

−4.2%
and ΓH→ZZ = 0.0264+4.3%

−4.2%
(
f. Table 2.2) [87℄. Theyare 
omputed with HDe
ay [133℄, whi
h takes into a

ount all 
orre
tions up totwo loops in the heavy-Higgs boson-mass hypothesis, and folded with the result ofProphe
y4f [132℄, whi
h in
ludes also the interferen
e e�e
ts between WW and ZZ,namely ΓProphe
y

4f = ΓH→W ∗W ∗→4f +ΓH→Z∗Z∗→4f +ΓWW/ZZ. Missing higher ordersa

ount for a residual un
ertainty . 0.5%.2.3 Spin and CP quantum numbers2.3.1 The 
ase of a spin-0 resonan
eThe produ
tion and de
ay modes dis
ussed so far, have been presented under theassumption of a SM Higgs boson, 
orresponding to the JCP = 0++ assignment forits spin and CP quantum numbers. As a 
onsequen
e, the 
ouplings to the ve
torbosons have the form:
L(HV V ) =

(√
2Gµ

)1/2
m2

VH V µVµ (2.10)as in Fig. 1.4, whi
h are even under parity and 
harge 
onjugation.On the other hand, an hypotheti
al CP-odd Higgs boson A, predi
ted by manyextensions of the SM (e.g. in two-doublet Higgs boson models [134℄, 2HDM, asthe Minimal Supersymmetri
 Standard Model [135℄, or in axion models [136, 137℄),would 
ouple to the ve
tor bosons with an e�e
tive term of the form [46℄:
L(AV V ) =

1

4
η
(√

2Gµ

)1/2
m2

VAV
µν Ṽµν (2.11)with Ṽµν = ǫµνρσVρσ being the �eld 
onjugate to Vµν , ǫµνρσ the totally antisymmetri
tensor and η a dimensionless 
onstant. If CP is 
onserved at tree-level, L(AV V ) isindu
ed only at higher orders, whi
h limits its possible size. Finally, it should benoti
ed that a CP-odd 
oupling has to be a P-wave (total angular momentum equalto one), while the SM CP-even 
oupling is a S-wave; the P-wave redu
es in thelaboratory frame to (ǫ1× ǫ2) · (p1−p2), rather than to ǫ1 ·ǫ2, whi
h 
an be rephrasedsaying that A does not 
ouple to longitudinal gauge bosons.The SM Higgs boson 
oupling to fermions has the form gHff = (

√
2Gµ)

1/2mf ;the 
orresponding gAff 
ontains an additional γ5 fa
tor, resulting in a pseudos
alar
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gAff = (

√
2Gµ)

1/2mf γ5 . (2.12)Su
h a 
oupling is purely axial, thus manifestly parity-violating.The angular and kinemati
al distributions of the �nal-state fermions in the
H/A → V V ∗ → (f1f̄2)(f3f̄4) de
ay depend on the CP properties of the interme-diate boson (H or A). The referen
e frame is de�ned in Fig. 2.10.

PSfrag repla
ementsFigure 2.10: De�nition of the de
ay angles for the �nal state H → V V →
(f1f̄2)(f3f̄4) in the Higgs boson rest frame [138℄.Five kinemati
al quantities − the Cabibbo-Maksymowi
z variables [139℄ − are infa
t su�
ient to des
ribe this �nal state: the polar and azimuthal angles of f1 and
f3 in the rest frame of the ve
tor bosons, (θ1, 0) and (θ3, φ3), respe
tively, and themasses of the two ve
tor bosons. In this frame, the di�erential de
ay rate 
an bewritten as [46, 140℄:

dΓ(H → V V )

dcθ1dcθ3dφ3
∼ s2θ1s

2
θ3 +

1

2γ1γ3(1 + β1β3)
s2θ1s2θ3cφ3 (2.13)

+
1

2γ21γ
2
3(1 + β1β3)2

[(
1 + c2θ1

) (
1 + c2θ3

)
+ s2θ1s

2
θ3c2φ3

]

− 4Af1Af3

γ1γ3(1 + β1β3)

[
sθ1sθ3cφ3 +

1

γ1γ3(1 + β1β3)
cθ1cθ3

]
.Here, cθ and sθ are short
uts for cos θ and sin θ, while β and γ = (1 − β2)(−1/2)refer to the velo
ities of the ve
tor bosons; for large Higgs boson masses, the ve
torbosons are boosted, thus β ∼ 1 and γ → ∞, so that all terms depending on 1/γ inEq. 2.13 be
ome negligible, and the dependen
e on the azimuthal angle disappears,as expe
ted for longitudinally polarized ve
tor bosons. The fa
tors Afi 
orrespondto 
ombinations of the V ff̄ ve
torial and axial 
ouplings, cfV and cfA, de�ned in Eq.1.24.Integrating out the polar angles, the azimuthal distribution be
omes [140℄:

dΓ(H → V V )

dφ3
∼ 1 + a1cφ3 + a2c2φ3 . (2.14)



Higgs Boson Physi
s 39On the other hand, for a CP-odd Higgs boson, the di�erential de
ay rate is givenby [140℄:
dΓ(A→ V V )

dcθ1dcθ3dφ3
∼ 1 + c2θ1c

2
θ3 −

1

2
s2θ1s

2
θ3 −

1

2
s2θ1s

2
θ3c2φ3 − 2Af1Af3cθ1cθ3 (2.15)whi
h, after integration over the polar angles, redu
es to:

dΓ(A→ V V )

dφ3
∼ 1− 1

4
c2φ3 . (2.16)
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� [rad℄ 6543210

1.41.210.80.6 A! WW ! 4fH ! WW ! 4f

(1=�)d�/d�MH =MA = 300 GeV

� [rad℄ 6543210

1.61.41.210.80.6Figure 2.11: Azimuthal distributions of �nal-state fermions in the pro
esses H/A→
ZZ → 4µ (left) and H/A → WW → 4f (right), 
omparing the CP-even and CP-odd hypotheses. The angle φ 
orresponds to φ3 in Fig. 2.10. The mass is assumedto be mH = mA = 300 GeV [46℄.The di�eren
e between the two CP hypotheses is illustrated in Fig. 2.11, whi
hshows the azimuthal distribution of the �nal-state fermions for H/A → ZZ → 4µon the left and for H/A → WW → 4f on the right, with mH = 300 GeV in both
ases. In the H → ZZ 
ase, the modulation with φ is small, sin
e the term cosφ3is suppressed by the 
oe�
ient a1, with a1 ∝ v2ℓ ≪ 1.The partial width for the three-body de
ay in the CP-odd 
ase, to be 
omparedwith Eq. 2.9 for the SM 
ase, exhibits a di�erent dependen
e on the mass [140℄:

Γ(A→ V V ∗ → V ff̄) =
3G2

µm
6
V

8π3mA
δ′V η

2RA(x) . (2.17)where x =M2
V /M

2
A and η a

ounts for the 
ross se
tion normalization.The distin
tion between CP-even and CP-odd states 
an be studied also in the CP-
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ase, where the dis
overed resonan
e would be a superimposition of even andodd states, so 
lose in mass to be observed as degenerate. A

ording to Refs. [35,36℄,the general s
attering amplitude for su
h a mixed X boson 
an be written as:
A(X → V1V2) = v−1

(
g
(0)
1 m2

V ǫ
∗
1ǫ

∗
2 + g

(0)
2 F

∗(1)
µν F ∗(2),µν

+g
(0)
3 F ∗(1),µνF

∗(2)
µα

qνqα

Λ2 + g
(0)
4 F

∗(1)
µν F̃ ∗(2),µν

) (2.18)where Fµν is the �eld tensor for a generi
 gauge boson, Fµν = ǫµqν − ǫνqµ, while
F̃µν is the 
onjugate �eld tensor (
f. Eq. 2.11). The g(0)i form fa
tors are in general
omplex and momentum-dependent, with (0) labelling the spin quantum number.The �rst term in Eq. 2.18 is the usual SM CP-even 
ontribution, while the fourth isthe pure CP-odd term. g(0)2 multiplies a dimension-�ve operator (L ∼ g

(0)
2
v XZµνZ

µν)whi
h a

ounts for the loop-indu
ed Higgs boson de
ays into massless bosons, su
has γγ or gg. Finally, the term introdu
ed by g
(0)
3 is a dimension-seven operator,suppressed by the New Physi
s s
ale Λ2.The SM de
ays H → WW,ZZ are des
ribed with g(0)1 = 1 and g(0)2,3,4 = 0. Onthe 
ontrary, a pure pseudos
alar Higgs boson would have only g(0)4 6= 0.The expression given in Eq. 2.18 is general enough to des
ribe the de
ay to anyon-shell gauge boson, massive or not, in
luding CP-violating terms. This is a
hievedusing both ǫi and F (i)

µν , whi
h are in fa
t not independent; redu
ing the terms fromfour to three, the amplitude be
omes [35℄:
A(X → V1V2) = v−1ǫ∗µ1 ǫ

∗ν
2

(
a1gµνm

2
X
+ a2 qµqν + a3ǫµναβ q

α
1 q

β
2

) (2.19)where the new a1,2,3 
oe�
ients are linked to the g(0)1,2,3,4 in the following way:
a1 = g

(0)
1

m2
V

m2
X

+ q1 q2
m2

X

(
2g

(0)
2 + g

(0)
3

q1 q2
Λ2

)
, a2 = −

(
2g

(0)
2 + g

(0)
3

q1 q2
Λ2

)
, a3 = −2g

(0)
4 .(2.20)Although not present at tree-level in the SM, both a2 and a3 may appear throughradiative 
orre
tions: one loop for a2, whose s
ale is set around O(αEW ) ∼ 10−2,two or three loops (for de
ays into WW and ZZ respe
tively) for a3, whi
h is

O ∼ 10−10 [141℄.In summary, sin
e the CP-even, SM-like 
omponent arises at tree-level, whilepossible CP-odd 
ontributions are loop-indu
ed, it would be mostly the former todominate the angular and kinemati
al distributions of �nal-state parti
les in V Vde
ays at the LHC [35, 36, 141, 142℄. In order for a signi�
ant deviation from theSM expe
tation to be observed, the CP-even 
omponent should be small, but in this
ase a 
lear drop would have been found in the measured 
ross se
tion, whi
h does
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s 41not appear to be 
urrently the 
ase [119℄.2.3.2 The 
ase of a spin-1 resonan
eThe amplitude for the de
ay of a spin-1 resonan
e into two identi
al massive ve
torbosons (V = Z,W ) is given by [35, 36℄:
A(X → V1V2) = g

(1)
1 [(ǫ∗1q)(ǫ

∗
2ǫX) + (ǫ∗2q)(ǫ

∗
1ǫX)] + g

(1)
2 ǫαµνβǫ

α
X
ǫ∗,µ1 ǫ∗,ν2 q̃β(2.21)where g(1)1 and g(1)2 are dimensionless 
ouplings for, respe
tively, a ve
tor and pseu-dove
tor parti
le (for JP = 1+, the opposite for JP = 1−). All terms have beenintrodu
ed already in Eq. 2.18, apart from q̃, whi
h is the di�eren
e in momentabetween the two gauge bosons, q̃ = q1−q2. In prin
iple, as dis
ussed in the following,the 
ase V = W would require additional degrees of freedom, sin
e the W boson is
harged [36℄, but they are not 
onsidered for a �rst hypothesis testing.As stated above, the amplitude in Eq. 2.21 is valid only for massive parti
les.In fa
t, massive ve
tor bosons 
annot de
ay into two identi
al, real massless bosons,due to the Bose-Einstein symmetry. This result, known as the Landau-Yang the-orem [37, 38℄, rules out the possibility of a spin-1 Higgs boson de
aying into twoon-shell photons, whi
h seems to 
ontradi
t the observation 
arried out by the AT-LAS experiment in the γγ 
hannel [39℄; however, the presen
e of a spin-1 resonan
ede
aying into pairs of W or Z bosons 
an still be tested experimentally.2.3.3 The 
ase of a spin-2 resonan
eRandall-Sundrum gravitonsA spin-2 resonan
e at the TeV s
ale, with SM Higgs boson-like 
ouplings, 
ouldbe the one des
ribed by the Randall-Sundrum (RS) model for Kaluza-Klein (KK)gravitons [33, 34℄.At varian
e with previous theories, whi
h predi
t weakly 
oupled massive gravi-tons and require a large number of extra dimensions, e.g. the ADD model [143,144℄,the RS model postulates strong 
ouplings and only one extra dimension. Thisadditional �fth dimension is warped, i.e. not fa
torizable from our standard 4-dimensional subset of the spa
etime, whi
h is referred to as a �3-brane�; the non-fa
torizable metri
 is obtained by means of an exponential fun
tion [33℄:ds2 = e−2krcφ ηµν dxµdxν + r2cdφ2 (2.22)where ηµν is the usual Minkowski metri
 (-1,1,1,1), k is a s
ale of the order of thePlan
k s
ale, xµ are the 4-dimensional 
oordinates and φ is the 
oordinate of the



42 2.3. Spin and CP quantum numbersextra dimension, whi
h is �nite and periodi
 (0 ≤ φ ≤ π) and whose size is set bythe 
ompa
ti�
ation radius rc. The warp fa
tor e−2krcφ sets the relation between theredu
ed Plan
k mass, mPl = mPl/√8π, and the graviton-SM 
oupling s
ale Λ [144℄:
Λ = e−krcπMPl . (2.23)By tuning krc, it is possible to pla
e Λ at the TeV s
ale, so that RS gravitonswould be a

essible at LHC energies with non negligible 
ouplings. On the 
ontrary,the large size of the extra dimensions in the ADD model (rc ≫ 1/mPl) 
auses the
oupling s
ale also to be large, Λ =MPl ∼ 1018 GeV, thus the 
oupling of gravitonswith matter would be heavily suppressed, and they would be dete
table in 
olliderexperiments only as missing energy [144℄.The warp fa
tor sets also the relation between the physi
al masses m, as experi-en
ed in the standard 3-brane, and the fundamental masses m0, whi
h are expe
tedto be around the Plan
k s
ale:
m = e−krcπm0 . (2.24)In this way, it would be possible to obtain m0 ∼ 1019 GeV and m ∼ 104 GeV justsetting ekrcπ ∼ 1015, whi
h means krc ∼ 50. This would provide a solution to thehierar
hy problem, sin
e all the fundamental quantities would be at the Plan
k s
ale,with the exponential form of the warp fa
tor pushing their physi
al respe
tives atthe weak s
ale, i.e. around the TeV [33℄.The e�e
tive Lagrangian des
ribing the intera
tion between KK gravitons andthe SM �elds, in both the RS and ADD models, is given by [144℄:

Lint = − 1

Λ

∑

~n

T (~n)µνTµν (2.25)where Tµν is the SM stress-energy tensor and T (~n)µν is the ~n-th KK mode. While inthe weakly 
oupled models the mass gap between neighboring gravitons is very small(∆m = r−1
c ) and thus their dis
rete spe
trum 
an be approximated by a 
ontinuum,in the RS model the mass of the n-th ex
itation is given by mn = kxne

−krcπ =

m1xn/x1, with xn being the n-th root of the �rst order Bessel fun
tion, and m1 the�rst ex
itation, possibly in the TeV range. Setting the mass of su
h a graviton at125 GeV, in parti
ular, the bran
hing ratios in Table 2.3 are obtained [145℄. While alight SM Higgs boson de
ays most probably in bb̄ pairs, as dis
ussed at the beginningof this Chapter, the graviton would de
ay preferentially into gg pairs. The other
ouplings bran
hing ratios are a fa
tor ∼ 10 smaller than the SM 
ase, and inparti
ular the ratio (X →WW )/(X → ZZ) is the same in the two hypotheses.
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gg bb̄ ττ WW ∗ ZZ∗ γγ

mH = 125 GeV 0.086 0.577 0.063 0.215 0.0264 2.28 × 10−3

mφ = 125 GeV 0.896 0.0588 9.2× 10−3 0.0291 3.6 × 10−3 0.925 × 10−3Table 2.3: Comparison between the predi
ted bran
hing ratios for the SM Higgsboson (as given in Table 2.2) and for a RS graviton, assuming the same mass of125 GeV [87, 145℄.LagrangianA massive spin-2 resonan
e 
an be des
ribed by the Fierz-Pauli Lagrangian, whereit appears as a symmetri
, tra
eless tensor of rank two, satisfying the followingproperties [146℄:
Gµν = Gνµ , G

µ
µ = 0 , ∂µGµν = 0 (2.26)where the last equation 
orresponds to the requirement of positive energy for G.As shown in Ref. [147℄, G 
annot 
ouple to the SM �elds through dimension-fouroperators, due to Lorentz and SM gauge symmetries; furthermore, imposing the�avour and CP symmetries, G has to 
ouple through dimension-�ve operators, i.e.the same as the SM �elds.The amplitude for the de
ay of a spin-2 resonan
e into two identi
al ve
tor bosons(V =W,Z, γ, g) is given by [35, 36℄:

A(X → V1V2) = 2g
(2)
1 GµνF

∗(1)µαF ∗(2)να + 2g
(2)
2 Gµν

qαqβ
Λ2 F

∗(1)µαF ∗(2)νβ

+g
(2)
3

q̃β q̃α

Λ2 Gβν

(
F ∗(1)µνF

∗(2)
µα + F ∗(2)µνF

∗(1)
µα

)
+ g

(2)
4

q̃ν q̃µ

Λ2 GµνF
∗(1)αβF

∗(2)
αβ

+m2
V

(
2g

(2)
5 Gµνǫ

∗µ
1 ǫ

∗ν
2 + 2g

(2)
6

q̃µqα
Λ2 Gµν (ǫ

∗ν
1 ǫ

∗α
2 − ǫ∗α1 ǫ∗ν2 ) + g

(2)
7

q̃µq̃ν

Λ2 Gµνǫ
∗
1ǫ

∗
2

)

+g
(2)
8

q̃µq̃ν
Λ2 GµνF

∗(1)αβ F̃
∗(2)
αβ +m2

V

(
g
(2)
9

Gµαq̃α

Λ2 ǫµνρσǫ
∗ν
1 ǫ

∗ρ
2 q

σ

+
g
(2)
10 Gµαq̃α

Λ4 ǫµνρσq
ρq̃σ (ǫ∗ν1 (qǫ∗2) + ǫ∗ν2 (qǫ∗1))

) (2.27)where the terms are the same as those introdu
ed in Eqs. 2.18 and 2.21, and anoverall fa
tor Λ−1 has been omitted. There are ten dimensionless g(2)i 
ouplings,eight of whi
h are independent. The �rst seven terms 
onserve parity in 
ase of
JP = 2+, while the last three violate it (reversely for JP = 2−). In prin
iple, the
ouplings are a fun
tion of kinemati
al invariants, e.g. g

(2)
i (m2

X , q
2
1 , q

2
2), but su
ha dependen
e 
an be negle
ted sin
e the general form of the 
ouplings is anywayunknown. For the same reason, the amplitude in Eq. 2.27 would require moredegrees of freedom in 
ase of non identi
al ve
tor bosons, i.e. X → W+W−, butit is generally agreed that this form is 
onvenient for a �rst hypothesis testing, and
ould eventually be re�ned in 
ase of anomalies emerging from the data.
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ouplings in
ludes only dimension-�ve operators, as dis
ussedabove: this is a
hieved setting all 
ouplings to zero apart from g
(2)
1 = g

(2)
5 6= 0. Atleading order, su
h a boson 
ouples to gg and qq̄ with 96% and 4% probabilities,respe
tively [144, 148℄. This model is referred to in the following as 2+m, and itsamplitude 
orresponds to [35℄:

A(Xm → V1V2) = Λ−1
[
2g

(2)
1 GµνF

∗(1)µαF ∗(2)να +m2
V

(
2g

(2)
5 Gµνǫ

∗µ
1 ǫ

∗ν
2

)] (2.28)whi
h redu
es to ∝ GµνF
∗(1)µαF ∗(2)να in 
ase of massless bosons. It should benoti
ed that g(2)1 6= 0 allows Xm produ
tion through gluon-fusion.Another interesting model, involving higher order operators, is the so-
alled 2+h ,whi
h is obtained by setting all 
ouplings to zero apart from g

(2)
4 6= 0. The 
orre-sponding pseudo-tensor, 2−h , is obtained by setting g(2)8 6= 0 (F ∗(2)
αβ ↔ F̃

∗(2)
αβ ).For what 
on
erns the 
ouplings of X to two fermions, the most general form
ontains four independent 
ouplings ρ(2)i [35, 36℄:

A(X → qq̄) = Λ−1Gµν ūq1

[
γµq̃ν(ρ

(2)
1 + ρ

(2)
2 γ5) +

mq q̃µq̃ν
Λ2 (ρ

(2)
3 + ρ

(2)
4 γ5)

]
vq2 .(2.29)In order to have qq̄ → X produ
tion, one needs ρ(2)1 6= 0. Due to momentum 
ompo-sition, fermion-antifermion pairs 
annot 
ouple to spin-2 resonan
es at leading order(

1
2 ⊗ 1

2 6= 2
), unless orbital angular momentum 
omes into play. For this reason, theobservation of substantial, i.e. SM-like, rates for H → ττ or bb̄ �nal states, wouldrule out quite 
onvin
ingly the spin-2 hypothesis. For the same reason, it is expe
tedthat X2 would be produ
ed mainly through gluon-fusion (with 96% probability atleading order, as stated above), with the ve
tor-boson fusion produ
tion being pos-sible but subleading for a mass around 125 GeV. The fra
tional 
ouplings to gg and

qq̄ 
ould, however, be modi�ed substantially by higher order 
orre
tions: to a

ountfor all the possible produ
tion modes, the spin analysis do
umented in Chapter 5 isperformed for various 
oupling 
on�gurations, with the qq̄ fra
tion, fqq̄, going from0.00 to 1.00 in steps of 0.25.Kinemati
s in the WW �nal state for a spin-0 or a spin-2 bosonKinemati
al and angular distributions of the �nal-state leptons depend on the spin
ombinations whi
h give rise to the pro
ess gg → X → WW ∗, with X being eithera spin-0 or spin-2 boson. The dis
ussion hereafter follows Ref. [149℄.Quantizing the system along the z axis, a spin state is de�ned by its quantum
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s 45numbers |J, Jz〉. A spin-2 parti
le X2 
an be represented in the following basis:
ǫs µν =

(
|2,+2〉, |2,+1〉, |2, 0〉, |2,−1〉, |2,−2〉

)
=
(
ǫ+2µν , ǫ+1µν , ǫ0µν , ǫ−1µν , ǫ−2µν

)

=
(
ǫ+µǫ+ν , 1√

2
(ǫ+µǫ0ν + ǫ0µǫ+ν), 1√

6
(ǫ+µǫ−ν + ǫ−µǫ+ν + 2ǫ0µǫ0ν),

= 1√
2
(ǫ−µǫ0ν + ǫ0µǫ−ν), ǫ−µǫ−ν

) (2.30)where ǫ± and ǫ0 are the transverse and longitudinal polarizations, respe
tively. Notall 
ombinations 
an be generated via gluon-fusion. In fa
t, sin
e gluons are masslessspin-1 bosons, they have a

ess with equal probability to two states, |1, 1〉 and |1,−1〉,assuming there is no initial-state radiation or transverse momentum. The two-gluonstate will then be a 
omposition of |2,+2〉, |2,−2〉 and |2, 0〉 only, with the |2, 0〉state having a relative 1/3 normalization with respe
t to the others, given by the
orresponding Clebs
h-Gordan 
oe�
ient 〈2, 0||1,±1〉|1,∓1〉. The density matrixis diagonal, i.e. a |J, Jz〉 two-gluon state de
ays into a boson having again |J, Jz〉quantum numbers. A
tually, as 
omputed in Ref. [149℄, the |2, 0〉 term does not
ontribute to the amplitude, thus only transversely, evenly polarized states, ǫ+1 ǫ+2and ǫ−1 ǫ−2 , do.
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(a) (b)Figure 2.12: Dependen
e on the dilepton azimuthal angle for �nal-state leptons, (a)in the X rest frame [150℄ and (b) in the laboratory frame [41℄. The distributions arenormalized to unity; in the latter 
ase, the dete
tor simulation and the presele
tion
uts are applied, following Chapter 5. In both 
ases, the spin-2 boson is generatedin the fqq̄ = 0.25 hypothesis.Using the V-A stru
ture for theW− → ℓ−ν̄ de
ay amplitude, M1 = ū(pℓ−) γ
µ ǫ1µ(1−

γ5) v(pν̄), and the same for W+, the angular dependen
e of the 
ross se
tions for
X0,2 produ
tion and de
ay is obtained. This is shown in Fig. 2.12, whi
h 
omparesthe azimuthal distribution in the X rest frame at generation level (a), and in thelaboratory frame after dete
tor simulation and presele
tion 
uts (b). While, in the
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ase, the spin-2 distribution exhibits very little dependen
e on ∆φℓℓ, in thelatter 
ase values 
lose to π are preferred by leptons arising from a spin-2 resonan
e,while for spin-0 smaller angles are 
hosen in both 
on�gurations. In summary, inthe azimuthal plane, leptons are mostly emitted 
lose to ea
h other or ba
k-to-ba
k,if produ
ed by a spin-0 or spin-2 resonan
e, respe
tively.For what 
on
erns the polar dependen
e, the fa
t that the W bosons need op-posite (equal) polarizations in order to produ
e a spin-0 (spin-2) state, indu
es a
orrelation between the polar angles of the out
oming leptons for spin-0, and ananti-
orrelation for spin-2, as s
hemati
ally illustrated in Fig. 2.13.
Figure 2.13: S
hemati
 representation of the polar angles in the X → W+W− →
ℓ+νℓℓ

−ν̄ℓ de
ay of a spin-0 or spin-2 resonan
e.An important 
onsequen
e of the polar 
ollinearity for a spin-0 resonan
e, is thatalso the invariant mass of the dilepton system, mℓℓ, de�ned as(3):
mℓℓ =

√
E2

ℓℓ − ~p 2
T,ℓℓ ⋍

√
2Eℓ1Eℓ2(1− cos2 θℓℓ) (2.31)tends to smaller values than in the spin-2 
ase. The 
orresponding invariant massdistributions for leptons arising from a spin-0 or spin-2 resonan
e are shown in Fig.2.14 (a). For the same reason, the pT,ℓℓ distribution prefers larger values for spin-0than for spin-2, as 
an be seen in Fig. 2.14 (b).These properties are exploited in Chapters 4 and 5 to distinguish the Higgs boson
andidate events from ba
kground pro
esses and from the spin and parity alternativehypotheses.

3This de�nition assumes energy and momentum to be the same, given that lepton masses 
anbe negle
ted.
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(a) (b)Figure 2.14: Comparison of (a) invariant mass and (b) transverse momentum dis-tributions for the dilepton system arising from a spin-0 (in red) or spin-2 (in blue,in the fqq̄ = 0.25 hypothesis) resonan
e [41℄. Dete
tor simulation and presele
tiona

eptan
e 
uts are applied, following Chapter 5.





Chapter 3LHC, ATLAS and Performan
eIn the �rst part of this Chapter, the LHC a

elerator 
omplex and the ATLAS dete
-tor are des
ribed. For the latter, a review of the various subdete
tors is presented:the inner dete
tor, the ele
tromagneti
 and hadroni
 
alorimeters, the muon spe
-trometer and the trigger system. In the se
ond part of the Chapter, the performan
eof the ATLAS dete
tor at √s = 7 and 8 TeV is dis
ussed, with spe
ial emphasis onthe obje
ts used in the H →WW (∗) → ℓνℓν analysis: tra
ks and verti
es, ele
trons,muons, jets and missing transverse energy.3.1 The Large Hadron ColliderThe Large Hadron Collider [21�23℄ is the largest and most powerful parti
le a

el-erator ever operated. It 
onsists of a 27 km ring, lo
ated underground at a meandepth of 100 metres, in the former LEP tunnel, in Geneva (Switzerland), and is partof the CERN(1) a

elerator 
omplex, depi
ted in Fig. 3.1. The LHC is a proton-proton 
ollider, designed to run at a 
entre-of-mass energy of 14 TeV. It hosts twomulti-purpose dete
tors, ATLAS and CMS [151℄, and two smaller ones, ALICE andLHCb. The ALICE experiment [152℄ fo
uses on Pb-Pb and Pb-p 
ollisions (thePb beams are also delivered by the LHC, in shorter and dedi
ated runs) to studyheavy-ion physi
s, in parti
ular the so-
alled quark-gluon plasma, whi
h representsthe �super-dense� state of matter that may have existed in the early phases of theuniverse. The LHCb experiment [153℄ looks for CP-violation e�e
ts through thestudy of B-hadron de
ays.The protons are extra
ted from a hydrogen sour
e by means of an ele
tri
 �eld whi
hstrips o� the ele
trons, and are transferred to a linear a

elerator, the Lina
2, where1CERN stands for Conseil Europeen pour la Re
her
he Nu
leaire. Other a
ronyms used through-out this Se
tion are CMS (Compa
t Muon Solenoid), ALICE (A Large Ion Collider Experiment)and LHCb (Large Hadron Collider Beauty).
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Figure 3.1: The CERN a

elerator 
omplex. Shown are the main LHC ring with thefour physi
s experiments (ATLAS, CMS, ALICE, LHCb), together with the lineara

elerators (LINAC 2 and 3), the proton syn
hrotrons (PS, SPS) and the booster(PSB) [154℄.they are a

elerated up to an energy of 50 MeV. The se
ond stage of a

eleration isprovided by 
ir
ular a

elerators: �rst the Proton Syn
hrotron Booster (PSB), whi
hbrings the protons to 1.4 GeV, then the Proton Syn
hotron (PS), whi
h a
hieves 25GeV, �nally the Super Proton Syn
hotron (SPS), where the energy is pushed to 450GeV.At this point, the beam is splitted into two halves, whi
h enter the two beampipes of the LHC: �beam one� 
ir
ulates 
lo
kwise, �beam two� anti
lo
kwise. The�lling 
y
le just des
ribed takes around four minutes, and 20 additional minutes forthe �nal a

eleration inside the main ring. Collisions happen in the four intera
tionpoints where the experiments are lo
ated.One key element for LHC operations is represented by super
ondu
ting magnets,that bend and fo
us the beams: the 1232 dipole magnets (15 metres long), gener-ating a magneti
 �eld of 8.3 T, and 392 quadrupoles (5 − 7 metres long), arrangedsymmetri
ally around the beam axis. Additional magnets are needed, 
lose to theintera
tion point, to squeeze the beams (from 0.1 
m to about 16 µm) in order toin
rease the 
ollision probability. To ensure super
ondu
tivity in the magnets, liquidhelium is used, at a temperature of 1.9 K.The instantaneous luminosity is a fundamental parameter to quantify the per-forman
e of a parti
le 
ollider. It is de�ned as [155℄:
L ∝

N2
p Nb f

4πσxσy
(3.1)
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(
)Figure 3.2: (a) Luminosity-weighted distribution of the mean number of intera
tionsper bun
h 
rossing for the 2011 and 2012 data. (b) LHC delivered luminosity versustime for 2010, 2011 and 2012 runs, in
luding both p-p and Pb-Pb data. (
) Instan-tenous peak luminosity delivered to the ATLAS experiment per day as a fun
tion oftime, during the p-p runs of 2010, 2011 and 2012. All plots are taken from Ref. [156℄.where Np is the number of protons per bun
h (beam intensity), Nb the number ofbun
hes, f the frequen
y of bun
h 
rossing and σx,y the beam sizes in the Gaussianapproximation. Typi
al values for Np and Nb are 1.48 · 1011 and 1380, for the 2012run at √s = 8 TeV. The resulting peak instaneous luminosities is illustrated in Fig.3.2 (
) as a fun
tion of time.Given these extremely large values for Np and Nb, multiple inelasti
 p-p inter-a
tions 
an o

ur in the dete
tor alongside the main hard one. This phenomenonis 
alled in-time pile-up when happening between protons of the same bun
h, andout-of-time pile-up when the protons belong to di�erent bun
hes. The mean num-ber of intera
tions per bun
h 
rossing 〈µ〉 is shown in Fig. 3.2 (a), for 2011 data(〈µ〉 = 9.1) and 2012 (〈µ〉 = 20.7).The bun
h spa
ing has been 
hosen to be ns = 50 ns in 2012, rather than thedesign value of 25 ns, in order to minimize ele
tron 
loud instabilities and to redu
ethe total energy stored in the beam, K2tot ∝ n−1
s . Moving to ns = 25 ns for thePhase I run would ensure a de
rease in pile-up of a fa
tor two, given that all other
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onditions remain the same [157, 158℄.3.1.1 Past and future operationsThe operations of the LHC ma
hine and of the ATLAS dete
tor have been 
arried outsu

essfully in 2011 and 2012. The luminosity delivered from the LHC to the ATLASexperiment is represented in Fig. 3.2 (b) in logarithmi
 s
ale; ATLAS performedextraordinarily well, with 95.5% of delivered data being �agged as �AllGood� forphysi
s analyses.After having a

umulated data 
orresponding to an integrated luminosity of4.7 fb−1 at √s = 7 TeV and of 20.7 fb−1 at √s = 8 TeV, and shorter heavy-ion runs,the LHC has been turned o� in February 2013 for the so-
alled Long Shut Down1 (LS1), a period of major repairs and substitutions whi
h is foreseen to last untilSpring 2015. Afterwards, operations will resume with an energy of 13 TeV in the
entre-of-mass, to be progressively ramped up to the nominal value of 14 TeV. Instan-tenous luminosity will further in
rease with respe
t to 2012, L ≈ 1 · 1034 
m−2 s−1,with a bun
h spa
ing of 25 ns as dis
ussed above. These parameters should allowto 
olle
t an integrated luminosity of 100 fb−1 until the end of 2017 (Phase I). Thewhole 2018 will be devoted to the se
ond long shutdown (LS2), whi
h will 
onsistof extensive upgrades to the LHC 
ollimators and inje
tors (among others, LINAC4(160 MeV) will repla
e LINAC2, a new PS Booster (2 GeV) will repla
e the 
urrentone, while PS2 (50 GeV) will repla
e PS). The instantenous luminosity will be dou-bled, L ≈ 2 · 1034 
m−2 s−1, with the prospe
t to a

umulate up to 350 fb−1 of 14TeV data until the end of 2022 (Phase II). After that, depending on the unveiledphysi
s s
enarios, an ultimate high-luminosity phase (HL-LHC) is foreseen, whi
hwill allow the experiments to 
olle
t up to 3000 fb−1 in ten years, in order to observerare pro
esses like H self-
ouplings or H → µµ, and to measure H properties andbran
hing ratios with a pre
ision up to a few per
ent, only to mention the Higgsboson se
tor.3.2 The ATLAS dete
torThe ATLAS experiment has been designed to provide pre
ision measurements overa wide range of physi
s pro
esses, intera
tion rates and energies, dete
ting all theknown Standard Model pro
esses with ex
ellent pre
ision and being able to extendits rea
h to a vaste range of exoti
 �nal states. The main 
hallenges are representedby the unpre
edented 
ollision 
entre-of-mass, instantaneous luminosity, radiationdoses and pile-up. The ATLAS dete
tor 
onsists of four main parts, around theintera
tion point (IP):
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e 531. the inner dete
tor, whose performan
e is 
hara
terized by good momentumresolution and high re
onstru
tion e�
ien
y for 
harged parti
les originatingfrom the IP, allowing for dete
tion and re
onstru
tion of primary and se
-ondary verti
es;2. the 
alorimeter system, in
luding ele
tromagneti
 and hadroni
 
alorimeters,for identifying ele
trons, photons, jets and missing transverse energy with greata

ura
y;3. the muon spe
trometer, to dete
t muons over a wide range of momenta;4. the magneti
 system, 
omposed of a 
entral solenoid for the inner dete
tor andtoroids for the muon spe
trometer.Important features are also the fast and reliable trigger system, whi
h has to fa
eever-in
reasing rates, and the hermiti
ity of the dete
tor, providing full 
overage in
φ and large 
overage in η.The dete
tor has a forward-ba
kward symmetri
 stru
ture around the beam pipe,and is divided into a 
entral stru
ture (the barrel) and two orthogonal stru
tures inthe forward dire
tions (the end-
aps). Its size is of 45 metres in length and 25 metresin diameter, with a total weight of about 7000 tons. It has been designed and builtover the last 20 years (Letter of Intent, O
t. 1992 [24℄) thanks to the 
ommon e�ortundertaken by the ATLAS 
ollaboration, whi
h involves roughly 3000 physi
ists at175 institutions in 38 
ountries.In the following, a des
ription of the individual subdete
tors, shown s
hemati-
ally in Fig. 3.3, is presented, following Refs. [25, 26℄, if not stated otherwise.The ATLAS 
oordinate systemThe 
oordinate system is a 
artesian frame having its origin at the nominal inter-a
tion point, the z axis along the beam dire
tion (with the positive side set by theanti-
lo
kwise beam, as seen from above), the x and y axes in the transverse plane.The x axis points towards the 
entre of the LHC ring, so that y is dire
ted upwards.Angles are de�ned as follows:

θ = tan−1(
√
x2 + y2/z) (3.2)is the polar angle, measured with respe
t to the z axis, and:

φ = tan−1(x/y) (3.3)
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Figure 3.3: S
hemati
 view of the sub
omponents of the ATLAS dete
tor. Shownare, in parti
ular, the inner dete
tor, the ele
tromagneti
 and hadroni
 
alorimeters,the muon spe
trometer, the magnets and the trigger system [25℄.is the azimuthal angle in the x − y plane. The polar angle θ is used to de�ne therapidity y and pseudorapidity η variables, as des
ribed in Se
tion 1.4. Pseudorapid-ity is the massless limit of rapidity, used for light obje
ts; from its de�nition in Eq.1.47, it follows that η is maximum in 
orresponden
e with the beam axis (η = ∞for θ = 0), then de
reases when moving away from z, up to η = 0 for θ = π/2.All transverse quantities are de�ned as qT = |~q| sin θ in the x − y plane. Finally, adistan
e in the three-dimensional volume is 
omputed as ∆R =
√

∆η2 +∆φ2.3.2.1 Inner dete
torThe inner dete
tor (ID) tra
ks the ele
tri
ally 
harged parti
les originating from theintera
tion point, measures their dire
tions and transverse momenta with great a

u-ra
y and allows for vertex re
onstru
tion. Charged parti
les inside a magneti
 �eldexperien
e a bending for
e, with a 
urvature radius proportional to their momentum;in the ID the bending magneti
 �eld is provided by a 
entral solenoid (5.3 m long,2.5 m wide in diameter) generating a strength of 2 Tesla. The inner dete
tor 
onsistsof three 
omponents, at in
reasing distan
es from the intera
tion point: the PixelDete
tor, the Semi
ondu
tor Tra
ker (SCT) and the Transition Radiation Tra
ker(TRT), all depi
ted in Fig. 3.4. In total, the ID is 7 m long and 1.15 m wide. Fromthe me
hani
al point of view, the ID is made of three units, a 
entral barrel and twoidenti
al end-
aps.
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Figure 3.4: The inner dete
tor of the ATLAS experiment. Its three 
omponents(Pixel Dete
tor, Semi
ondu
tor Tra
ker, Transition Radiation Tra
ker) are shown[25℄.Given the very large tra
k density in a proton-proton 
ollider and the small dis-tan
e from the IP, tra
king dete
tors need to have �ne granularity, fast responseand radiation-hardness; semi
ondu
tor tra
kers, based on sili
ium, possess all thesefeatures, both in the form of pixels and of strips. In the outer region (beyond aradius of 56 
m), pre
ision tra
king is substituted by 
ontinuous tra
king, providedby the TRT, whi
h ensures a high number of hits(2) (36 per tra
k on average) at the
ost of lower pre
ision. This design provides full 
overage (up to |η| < 2.5) withoutintrodu
ing too mu
h dead material, yielding an average number of three hits in thepixels and eight hits in the strips (four spa
e points).In the following, the three 
omponents of the ID are des
ribed.The pixel dete
torThe tra
king element 
losest to the beam pipe is the Pixel Dete
tor. Due to itslo
ation, this unit is responsible for providing ex
ellent impa
t parameter resolutionand for dete
ting short-lived parti
les as τ -leptons and B-hadrons. As illustrated inFig. 3.5, the system 
onsists of three 
on
entri
al barrels (at a radius of 5.05, 8.85and 12.25 
m from the IP respe
tively) and of three transverse disks in the end-
apon either side (at in
reasing distan
e from the IP, up to 6.50 
m).2A hit is a 
hannel with an output signal above a 
ertain threshold.
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torEa
h one of these elements is 
onstituted of identi
al modules, 
ontaining a totalof ∼ 80 million pixels; there are 1456 modules in the barrel and 288 in the end-
aps. Pixels are read out by 
hips (16 per module), that are provided with bu�eringele
troni
s in order to store the data while waiting for level-1 trigger de
ision (seeSe
tion 3.2.4).The most internal layer in the barrel is the so-
alled B-layer, fundamental fortagging se
ondary verti
es from B-hadron de
ays. Due to its proximity to the IP,this layer has the shortest lifetime: to maintain robust tra
king despite e�e
ts arisingfrom in
reasing luminosity, in
reasing radiation and hardware lifetime, a new pixellayer will be added during LS1 between the beam pipe and the B-layer, the so-
alledInsertable B-layer (IBL). For this being possible, the beam pipe itself needs to be
hanged, redu
ing its radial size from the a
tual value of 29 < R < 36 mm to
25 < R < 29 mm, allowing the IBL installation at a distan
e of 31 < R < 40 mmfrom the beam axis. Thanks to the IBL presen
e, resolution for primary vertexre
onstru
tion will in
rease from the a
tual 15 µm in x − y to 11 µm, and from34 µm in z to 24 µm, while the B-layer foreseen lifetime will in
rease from 300 fb−1to 550 fb−1, at a design luminosity up to 3 · 1034 
m−2 s−1.

Figure 3.5: Break-down of the internal stru
ture of the ID, showing the di�erentshapes of the disks and of the layers, both in the barrel and in the end-
aps [159℄.The semi
ondu
tor tra
kerThe se
ond dete
tor 
rossed by a parti
le travelling from the IP to the outside, is theSemi
ondu
tor Tra
ker. Alike the Pixel Dete
tor, it is based on sili
ium te
hnology,with sensors organized in strips rather than in pixels. The a
tive dete
tor 
omponentis 
onstituted by p-on-n mi
ro-strips, glued together in pairs, with a relative rotationof 40 mrad to ensure the measurement of the third dimension. There are four
ylindri
al layers in the barrel (extending up to |η| < 1.4) and nine disks in the
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aps, as shown in Fig. 3.5. The end-
ap strips are similar to those in the barrel,but have a tapered shape, extending the 
overage up to |η| < 2.5. The SCT layoutis su
h to provide eight measurements per tra
k, with a spatial resolution of 17 µmin R− φ and 580 µm in z (in R for the end-
aps) per module.Both the pixel and the SCT systems are pla
ed in a 
old environment in order toimprove their operational stability and to limit the radiation damage. The read-out
hips of the pixels dissipate 15 kW into the dete
tor volume, while the sili
on sensorsdissipate more than 25 kW. The sili
on temperature has to be maintaned ≤ 7 ◦Cdegrees for the SCT and ∼ 0 ◦C for the pixels, to prevent reverse annealing of thesili
on dete
tors. This implies a 
oolant temperature of −25 ◦C, to be obtained whileintrodu
ing a minimal amount of extra material into the dete
tor volume. Thesefeatures are satis�ed by an evaporative 
ooling system, based on O
ta�uoropropane(C3F8).The transition radiation tra
kerThe outermost ID 
omponent is the Transition Radiation Tra
ker. It is able totra
k 
harged parti
les, by means of drift straw tubes, and to identify ele
trons,whi
h produ
e deta
table X-rays in the interleaved radiators.Drift tubes are �lled with a gas mixture (70% Xe, 27% CO2, 3% O2) and kept athigh voltage of negative polarity; at the passage of 
harged parti
les, ele
trons fromthe medium get free and are 
olle
ted on the anode wire. There are around 50000straw tubes in the barrel, organized in three main rings, 
overing up to |η| = 0.8,while those in the end-
aps, organized in wheels, extend the 
overage up to |η| = 2.0.The tubes are interleaved with foils of Polypropylene to indu
e transition ra-diation. When a 
harged parti
les 
rosses the boundary between two media withdi�erent diele
tri
 
onstants, it emits forward radiation proportionally to its Lorentzfa
tor, γ = E/m, a property that 
an be used to dis
riminate ele
trons from heavierparti
les. Nevertheless, the tra
king 
apability has been preferred over the ele
trondis
rimination in the TRT design − the latter would have in fa
t bene�tted from agreater path length and fewer straw dete
tors.As already noted above, the resolution of TRT modules is not as good as theone of the pixel and SCT 
omponents, but this is 
ompensated by the large numberof hits expe
ted. There is also no measurement of the third 
oordinate, sin
e onlythe R − φ dimension 
an be exploited through the measurement of the drift time,with an intrinsi
 a

ura
y of 130 µm per tube.
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tor3.2.2 CalorimetersAfter the inner dete
tor, where 
harged parti
les are tra
ked and their intera
tion ver-tex and momentum are measured, parti
les 
oming from the IP rea
h the 
alorimetersystem. It 
omprises ele
tromagneti
 and hadroni
 
alorimeters, whi
h aim to mea-sure the energy of 
harged and neutral parti
les with high pre
ision, and to provide a�rst 
lassi�
ation. The latter goal is a
hieved analyzing the lateral and longitudinalshapes of the energy depositions inside the 
alorimeters. As shown in Figs. 3.6 and3.7 (b), the inner part of the 
alorimeter system is 
onstituted by a presampler, fol-lowed by the barrel and end-
ap ele
tromagneti
 
alorimeters (EMCal and EMEC)
overing the pseudorapidity region |η| < 3.2, the hadroni
 barrel 
alorimeter 
over-ing |η| < 1.7, the hadroni
 end-
ap 
alorimeters 
overing 1.5 < |η| < 3.2 and �nallythe forward 
alorimeters (FCal), serving both as ele
tromagneti
 and hadroni
 de-te
tors, in the region 3.1 < |η| < 4.9. They are all sampling 
alorimeters, made ofalternated absorbers and a
tive material layers. In order to measure the energy ofthe originary parti
le in a reliable way, the shower has to be fully 
ontained in thedete
tor: to this extent, the 
alorimeter system extends up to |η| < 4.9 and its size
orresponds roughly to 22 radiation lengths(3) X0 in the barrel and more than 24 inthe end-
aps. The 
ontainment of hadroni
 showers, whi
h are on average broaderand less regular, is a
hieved in the hadroni
 
alorimeter through a total thi
knessof about 10 intera
tion lengths(4). Su
h a thi
kness is found to be adequate also toprovide ex
ellent resolution for high-energy jets, while the wide 
overage ensures anequally good measurement of missing transverse energy.Ele
tromagneti
 
alorimetersBoth the barrel and end-
ap ele
tromagneti
 
alorimeters use lead as absorber andliquid argon (LAr) as a
tive material. The layers are a

ordion-shaped, ensuring a
omplete azimuthal 
overage, without 
ra
ks. The size of the LAr gaps is 
onstantin the barrel (2.1 mm), while it varies in the end-
aps in order to 
ompensate forin
reasing radii.The barrel 
alorimeter (|η| < 1.475) is divided into two identi
al halves by a
ra
k (6 mm) at z = 0, while ea
h end-
ap 
alorimeter 
onsists of two 
oaxialwheels, with the inner and outer wheels 
overing the regions 2.5 < |η| < 3.2 and
1.375 < |η| < 2.5, respe
tively, as shown in Fig. 3.7 (b). Sin
e both the barrel andthe end-
ap 
alorimeters are 
ontained inside a 
ryostat, in the transition region3A radiation length is de�ned as the distan
e travelled in the medium by a high-energy ele
tronbefore losing all but 1/e of its energy via bremsstrahlung.4An intera
tion length is de�ned as the mean distan
e travelling whi
h, hadrons passing throughthe medium are redu
ed by a fa
tor 1/e via inelasti
 hadroni
 intera
tions.



LHC, ATLAS and Performan
e 59

Figure 3.6: Cutaway view of the ATLAS 
alorimeter system. Shown are the LArele
tromagneti
 
alorimeter, the tile hadroni
 one and the FCal [25℄.between the two there is a sizeable amount of material; for this reason, the regionbetween 1.37 and 1.52 in |η| is not used for pre
ision measurements but rather forstoring 
ables and servi
es (
ra
k region).Between the solenoid whi
h surrounds the ID and the EMCal, there is an addi-tional layer of LAr (1.1 
m thi
k in the barrel, 0.5 
m in the end-
aps, 
overing upto |η| < 1.8) whi
h serves as presampler, quantifying the energy lost by photons andele
trons in traversing the ID material.Over the region devoted to pre
ision physi
s (|η| < 2.5), the EMCal 
omponentsare segmented into three layers, so that the granularity is maximum 
loser to theIP (see Fig. 3.7 (a)). The �rst layer is the most pre
ise one, being 
onstituted bystrips as small as 0.003 × 0.1 in units of ∆Φ×∆η; it is responsible for providing apre
ise position measurement along the �rst ∼ 4X0, so that ele
trons and photons
an be better distinguished from e.g. pions. The se
ond layer is made of square 
ellswith a granularity of 0.025 × 0.025; most of the shower energy from ele
trons andphotons is deposited inside this layer, thanks to its thi
kness of ∼ 16X0. Finally,the third se
tion has a 
oarser stru
ture, with towers of 0.025×0.05, and a thi
knessvarying between 2 and 12X0, and plays an important role in dis
riminating betweenele
tromagneti
 and hadroni
 showers. In the end-
ap region, the layers are onlytwo and have overall a 
oarser granularity.The intrinsi
 energy resolution provided by the EMCal is, after noise subtra
tion,
σ(E)/E = 0.1/

√
E ⊕ 0.002, dominated by the sto
hasti
 term 0.1/

√
E.
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(a) (b)Figure 3.7: (a) S
hemati
 view of a 
omponent of the ele
tromagneti
 
alorimeter,displaying its a

ordion shape and the sizes of the three samplings . (b) Cutaway ofthe 
alorimeter system, showing the η 
overage of the various sub
omponents, andthe lo
ation of the servi
es. Both �gures are taken from Ref. [25℄.Hadroni
 
alorimetersThe hadroni
 
alorimeters are di�erent in the barrel and in the end-
aps, to 
opewith the strongly varying requirements and radiation environments found over thelarge η range. The barrel hosts a tile 
alorimeter, made of iron and s
intillatingplasti
 tiles. Together with the extended barrel 
omponents, it 
overs the region upto |η| < 1.7. The tiles are 3 mm thi
k, arranged in a stru
ture whi
h is periodi
in z; the signal they produ
e is 
olle
ted by wavelength shifting �bers and readout into photomultipliers. In the end-
aps, ea
h hadroni
 
alorimeter 
onsists oftwo independent wheels: the �rst wheel is equipped with 25 mm 
opper plates, these
ond one, further from the IP, less pre
isely with 50 mm plates. Together, theyextend the 
overage up to |η| < 3.5.The outermost region, at a distan
e of 4.7 m from the IP, is 
overed by the FCal,whi
h is lo
ated on the beam axis, in the same 
ryostat of the EMCal and HCALend-
ap 
alorimeters. This design allows an uniform 
overage, but to 
ope with theextreme radiation doses, the FCal front fa
e is re
essed of about 1.2 m with respe
tto the EMCal, minimizing neutron albedo. In order to avoid shower leaks, the FCalneeds also to be highly dense. Su
h a 
ompa
t and radiation-hard dete
tor is in fa
ta

omplished by a threefold stru
ture: one se
tion in the front made of 
opper, twose
tions in the ba
k made of tungsten, all �lled with LAr. The �rst is optimized fordete
ting ele
tromagneti
 showers, the other two for hadroni
 showers.
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e 613.2.3 Muon spe
trometerAfter travelling through the ID and the 
alorimeter system, most visible parti
leshave been tra
ked, measured and absorbed, the only ex
eption being muons (apartfrom rare 
ases of pun
h-throughs from the 
alorimeters). A muon is a so-
alledminimum ionizing parti
le, sin
e it produ
es negligible bremsstrahlung radiationdue to its relatively large mass. In order to measure the momentum of muons withenergies in the range O(1 − 100) GeV, the muon spe
trometer (MS) is equippedwith eight large super
ondu
ting air-
ore toroids in the barrel, surrounding radiallythe beam axis, and two smaller toroids in the end-
aps. They are 25 m long inthe barrel (5 m ea
h in the end-
aps), with a radial extension from 9 to 20 m(1.6− 11 m), and generate a magneti
 �eld varying from 0.15 to 2.5 Tesla (0.2− 3.5Tesla), depending on the spa
e point. Su
h a 
on�guration ensures that the magneti
�eld is mostly orthogonal to the muon traje
tories, at the same time minimizing thee�e
t of multiple s
attering thanks to the air-
ore stru
ture.The individual 
omponents of the muon spe
trometer 
an be seen in Fig. 3.8.Between and above the toroids, pre
ision-tra
king 
hambers are pla
ed. In the barrelregion, they are organized in three 
on
entri
al layers (stations), ea
h one 
ontaining16 
hambers (the 16-fold azimuthal symmetry re�e
ts the 8-fold stru
ture of themagnets), at distan
es of 5, 7.5 and 10 m from the beam axis, while in the end-
apsthey 
onsist of four wheels (the small wheels lo
ated at |z| = 7.4 and 10.8 m, thebig wheel at |z| = 14 m, the outer wheel at |z| = 21.5 m).

Figure 3.8: Frontal view of the ATLAS muon spe
trometer, showing the arrangementof the various 
omponents: RPCs, MDTs and toroids [25℄.Momenta are measured by Monitored Drift Tube 
hambers (MDT) up to |η| < 2.7,
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torex
ept for the innermost layer in the forward region, where the 
ounting rates andradiation doses are outside the MDTs operational 
onstraints, so they are substitutedby high-granularity Cathode Strip Chambers (CSC) (2.0 < |η| < 2.7). MDTs arepressurized drift tubes, �lled with a mixture of 97% Ar and 3% CO2, with 30 mmdiameter and a single-wire resolution of ∼ 80µm. CSCs are multi-wire proportional
hambers, with good tra
king 
apabilities and fast response. The 
oordinate of thehit is measured through the 
harge indu
ed on the 
athode by the avalan
he formedon the anode wire. A small neutron sensitivity is a
hieved by the small gas volumeused and the absen
e of hydrogen.The outermost region is 
overed by dedi
ated trigger 
hambers, 
onsisting ofResistive Plate Chambers (RPCs) in the barrel and Thin Gap Chambers (TGC)in the end-
aps, 
overing the region |η| < 2.4. Besides triggering, they provide ameasurement of the tra
k multipli
ity and a �rst momentum estimation, togetherwith bun
h 
rossing identi�
ation. RPCs 
omprise two parallel resistive plates, witha relative distan
e of 2 mm, �lled with gas, whi
h is ionized by in
oming muons,produ
ing primary ele
trons that get multiplied and form an avalan
he due to thehigh ele
tri
 �eld at the wire. Like MDTs, TGCs are multi-wire proportional 
ham-bers, with the di�eren
e that the anode wire pit
h is larger than the 
athode-anodedistan
e; they are used to trigger and to determine the azimuthal 
oordinate of thetra
ks, 
omplementing the MDT radial information.3.2.4 Trigger systemGiven the extremely high intera
tion rate at the LHC, one major 
hallenge for theATLAS experiment is the online sele
tion of interesting events. Starting from anintera
tion rate of ∼ 109 Hz at a luminosity of 1034 
m−2 s−1, 
orresponding to abun
h 
rossing of 40 MHz, the rate of sele
ted events must be redu
ed to 200−300 Hzfor permanent storage. This is a
hieved by the trigger system, organized in threelevels [160℄, as shown in Fig. 3.9.The �rst level, the level-1 (LVL1) trigger, whi
h is hardware-based, performs aninitial sele
tion using only the information from a redu
ed subset of dete
tors. High-
pT muons are identi�ed using only their dedi
ated trigger 
hambers (see Se
tion3.2.3), while a 
oarse 
alorimeter granularity is used to tag high-pT ele
trons andphotons, jets, τ -leptons, missing and total transverse energies. Isolation 
uts maybe applied, depending on the obje
t, and generally trigger information is providedfor a number of pT thresholds. LVL1 de�nes the so-
alled regions of interest (ROIs),providing a measurement of η, φ and pT for the sele
ted obje
ts, besides uniquelyidentifying the bun
h 
rossing.The se
ond level, the level-2 (LVL2) trigger, whi
h is software-based, fo
uses
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Figure 3.9: S
heme of the ATLAS trigger system [161℄. Level-1, -2 and EF triggerstages are shown, with an indi
ation of the 
harateristi
 rates.on the ROIs identi�ed by the LVL1. This redu
es the trigger rate from ∼ 75 kHz(upgradable to 100 kHz) entering LVL2 to the kHz range. LVL2 re�nes the LVL1sele
tion, adding pT requirements and isolation 
uts; the full dete
tor granularity isexploited.The �nal sele
tion is performed by the Event Filter (EF), whi
h applies up-to-date 
alibrations, improved alignment and magneti
 �eld maps by means of o�inealgorithms, and sele
ts the events whi
h are �nally written to mass storage for o�ineanalysis. The EF output rate is around 200 Hz, 
orresponding to 200 Mb/s. Theele
tron and muon triggers spe
i�
 to the H → WW (∗) analysis are dis
ussed inSe
tions 3.3.3 and 3.3.4.3.3 Performan
e3.3.1 Tra
k re
onstru
tionThe dete
tion of tra
ks is the starting point for re
onstru
tion and identi�
ation of
harged parti
les [162℄. It relies on the inner dete
tor, whose 
overage extends upto |η| < 2.5 (see Se
tion 3.2.1). Two algorithms are used: the inside-out algorithm,whi
h goes from the sili
on dete
tors to the TRT, and the ba
k-tra
king algorithm,in the opposite dire
tion.The inside-out algorithm is the main algorithm for tra
king primary parti
les,i.e. those dire
tly produ
ed in p-p intera
tions. It starts from 3-point seeds in thepixel and SCT dete
tors and adds hits moving away from the IP, using a 
ombina-
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etorial Kalman �lter. The re
onstru
ted tra
k is extended into the TRT, providedthat its transverse momentum is pT > 400 MeV. Finally, a �t using the whole IDinformation is performed. Re
overy of se
ondary tra
ks from 
onversions, materialintera
tions and long-lived parti
le de
ays is a
hieved, on the other hand, throughthe ba
k-tra
king algorithm, whi
h begins with TRT tra
k segments and extendsthem inwards to sear
h for sili
on hits.Both tra
king algorithms have been designed to minimize the impa
t of pile-up. In fa
t, the in
rease of per-event dete
tor o

upan
y(5) 
an result in resolutionand e�
ien
y degradation, together with an in
rease in fake tra
ks from randomhit 
ombinations. The impa
t of pile-up is kept under 
ontrol by means of robustrequirements on the tra
k quality, namely a re
onstru
ted tra
k needs to have atleast nine hits in the sili
on dete
tors and exa
tly zero holes(6) in the pixels (for theinside-out algorithm, similar requirements exist also for the ba
k-tra
king one).3.3.2 Vertex re
onstru
tionThe re
onstru
tion of verti
es happens in two steps [163℄: �rst, the vertex �ndingalgorithm asso
iates re
onstru
ted tra
ks to the vertex 
andidates, then the vertexadaptive �tting algorithm [164℄ 
omputes the exa
t position of the vertex and re�tsthe tra
ks so that they originate from it. More in detail, presele
tion 
riteria areapplied to the re
onstru
ted tra
ks originating from the intera
tion region, in orderto dis
ard se
ondary parti
les; from these, a vertex seed is found, 
orresponding tothe global maximum of their z distribution, and tra
ks are asso
iated with it bymeans of a χ2 algorithm (tra
ks in
ompatible with the vertex by more than 7σ areused to seed a new vertex). The iterative pro
ess goes on until no unasso
iatedtra
ks are left in the event. Out of the many re
onstru
ted verti
es, ea
h event
omprises one primary vertex, whi
h is the supposed vertex of the hard intera
tionpro
ess and has the largest ∑ p2T of the asso
iated tra
ks.Pile-up in
reases not only the number of near-by verti
es to be re
onstru
ted (seeFig. 3.10 (a)), but also the number of fake tra
ks. The sele
tion dis
ussed aboveredu
es the amount of non-primary tra
ks (se
ondary and fake tra
ks) in primaryverti
es by a fa
tor of 2− 5, while de
reasing vertex re
onstru
tion e�
ien
y by nomore than 5%. It also improves the stability of tra
k and vertex e�
ien
ies againstpile-up up to 〈µ〉 = 40.The estimated vertex resolution in the transverse plane 
an be seen in Fig. 3.10(b); for verti
es with 70 asso
iated tra
ks, it amounts to σ(x) ∼ 23 µm in 2012 data5O

upan
y is de�ned as the fra
tion of dete
tor 
hannels with a hit in a lo
al area. O

upan
yin
reases in the ID going from the pixel dete
tor (high granularity thus low o

upan
y), to theSCT strips, to the TRT (smaller granularity, thus higher o

upan
y).6A hole is a non-existing but expe
ted hit given a 
ertain traje
tory.
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1.2 (b)Figure 3.10: (a) Average number of re
onstru
ted primary verti
es as a fun
tionof the average number of p-p intera
tions per bun
h 
rossing, measured in 2012data. (b) Vertex position resolution in the transverse plane, for data (bla
k) andMC (blue), as fun
tion of the number of tra
ks in the vertex �t. Both �gures aretaken from Ref. [165℄.and σ(x) ∼ 30 µm in 2011 (σ(z) ∼ 40 µm and σ(z) ∼ 50 µm along the beam axis,respe
tively) [165℄.3.3.3 Ele
tronsEle
tron re
onstru
tion exploits information from both the ID and the EMCal. Inorder to distinguish real ele
trons, resulting from interesting physi
s pro
esses, fromfakes (hadroni
 jets misidenti�ed as ele
trons) or photon 
onversions, 
uts on tra
kquality, isolation and transverse momentum are applied. In the following, the indi-vidual steps for re
onstru
ting and identifying ele
trons are brie�y des
ribed, witha fo
us on the requirements spe
i�
 to the H →WW (∗) analysis.TriggerAs des
ribed in Se
tion 3.2.4 for the general 
ase, the ATLAS trigger system 
om-prises three levels [160℄, going from higher to smaller rates, and from 
oarser to�ner resolutions. For ele
trons, in parti
ular, the LVL1 trigger uses the so-
alled
alorimeter trigger towers, shown in Fig. 3.7 (a), with sizes of ∆Φ×∆η = 0.1× 0.1.A 
ut is applied on the transverse energy of the region (2×2 towers) 
entred aroundthe ele
tromagneti
 
luster, with a threshold spe
i�
 to the 
hosen trigger. After-wards, in LVL2, tra
ks are mat
hed to 
lusters, both re
onstru
ted with dedi
atedalgorithms, whi
h are similar to the o�ine ones but satisfying looser 
riteria (for
luster formation, e.g., only the se
ond EMCal layer is used).
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eThree standard sele
tions are de�ned, with in
reasing ba
kground reje
tion power:loose, medium and tight. If tighter 
uts on 
luster and tra
k variables are applied,they are named loose1, medium1 and tight1, respe
tively. The label vh, on the otherhand, signals that two additional features are employed: an η-dependent optimiza-tion on energy thresholds and a 
ut on hadroni
 leakage. Finally, the label i indi
atesthat isolation 
riteria are used during online event sele
tion (to be reinfor
ed o�ine).The H → WW (∗) analysis of √s = 7 TeV data, presented in Chapter 4, makesuse of the following single-ele
tron triggers: EF_e20_medium, EF_e22_mediumand EF_e22vh_medium1. The number after EF_e refers to the pT threshold, whi
his raised from 20 GeV to 22 GeV to 
ope with in
reasing istantaneous luminosity in2011 data, together with the ele
tron quality, going from medium to vh_medium1.In 2012, requirements have been tightened further: the nominal analysis usesEF_e24vhi_medium and EF_e60_medium, taking an �or� of the two to re
overfor losses in e�
ien
y of high-pT ele
trons. For EF_e24vhi_medium, relative tra
kisolation is required to be ∑ pT /pT (e) < 0.1.Re
onstru
tionIn order for an obje
t to be re
onstru
ted as an ele
tron, energy deposits (
lusters)in the 
entral region of the EMCal (|η| < 2.47) have to be asso
iated with tra
ksfrom the ID.Clusters are �rst sear
hed with an iterative pro
edure, the sliding-window al-gorithm [166℄, whi
h looks for energy deposits in towers of 3 × 5 
ells from themiddle layer of the 
alorimeter (where ea
h 
ell has a size of 0.025×0.025 in units of
∆Φ×∆η, as des
ribed in Se
tion 3.2.2). If the total transverse energy inside the win-dow ex
eeds 2.5 GeV, the 
luster is 
onsidered an ele
tron or photon 
andidate. MCsimulations show that, for ET > 15 GeV, su
h an algorithm has an e�
ien
y 
lose to100%. In addition, ele
tron 
andidates from the EMCal need to have an asso
iatedtra
k in the ID. On
e mat
hed, the 
luster is rebuilt using a larger window (3×7
ells in the barrel, 5×5 
ells in the end-
aps). The 
luster energy is then determinedby summing to the energy deposit of the 
luster itself three more 
ontributions: theestimated energy deposits in the material in front of and beyond the EMCal, andthe estimated lateral leakage outside the 
luster. The φ and η 
oordinates are takeninstead from the 
orresponding tra
k parameters at the vertex.Outside the 
entral region, 2.5 < |η| < 4.9, only energy deposits in the FCal areavailable, due to the absen
e of tra
king dete
tors. For this reason, the re
onstru
-tion of forward ele
trons is based only on 
lusters. Forward ele
trons are not usedin the H →WW (∗) analysis and are therefore not dis
ussed further.A 
riti
al issue for ele
tron re
onstru
tion is represented by radiative energy
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e 67losses when traversing the substantial amount of material in the ID, whi
h 
an giverise to deviations from the original path, and hen
e to signi�
ant ine�
ien
ies. Theseissues have been addressed in 2012 through the implementation of an improved tra
kre�tting pro
edure, the Gaussian Sum Filter (GSF) algorithm [167℄, a non-lineargeneralization of the Kalman �lter te
hnique.Identi�
ation
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2011 selectionFigure 3.11: Ele
tron identi�
ation e�
ien
y, as a fun
tion of the number of primaryverti
es in the event, measured in 2011 data applying 2011 and re-optimised 2012sele
tions [168℄.Ele
tron identi�
ation relies on a 
ut-based method 
ombining ID information withshower shape 
hara
teristi
s. Real isolated ele
trons have to be distinguished from:
• ba
kground ele
trons originating from photon 
onversions, Dalitz de
ays orlight mesons de
ays,
• non isolated ele
trons whi
h are part of a b- or 
-quark jet,
• fake ele
trons whi
h are hadroni
 jets misidenti�ed as ele
trons.Three sets of 
uts are used in ATLAS to identify ele
trons: loose, medium andtight [169℄, [166℄. The loose sele
tion uses only shower shapes 
harateristi
s fromthe EM se
ond layer and hadroni
 leakage variables, the medium sele
tion adds tothese the information 
oming from the EM strip layer, tra
k quality requirementsand tra
k-
luster mat
hing, while the tight sele
tion exploits the full informationavailable in the dete
tor, su
h as E/p requirements, parti
le identi�
ation in theTRT and dis
rimination against photon 
onversions via a B-layer hit requirement.The 
orresponding 
uts have been optimized in bins of η and 
luster ET , a

ordingto pile-up 
onditions.
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eThe ba
kground reje
tion power in
reases going from loose, to medium, to tight,from 500, to 5000, to 50000, respe
tively, based on MC simulations. The signale�
ien
y de
reases a

ordingly, between ∼ 97% for loose and ∼ 80% for tight.To 
ope with in
reasing pile-up in 2012 data, pile-up sensitive 
riteria have beenrelaxed, su
h as the fra
tion of energy leaking in the hadroni
 
alorimeter, while pile-up robust ones have been tightened. In this way, the e�
ien
y dependen
e on pile-upis largely mitigated, but reje
tion power is not degradated. The improved 
ategoriesare named loose++, medium++ and tight++, the latter used by the H → WW (∗)analysis, both in 2011 and 2012. As 
an be seen in Fig. 3.11, applying 2012 sele
tionto 2011 data, an identi�
ation e�
ien
y above 95%, 88% and 79% is a
hieved forthe three 
ategories, for 〈µ〉 up to 20 [168℄.
IsolationIsolation is a fundamental requirement for distinguishing real ele
trons from fakesand strongly depends on the properties of the �nal state under 
onsideration, there-fore it is analysis-dependent and no default isolation 
riteria 
an be in
luded in thestandard set of identi�
ation 
uts dis
ussed above. Two de�nitions of isolation vari-ables 
an be used, tra
k-based and 
alorimeter-based. Tra
k-based isolation pertainsto 
harged parti
les only; one 
ommonly used variable is the s
alar sum of transversemomenta of the tra
ks in a 
one of radius ∆R around the ele
tron 
andidate (tra
ks
< ∆R):

p
oneT =
∑tra
ks<∆R

pT . (3.4)Only tra
ks are 
onsidered, that satisfy spe
i�
 quality requirements, ex
luding theele
tron 
andidate itself. A derived variable is the relative isolation, p
oneT /pT .Calorimeter isolation, E
one
T , is sensitive to both 
harged and neutral parti
les,whi
h deposit their energy in 
ells around the ele
tron 
luster. Also in this 
ase, thesum is done inside a 
one of radius ∆R, from whi
h the ele
tron 
andidate itselfis removed. Corre
tions to this quantity are pile-up dependent, sin
e the presen
eof 
andidates from subsequent events in neighbouring 
ells may bias the 
omputedisolation.The typi
al value for the 
one radius, both for tra
k and 
alorimeter isolation,is ∆R = 0.3, whi
h is a 
ompromise between robustness against pile-up and leakageof the ele
tron shower into the isolation 
one − this is indeed the value used in the

H →WW (∗) analysis.
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e 693.3.4 MuonsUnlike ele
trons, muons do not lose most of their energy when traversing the ele
-tromagneti
 
alorimeter. They are dete
ted in the muon spe
trometer, whi
h hasalso dedi
ated trigger 
hambers, as explained in Se
tion 3.2.3.TriggerThe LVL1 muon trigger uses dedi
ated trigger 
hambers, RPCs in the barrel (|η| < 1.05)and TGCs in the end-
aps (1.05 < |η| < 2.4), to sear
h for a sequen
e of hits 
om-patible with a muon tra
k, and to roughly 
ompute its η and φ 
oordinates, de�ninga 
orresponding region of interest (ROI) [160℄. High-pT muons are expe
ted to rea
hthe third RPC layer, while low-pT muons do not. At the following stage (LVL2), thefull MS granularity within the ROIs is exploited to re�ne the pT measurement. Thisnew estimation 
an be 
ombined with the one 
oming from the ID, using a fast tra
k
ombination algorithm. O�ine, at the EF stage, the muon 
andidates are a

eptedor dis
arded; two main methods are used for this purpose, an inside-out methodgoing from the ID tra
k to the MS and an outside-in algorithm in the oppositedire
tion, similar to those des
ribed for tra
k re
onstru
tion in Se
tion 3.3.1.In 2011, theH →WW (∗) analysis uses two single-muon triggers: EF_mu18_MG(up to period I) and EF_mu18_MG_medium, both with a 18 GeV pT threshold.The su�x medium indi
ates that the 
orresponding L1 trigger has been tightenedfrom L1_MU10 to L1_MU11, in order to 
ope with in
reasing instantaneous lumi-nosity.In 2012, the trigger menu moves to EF_mu24i_tight and EF_mu36_tight, wherethe su�x i indi
ates that isolation has been applied during online event sele
tion,and tight that LVL1 threshold has been in
reased to L1_MU15.Re
onstru
tion and identi�
ationATLAS analyses use three main strategies to re
onstru
t muons: stand-alone, 
om-bined and segmented tagged muons [170℄.Stand-alone muons rely only on information 
oming from the MS; the hits leftin the three stations are 
ombined to form segments, whi
h are then linked togetherto form a tra
k. On
e the tra
k is re
onstru
ted, it is extrapolated ba
k to theIP, 
orre
ting for energy losses in the 
alorimeters. This strategy o�ers the widest
overage (up to |η| < 2.7), with an e�
ien
y 
lose to 100%, removing the ine�
ientregions around η = 0 and |η| ∼ 1.2.Combined muons use both MS and ID tra
ks, mat
hed by means of a χ2 test. Inthis 
ase, the 
overage is limited by the ID one (|η| < 2.5) but momenta have higher
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onstru
tion e�
ien
ies for truth muons from a MC sampleof gg → H(mH = 125) → WW (∗) events, as a fun
tion of η (a) and pT (b). Thee�
ien
y is around 70% on the plateau. Both �gures are taken from Ref. [173℄.resolution due to the 
ombination of the two systems. η and φ 
oordinates for thetra
k are provided by the ID. The e�
ien
y of this strategy has been measured in

Z → µ+µ− events in data to be > 94%, again ignoring the ine�
ient regions.Finally, segmented tagged muons are re
onstru
ted by propagating ID tra
ksabove a 
ertain momentum threshold to the �rst MS station and sear
hing for nearbysegments; sin
e it uses the �rst MS station only, this strategy is best suited tore
onstru
t low-pT muons.Two algorithm 
hains exist, that 
ontain all these three strategies, STACO [171℄and MUID [172℄. The baseline method for physi
s analyses in ATLAS is 
urrentlythe STACO 
ombined one. Additional requirements are imposed in the H →WW (∗)analysis: in 2011 data, tra
ks should have at least two hits in the pixel dete
tor (oneof them in the �rst layer) and at least six hits in the SCT, no more than two holesand no ex
essive amount of outlier hits in the TRT. Cuts are pla
ed also on thelongitudinal and transverse impa
t parameters, |z0| < 1 mm and |d0/sig(d0)| < 3,respe
tively, where all positions are 
omputed with respe
t to the primary vertex.These requirements have been loosened in 2012 data, to re
over some small e�
ien
ylosses.Fig. 3.12 shows the re
onstru
tion e�
ien
y for STACO 
ombined muons in aMC Higgs boson signal sample, in bins of (a) η and (b) pT , after all sele
tion 
utshave been applied, in
luding the isolation ones dis
ussed hereafter. The averagee�
ien
y is around 70%.IsolationAs dis
ussed for ele
trons in Se
tion 3.3.3, also for muons isolation 
riteria are basedon the fa
t that muons from signal pro
esses are generally not a

ompanied by
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e 71nearby parti
les, unlike those from heavy-quark or hadron de
ays.Tra
k-based isolation exploits the s
alar sum of transverse momenta of tra
ksin a ∆R 
one around the muon 
andidate, ex
luding the muon itself, p
oneT =
∑tra
ks<∆R pT , and the 
orresponding relative isolation, p
oneT /pT . Calorimeter iso-lation sums on 
ells in a ∆R 
one around the muon 
luster, removing the muonitself, de�ning E
one

T and the relative quantity E
one
T /pT .The H → WW (∗) analysis 
uts on both relative tra
king and 
alorimeter iso-lations, namely p
oneT /pT < 0.13 and E
one

T /pT < 0.14. To a

ount for data/MCdi�eren
es arising from these 
uts and for pile-up 
orre
tions in the 
alorimeter,isolation s
ale fa
tors are applied, whi
h are 
onsistent with unity within 1%.3.3.5 JetsThe most important ATLAS subdete
tor for jet re
onstru
tion is the 
alorimeter.Jets are observed as topologi
ally 
onne
ted energy deposits, asso
iated with tra
ksof 
harged parti
les in the ID. Real jets have to be distinguished from fakes, whi
hdo not 
ome from 
ollision events, i.e. beam-gas events (where one proton of thebeam 
ollides with the residual gas within the beam pipe), beam-halo events, 
osmi
ray muons overlapping in-time with 
ollision events and �nally 
alorimeter noise.Jet re
onstru
tion is based on topologi
al 
lusters [174℄, whi
h are 3D stru
turesrepresenting the shower evolution of a parti
le entering the 
alorimeter. The seedsare 
ells with a signal-to-ba
kground ratio S/B > 4, to whi
h all the dire
tly neigh-bouring 
ells are added if S/B > 2, and �nally a ring of guard 
ells is merged intothe 
luster regardless of any threshold.Clusters are then formed into jets using dedi
ated algorithms [175,176℄. A goodjet 
lustering algorithm needs to be both 
ollinear- and infrared-safe, i.e. the pres-en
e of 
ollinear or soft radiation 
lose to the hard parti
le should not in�uen
ethe jet re
onstru
tion; moreover, it is desireable to have jets with regular shape, tofa
ilitate their 
alibration, but not too soft-resilient, in order to be able to a

omo-date su

essive QCD bran
hings. Three algorithms satisfying these requirementsare the kt [177℄, anti-kt [178℄ and Cambridge-Aa
hen [179℄ ones. The dis
riminating
riterium is, for all of them, the distan
e dij between two obje
ts i and j (parti
lesor pseudo
lusters), de�ned as:
dij = min(k2pti , k2ptj ) ∆2

ij

R2
(3.5)where ∆2

ij = (yi − yj)
2 + (φi − φj)

2 is the distan
e in the y − φ 
oordinates and
kt is the transverse momentum. The 
hoi
e p = 0 
orresponds to the Cambridge-Aa
hen algorithm, whi
h does not depend on the parti
le momentum, p = 1 to the
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(a) (b)Figure 3.13: Parton level event generated with Herwig, together with random softradiation, and 
lustered with the kt (a) or anti-kt (b) algorithms. Shown is thestru
ture and the (φ, y) lo
ation of the resulting jets [178℄.
kt algorithm (whi
h shares its properties with all the p > 0 
ases) while p = −1
orresponds to the anti-kt algorithm, whi
h is the one used by the H → WW (∗)analysis.Its behaviour 
an be understood 
onsidering an event with only one hard parti
le,with momentum kt1, and many soft parti
les. The d1i distan
e between 1 and a softparti
le i is determined by the 1/kt1 term, sin
e it is 1/kt1 < 1/kti. For the samereason, d1i < diB , i.e. the soft parti
le is 
loser to the hard one than to the beam B,thus the anti-kt algorithm will merge all the soft parti
les i, within a 
one of radius
R, to the hard parti
le 1. If there is a se
ond hard parti
le in the event, with arelative distan
e R < ∆12 < 2R, there will be two hard jets, but at least one willnot be perfe
tly 
oni
al; in parti
ular, if kt1 ≫ kt2, jet 1 will be 
oni
al, while jet 2will be deformed, sin
e it will miss the overlapping region. Su
h a 
ase is illustratedin Fig. 3.13 by the two jets around (φ, y) = (5, 2). The �gure also shows that theshapes produ
ed by the anti-kt algorithm (b) are more regular than those produ
edby, e.g., the kt one (a).The H → WW (∗) analysis uses anti-kt jets, as noti
ed above; they are referredto as �anti-kt EM+JES� jets, with ∆R = 0.4. The label �EM+JES� refers to theenergy s
ale. Jets are re
onstru
ted at the ele
tromagneti
 (EM) s
ale, whi
h isthe signal s
ale of the 
alorimeters, established using test-beam measurements andvalidated using the invariant mass of Z → e+e− 
ollision events. In order to 
alibratejet energies, the EM s
ale has to be translated into the hadroni
 one. This isdone via data-driven 
orre
tions and 
alibration 
onstants derived from truth jetsin MC. Corre
tions due to pile-up and to non-
ompensation of the 
alorimeter are
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e 73also applied. The un
ertainties on the jet energy s
ale (JES) [180℄ and resolution(JER) [181℄ are among the most important systemati
 un
ertainties for many physi
sanalyses, as it is the 
ase for H →WW (∗).3.3.6 b-JetsJets originating from b-quarks are tagged by spe
i�
 algorithms, that 
an be dividedinto two main 
ategories: vertex-based and impa
t parameter-based. All rely onthe observation that B-hadrons possess a relatively long lifetime (τ ∼ 1.5 ps), andhen
e are able to travel a signi�
ant path in the dete
tor before de
aying, on theorder of millimeters in the transverse plane. Therefore, the identi�
ation of primaryand se
ondary verti
es, and the measurement of their distan
es with respe
t to theintera
tion point, are fundamental in order to identify b-jets.Two parameters are used to assess the performan
e of a b-tagging algorithm: thetagging e�
ien
y, in presen
e of real b-jets, and the mistag e�
ien
y, for light jetsmistaken as b-jets.The vertex-based algorithms [182℄ aim to re
onstru
t the whole de
ay 
hain of b-quarks: starting from the tra
ks that 
onstitute a sele
ted jet (satisfying the 
riteria
∆R < 0.4, pT > 20 GeV, |η| < 2.5), an iterative sear
h is performed, building alltwo-tra
k pairs that form a good vertex, far enough from the IP. The sele
ted two-tra
k verti
es are then 
ombined into a single in
lusive vertex, using various quality
riteria. In parti
ular, the JetFitter algorithm [183℄ employs a Kalman �lter to �nda 
ommon path on whi
h the primary and se
ondary verti
es lie, and 
ompute theirpositions.The impa
t parameter-based algorithms, on the other hand, 
ombine the im-pa
t parameter signi�
an
es of all the tra
ks in the jet, with various approa
hes:the IP3D algorithm, in parti
ular, uses a multivariate method (the likelihood ratiote
hnique) to 
ompare a set of input variables (transverse and longitudinal impa
tparameters and their signi�
an
es) to templates for b- and light jets, obtained fromMC simulations.While the vertex-based algorithms are a�e
ted by ine�
ien
ies in se
ondaryvertex �nding, the impa
t parameter-based ones have a higher mistag rate, so that
ombining the two 
lasses o�ers many advantages. The 
ombination of IP3D andJetFitter is 
alled JetFitterCombNN [182℄ and uses a neural network to fully exploitthe 
orrelation among input variables. The H → WW (∗) analysis uses this latteralgorithm, tuned to a
hieve a b-jet identi�
ation e�
ien
y of 80% in top-quark pairevents, together with a light-jet mistag rate around 6% [182℄. Fig. 3.14 (a) 
omparesthe performan
e of the JetFitterCombNN algorithm with a few others, in terms oflight jet reje
tion versus b-jet e�
ien
y, using simulated top-quark pair events at
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(b)Figure 3.14: (a) Light-jet reje
tion as a fun
tion of the b-jet tagging e�
ien
y forvarious tagging algorithms, based on top-quark pair MC events [182℄. (b) S
alefa
tors for the JetFitterCombNN algorithm at 80% e�
ien
y. The dark green andlight green bands represent, respe
tively, the statisti
al and total un
ertainties ofthe 
ombined s
ale fa
tors [184℄.
√
s = 7 TeV.The b-tag s
ale fa
tors, provided in bins of jet-pT , are illustrated in Fig. 3.14(b); they are 
onsistent with unity within 10%.3.3.7 Missing transverse energyAn ex
ellent measurement of the missing transverse energy, Emiss

T , is essential formany physi
s analyses, su
h as supersymmetry sear
hes, and in parti
ular for the
H → WW (∗) → ℓνℓν 
hannel, where the two 
harged leptons are a

ompaniedby two neutrinos, that es
ape dete
tion. Due to momentum 
onservation in thetransverse plane, the Emiss

T ve
tor must balan
e the sum of transverse momenta
arried by visible parti
les, provided that fake sour
es of Emiss
T have been identi�edand 
orre
ted: limited dete
tor 
overage, presen
e of dead regions and noisy read-out 
hannels. All of these e�e
ts, together with the �nite dete
tor resolution, limitthe Emiss

T resolution. Several algorithms have been developed to suppress the e�e
tof pile-up intera
tions [185℄.
Emiss

T re
onstru
tion is based on energy depositions in 
alorimeter 
ells, after the
orresponding 
alibration has been 
arried out (at the EM s
ale for ele
tromagneti
obje
ts, at the hadroni
 s
ale for jets), on low-pT tra
ks and on MS-mat
hed tra
ksfor muons. In summary, the following terms are taken into a

ount when in
luding
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ells in the Emiss
x,y 
omputation, in this order:
Emiss

x,y = E e
x,y + E τ

x,y + Eb-jets
x,y + Ejets

x,y + E µ
x,y + ECell Out

x,y (3.6)where the ECell Out
x,y term refers to 
ells with no asso
iated obje
t (here, also softjets, i.e. with 7 GeV < pT < 20 GeV, are in
luded). Coverage in pseudorapidity is

|η| < 4.9 for all obje
ts apart from muons, whose tra
ks are sear
hed inside |η| < 2.7.From the x and y 
omponents, the missing ET value is 
omputed as:
Emiss

T =
√
(Emiss

x )2 + (Emiss
y )2 . (3.7)The quality of the Emiss

T re
onstru
tion, i.e. its linearity and resolution, is assessedthrough samples of leptoni
ally de
aying W and Z bosons, without a

ompanyingjets. The former provides a 
lean signature for linearity studies, sin
e no hadroni

ontribution is expe
ted, while the latter should in prin
iple 
ontain no real Emiss
T ,thus is used to signal biasses in the re
onstru
tion algorithm [185, 186℄.Systemati
 un
ertainties on Emiss

T depend on the topology of the �nal state under
onsideration, sin
e they are evaluated propagating the systemati
 un
ertainties ofthe visible obje
ts present in the event, su
h as leptons, hard and soft jets.
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(b)Figure 3.15: Distributions of Emiss
T (a) and mT (b) (de�ned in Eq. 4.1) before andafter pile-up suppression with di�erent algorithms in MC W → eν events. The truedistributions are also shown for 
omparison [186℄.Fig. 3.15 shows the improvement in Emiss

T (a) andmT (b) (whi
h is the transversemass of the W system, de�ned in Eq. 4.1), before and after pile-up suppressionwith di�erent algorithms, in MC W → eν events. The improvement in Emiss
T is



76 3.3. Performan
esubstantial, espe
ially using the STVF algorithm(7), while it is more moderate in
mT , due to the fa
t that the transverse mass 
omputation depends both on themodulus and dire
tion of the missing transverse energy ve
tor.

7The Soft Terms Vertex Fra
tion (STVF) algorithm is based on the fra
tion of soft tra
ksasso
iated to the primary vertex with respe
t to the total. It is analogous to the JVF algorithmdes
ribed in Se
tion 4.4.6, but 
onsiders only the terms whi
h do not satisfy jet requirements.



Chapter 4Sear
h for the H → WW (∗) De
ayUsing a Multivariate AnalysisIn this Chapter a multivariate analysis of the H → WW (∗) → ℓνℓν 
hannel withthe √
s = 7 TeV dataset, 
olle
ted in 2011 with the ATLAS dete
tor, is presented.It uses boosted de
ision trees, whi
h are meant to 
lassify the 
andidate events(1)as signal-like or ba
kground-like, through a series of binary de
isions. They arein this respe
t similar to re
tangular 
uts; however, whereas a standard 
ut-basedanalysis is able to sele
t only one hyper
ube out of the phase spa
e, de
ision treesare able to split the events into a larger number of hyper
ubes, allowing for a betterdis
rimination between the signal and the ba
kground. They are expe
ted to takeadvantage of the 
orrelations among the variables, whi
h may otherwise be brokenwhen applying re
tangular 
uts.Se
tions 4.1 and 4.2 dis
uss the topologies of the di�erent signal and ba
kground
omponents, respe
tively, while Se
tion 4.3 summarizes the Monte Carlo samplesused to simulate them. Se
tions 4.4 and 4.5 present the obje
t de�nition and theevent presele
tion, whi
h are largely in 
ommon with those of the standard 
ut-based analysis. In Se
tion 4.6 the method and the usage of the boosted de
ision treete
hnique are dis
ussed, with parti
ular emphasis on the 
hoi
e of the settings andof the input variables. Se
tion 4.7 shows the resulting BDT responses in the signaland 
ontrol regions, in the di�erent jet bins; the ba
kgrounds are further dis
ussedin Se
tions 4.8 and 4.9, the latter 
on
entrating on the systemati
 un
ertainties.Se
tion 4.10 outlines the statisti
al method and the �t pro
edure used in this analysis,and �nally Se
tion 4.11 
ontains the results for the full 2011 dataset, in terms ofCLs ex
lusion limits, �tted signal strengths and lo
al p0-values, as a fun
tion of the1A 
andidate event is de�ned as an event satisfying a spe
i�
 set of 
uts, most often the fullsele
tion 
riteria.



78 4.1. Signal topology and analysis 
ategoriesHiggs boson mass. The results are 
ompared with those from the standard 
ut-basedanalysis.Additional details and 
ross-
he
ks are given in the Appendi
es. In AppendixA, the boosted de
ision tree is 
ompared to other multivariate te
hniques, and inparti
ular with the Neural Network one, whi
h has been developed in the 
ontextof this thesis. Appendix B motivates the 
hoi
e of the BDT input variables, whosedistributions are shown for the individual lepton �avours in Appendix C. Appendi
esD and E show the performan
e of the BDT analysis when trained with a redu
ed setof input variables, and when trained with theWW ba
kground as signal, respe
tively.Appendi
es F and G fo
us on the 
orrelation between the BDT and the 
ut-basedanalyses: the former presents the topology of the 
andidate events in the signal-likeand in the ba
kground-like regions, de�ned through a 
ut on the BDT response, thelatter shows the BDT s
ore for the 
ut-based 
andidates. Finally, Appendi
es H andI give further details on the �t results.The details spe
i�
 to the 
ut-based analysis 
an be found in Ref. [28℄ and are notrepeated here. This analysis has been published as an ATLAS 
onferen
e note [27℄.The work do
umented in this thesis represents a leading 
ontribution to thedevelopment and the �nalization of the H →WW (∗) BDT analysis, in all its phases:the optimization of the BDT parameters and of the input variables, the de�nitionof the sele
tion for the signal and the 
ontrol regions, the s
rutiny of the outputvariables, the assessment of the systemati
 un
ertainties, the validation of the limit-setting framework, the statisti
al results and their 
omparison with the 
ut-basedones. Moreover, all the studies presented in the Appendi
es pertain to this workand have been fundamental to validate the usage of the BDT algorithm, whi
h hadnot been used before in the 
ontext of the ATLAS Higgs working group.4.1 Signal topology and analysis 
ategoriesThe sear
h for the de
ay of a SM Higgs boson into a pair of W bosons is performedby the ATLAS 
ollaboration in two main �nal states: purely leptoni
 (ℓ+νℓ−ν,shortened as ℓνℓν in the following) and hadroni
-leptoni
 (ℓνqq) [187℄. Despite thelarger bran
hing ratio for a W boson to de
ay into quarks (BR(W → ℓν) = 10.8%,BR(W → hadrons) = 67.6%, [47℄), and the possibility to fully re
onstru
t the Higgsboson mass in this 
hannel, the leptoni
 �nal state is experimentally 
leaner due tothe presen
e of two isolated, high-pT leptons, and 
an be exploited over the massrange 110 GeV < mH ≤ 600 GeV.As dis
ussed in Se
tion 2.1.1, the main produ
tion me
hanism of a Higgs bosonin the Standard Model is gluon-fusion, depi
ted in Fig. 4.1; in this 
ase, jets 
an
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h for the H →WW (∗) De
ay Using a Multivariate Analysis 79arise in the �nal state due to QCD bremsstrahlung. The Higgs boson produ
tionvia ve
tor boson fusion, on the other hand, is 
hara
terized by two hard jets, whi
hare the remnants of the 
olliding partons, as depi
ted in Fig. 4.2.
t
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W−
νℓ

ℓ−
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νℓ

Figure 4.1: Feynman diagram at leading order for the produ
tion of a Higgs bosonvia gluon-fusion (top-quark loop) and its subsequent de
ay into a WW pair, whereboth W bosons de
ay leptoni
ally.
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νℓ
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νℓ

Figure 4.2: Feynman diagram at leading order for the produ
tion of a Higgs bosonvia ve
tor boson fusion (V =W,Z) and its subsequent de
ay into aWW pair, whereboth W bosons de
ay leptoni
ally.The analysis is divided into nine 
ategories, a

ording to the number of jets in the�nal state (H + 0, 1,≥ 2 jets, denoted as 0-jet, 1-jet and 2-jet, respe
tively) andto the lepton �avours (e+νee−νe, µ+νµµ−νµ and µνµeνe, denoted as ee, µµ and
eµ, respe
tively). The term �same �avour� refers to the ee and µµ 
hannels, while�opposite �avour� to eµ. The 
ase in whi
h e or µ arise from the de
ay of a τ -leptonis also taken into a

ount.The topology of this 
hannel has been des
ribed in detail in Se
tion 2.3; in short,due to the JP = 0+ nature of the SM Higgs boson, the two 
harged leptons areexpe
ted to be 
lose to ea
h other both in the azimuthal plane (small ∆φℓℓ) and inthe polar dire
tion (small ∆θℓℓ, hen
e small mℓℓ), whi
h also indu
es a larger valuefor the transverse momentum of the dilepton pair (large pT,ℓℓ). The two neutrinostend to be emitted in the opposite dire
tion with respe
t to the 
harged leptons,thus produ
ing a sizeable missing transverse energy. The ℓνℓν �nal state 
annot befully re
onstru
ted, sin
e this would require 4× 3 independent quantities, but only
2 × 3 are available from the 
harged leptons, plus two from the x, y 
omponents of



80 4.2. Ba
kground topologiesthe missing transverse energy, thus four degrees of freedom are missing. For thisreason, rather than the invariant mass of the system, the transverse mass is used;multiple de�nitions of this quantity exist, all 
hara
terized by a broad peak aroundthe true Higgs boson mass, terminating in a narrow edge for mT > mH and a longertail for mT < mH , while ba
kgrounds do not show su
h a peak. This analysis usesin parti
ular the following de�nition [188℄:
mT =

√
E2

T, ℓℓ+νν − |~pT, ℓℓ+νν |2 =
√

(ET, ℓℓ + Emiss
T )2 − |~pT, ℓℓ + ~p miss

T |2 . (4.1)The topology of the �nal state is 
ontained into the four topologi
al variables, mℓℓ,
mT , pT,ℓℓ and ∆φℓℓ, whi
h are used as inputs for the BDT training.The properties dis
ussed so far stri
tly apply to the 
ase of a light Higgs bosononly, sin
e for masses above ≈ 200 GeV, the boost with whi
h the W bosons areprodu
ed, partly breaks the angular 
orrelations among the �nal leptons.4.2 Ba
kground topologiesUnder the 
ategory of ba
kground, all pro
esses are 
ontained, whi
h possess thesame topology as the signal, namely two isolated, high-pT leptons and missing trans-verse energy, with or without jets. This signature 
an be either physi
al or indu
ed bydete
tor e�e
ts, su
h as obje
t misidenti�
ation, limited 
overage, bremsstrahlungor pile-up events. The most important ba
kground is the non-resonant W+W− pro-du
tion, whi
h is said to be irredu
ible sin
e it 
ontains two W bosons alike thesignal. Other ba
kgrounds are V + jets (V = W,Z/γ∗), top-quark produ
tion (ttand single top-quark 
hannels), diboson produ
tion (ZZ,WZ,Wγ) and multi-jetevents. In the following, additional details are given on the ba
kground topologies,
omparing the distributions of the topologi
al variables with those of the signal.4.2.1 The W+W− ba
kgroundThe 
ontinuousW+W− produ
tion, orWW in short, is mediated by quark-antiquarkannihilation, depi
ted in Fig. 4.3 (a) for the s-
hannel and (b) for the t-
hannel, us-ing the language of the Mandelstam invariants. The 
ontribution from gluon-fusionprodu
tion is subleading.The ATLAS 
ollaboration has measured the in
lusive 
ross se
tion for W+W−produ
tion to be 53.4 ± 2.1 (stat) ± 4.5 (sys) ± 2.1 (lumi) pb with an integratedluminosity of 4.7 fb−1, at √

s = 7 TeV, a value whi
h is 10% higher than the
orresponding NLO predi
tion [189℄. Multiplying the in
lusive 
ross se
tion with the
W leptoni
 bran
hing ratio, a value of qq/g → σ(W+W− → ℓ+νℓ−ν) = 4.68 pb
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q

q̄

Z/γ∗

W+

W−(a) q

q̄

q

W+

W−(b)Figure 4.3: Feynman diagrams at leading order for the produ
tion of W+W− pairsinitiated by a quark-antiquark pair: (a) produ
tion in the s-
hannel, (b) produ
tionin the t-
hannel.is obtained, to be 
ompared with 0.347 pb for the resonant Higgs boson produ
tionvia gluon-fusion, assuming mH = 125 GeV (see Table 4.1).
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(d)Figure 4.4: Normalized distributions after the presele
tion (see Se
tion 4.5) 
ompar-ing the signal shape (ggF only, in red) with that of the 
ontinuous WW ba
kground(in blue). The gluon-initiated pro
esses are not 
onsidered, sin
e subleading. Onlythe eµ �nal state is shown. (a) mℓℓ, (b) pT,ℓℓ, (
) ∆φℓℓ, (d) mT .TheWW system has a

ess to three spin states (0,+1,-1) when produ
ed by a quark-antiquark state, thus the (+1,-1) states modify the pro�le of the (0) 
ase. This la
k



82 4.2. Ba
kground topologiesof 
orrelation 
auses, as illustrated in Fig. 4.4 for the eµ �nal state, both the ∆φℓℓand mℓℓ distributions to be larger for the WW ba
kground than for the signal. Forwhat 
on
erns the transverse mass, its distribution extends up to 400 GeV and doesnot exhibit a Ja
obian peak, unlike the signal.4.2.2 The top-quark ba
kgroundsSubleading in the 0-jet 
ategory, the top-quark ba
kgrounds are the most importantpro
esses when jets are present in the �nal state. As illustrated in Figs. 4.5 and4.6, respe
tively, top-quarks 
an be produ
ed either in pairs or singularly: in the�rst 
ase, mostly through gluon-gluon intera
tion (annihilation or s
attering), withthe quark-antiquark initiated pro
esses a

ounting for 10% of the total rate, in these
ond 
ase with 
ontributions from the t- and s-
hannels and in asso
iation with a
W boson. The theoreti
al values for the 
ross se
tions are given in Table 4.1; thisanalysis uses 167 pb for tt and 85 pb for single top-quark produ
tion as referen
evalues.
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g t

t(a) g
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g
t

t(b) q

q
g t

t(
)Figure 4.5: Feynman diagrams at leading order for the produ
tion of tt pairs through(a) gluon-gluon annihilation and (b) s
attering, and through (
) quark-antiquarkannihilation.
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g
b

t

W(
)Figure 4.6: Feynman diagrams at leading order for the produ
tion of single top-quarks, in (a) the t-
hannel, (b) the s-
hannel and (
) in asso
iation with a Wboson.The produ
tion of tt pairs pro
eeds via the strong intera
tion, while the singletop-quark produ
tion pro
eeds via the ele
troweak one; subsequently, the top-quarkde
ays into aWb pair (de
ays into lighter quarks are suppressed by the 
orrespondingCKM elements), resulting in a �nal state with one or two W bosons, that 
an mimi
the signal signature in 
ase they de
ay leptoni
ally. The jets originate from b-quarkde
ays.
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ompares the topologi
al variables for the signal and the top-quarkba
kgrounds, in the eµ �nal state. The main di�eren
e resides in the dileptonazimuthal angle, whi
h tends to be larger and �atter for the top-quark ba
kgroundsthan for the signal; also the invariant mass is found to be larger, while the transversemass does not show the 
harateristi
 Ja
obian peak around the Higgs boson mass;this holds for both the top- and single top-quark produ
tion modes.
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(d)Figure 4.7: Normalized distributions after the presele
tion (see Se
tion 4.5) 
ompar-ing the signal shape (ggF only, in red) with that of the top-quark ba
kgrounds (inblue). Both tt and single top-quark pro
esses are 
onsidered. Only the eµ �nal stateis shown. (a) mℓℓ, (b) pT,ℓℓ, (
) ∆φℓℓ, (d) mT .4.2.3 The Z + jets ba
kgroundAn important ba
kground, espe
ially in the same-�avour 
hannels, is the one wherea Z/γ∗ boson de
ays into two isolated, oppositely 
harged, high-pT leptons. Asshown in Fig. 4.8, the intermediate boson 
an be produ
ed via qq annihilation aswell as qq, qg s
attering. The 
ross se
tion, multiplied by the leptoni
 bran
hingratio, is about 104 times larger than the one predi
ted for the signal (
f. Table 4.1).



84 4.2. Ba
kground topologies
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(b)Figure 4.8: Feynman diagrams at leading order for the produ
tion and the leptoni
de
ay of a Z/γ∗ boson, via (a) qq or (b) qg. In the latter 
ase, an asso
iated jet isalso produ
ed.
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(d)Figure 4.9: Normalized distributions after the presele
tion (see Se
tion 4.5) 
ompar-ing the signal shape (ggF only, in red) with that of the Z/γ∗+jets ba
kground (inblue). Only the eµ �nal state is shown. (a) mℓℓ, (b) pT,ℓℓ, (
) ∆φℓℓ, (d) mT .Fig. 4.9 
ompares the topologi
al variables for the signal and the Z+jets ba
k-grounds, in the eµ �nal state. No true missing transverse energy is expe
ted inthese events, unlike in the signal 
ase, but a 
ertain fra
tion 
an still be present,due to mismeasured jets or leptons; moreover, the energy resolution gets worse within
reasing pile-up. Setting a lower threshold on the missing transverse energy, there-
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ay Using a Multivariate Analysis 85fore, helps redu
ing this ba
kground. Besides, in the same-�avour 
hannels, thedilepton invariant mass peaks around the Z boson mass, and the leptons tend tobe ba
k-to-ba
k in the azimuthal plane, resulting in a large ∆φℓℓ angle. Also theopposite-�avour 
ategory 
an 
ontain some Z/γ∗ ba
kground, if the intermediateboson de
ays into a τ+τ− pair whi
h subsequently de
ays into e±µ∓.4.2.4 The W + jets ba
kgroundThe produ
tion and de
ay of a W boson in asso
iation with jets, shown in Fig.4.10, 
an be mistaken for a H → WW (∗) event if one of the jets is re
onstru
tedas a lepton (thus being 
alled a fake lepton). The missing energy in this 
ase isprovided by the neutrino resulting from the W leptoni
 de
ay. The estimation ofthis ba
kground is parti
ularly 
hallenging be
ause its size is 
omparable to that ofthe signal(2) and also the shape of the 
harateristi
 variables after the sele
tion issimilar, as shown in Fig. 4.11.
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(b)Figure 4.10: Feynman diagrams at leading order for the produ
tion and leptoni
de
ay of a W boson, via (a) qq or (b) qg. In both 
ases, an asso
iated jet is alsoprodu
ed.
4.2.5 The diboson (WZ,ZZ,Wγ) ba
kgroundsBesides theWW ba
kground, other diboson ba
kgrounds in this 
hannel areWZ,ZZand Wγ(∗), with the gauge bosons de
aying leptoni
ally. These �nal states are ex-pe
ted to 
ontain three or more leptons, so a veto on additional leptons is quitee�e
tive in redu
ing them. As shown in Table 4.1, the 
ross se
tions range from345 pb for Wγ to 5.6 pb for ZZ; all of these ba
kgrounds are found to be smallafter the kinemati
al 
uts, and are estimated dire
tly from Monte Carlo simulations,after validation in dedi
ated 
ontrol regions.2As a rough estimate, the in
lusive 
ross se
tion is a fa
tor 104 larger than the signal, as for
Z/γ∗+jets, but the rate for jets to fake leptons is 10−4, yielding ∼ 1 as a result.



86 4.3. Monte Carlo samples
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(d)Figure 4.11: Normalized distributions after the presele
tion (see Se
tion 4.5) 
om-paring the signal shape (ggF only, in red) with that of the data-driven W+jetsba
kground (in blue). (a) mℓℓ, (b) pT,ℓℓ, (
) ∆φℓℓ, (d) mT .4.3 Monte Carlo samplesSeveral Monte Carlo generators are used to simulate the signal and ba
kgroundpro
esses; they are tuned a

ording to the knowledge gained in 2011 on the ATLASdete
tor performan
e, e.g. its alignment, pile-up, minimum bias 
onditions andmaterial distribution. Di�erent MC generators take 
are of the hard s
atteringpro
ess and of the following stage of showering and hadronization (
f. Se
tion 1.4.3):in parti
ular, as summarized in Table 4.1, HERWIG [79℄ (in asso
iation with JIMMY[84℄ for the simulation of the underlying event) is interfa
ed to MC�NLO [190℄ andGG2WW [191℄, while PYTHIA [78℄ to the others.Con
erning the Higgs boson signal, besides the main gluon-fusion produ
tionmode (denoted ggF in the following), also the ve
tor boson fusion (VBF) and theasso
iated produ
tion (WH,ZH) modes are 
onsidered. The bran
hing ratios intotheWW (∗) → ℓ+νℓ−ν �nal state are provided by the HDECAY [133℄ program. Several
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ess MC generator PDF sets σ· BR (pb)ggF (mH = 125 GeV) POWHEG+ PYTHIA MRSTMCal 0.347VBF (mH = 125 GeV) POWHEG+ PYTHIA 27 ·10−3

WH,ZH (mH = 125 GeV) PYTHIA 20 ·10−3

qq/g →WW MC�NLO+ HERWIG CT10 4.68
gg →WW GG2WW+ HERWIG 0.14
tt MC�NLO+ HERWIG 167single top-quark tW A
erMC+PYTHIA MRSTMCal 85single top-quark t-
hannelsingle top-quark s-
hannel
W+jets ALPGEN+ PYTHIA CTEQ6L1 32 ·103
Z/γ∗+jets ALPGEN+ PYTHIA 15 ·103
ZZ Sherpa 5.6
WZ MC�NLO+ HERWIG CT10 18.0
Wγ ALPGEN CTEQ6L1 345
Wγ∗ MadGraph 6.5Table 4.1: Monte Carlo generators and PDF sets used to simulate the di�erent signalpro
esses for a Higgs boson withmH = 125 GeV, and the ba
kground pro
esses. Alsoreported are the various 
ross se
tions as used in the analysis; the leptoni
 de
aymodes (
harged only for Z/γ∗ produ
tion) are summed over, apart from tt, singletop-quark, WZ and ZZ produ
tion, where the in
lusive 
ross se
tions are quoted.For the signal pro
esses, the produ
tion 
ross se
tions in
lude the bran
hing ratiosinto the ℓνℓν �nal state. See the text for further details and referen
es.hypotheses for the Higgs boson mass are 
onsidered, ranging from 110 to 600 GeV,in steps of 5 GeV for mH ≤ 200 GeV and of 20 GeV above.The ggF hard pro
ess is simulated with the POWHEG generator [192, 193℄; its
ross se
tion is 
omputed to NNLO in QCD (NLO: [94, 194, 195℄, NNLO: [196�198℄) resumming soft gluons up to NNLL [199℄. The Higgs boson pT spe
trum isreweighted in su
h a way that the one obtained with the POWHEG generator mat
hesthe HqT [200℄ one. The VBF pro
ess is also simulated with POWHEG; its 
ross se
tionis 
al
ulated up to NLO [99, 201, 202℄, and in
ludes the leading NNLO QCD terms[100℄. Finally, PYTHIA is used for the asso
iated WH,ZH produ
tion; the 
rossse
tions quoted in Table 4.1 are 
al
ulated up to NNLO [104, 203℄. In all 
ases, theele
troweak 
orre
tions, whi
h are assumed to be fa
torized from the QCD ones, arein
luded up to NLO [109, 204, 205℄.Con
erning the ba
kgrounds, WW and tt are simulated using MC�NLO (the gg →

WW pro
ess with GG2WW), while ALPGEN [206℄ has been 
hosen for the in
lusive Wand Z/γ∗ produ
tion(3) and forWγ. In the latter 
ase, kinemati
al �lters have beenapplied at generator level: the photon must have pT > 10 GeV and be separatedfrom the 
harged lepton (∆R > 0.1). Kinemati
al 
riteria have been applied also3For in
lusive produ
tion of single gauge bosons in asso
iation with jets, the MLM mat
hings
heme [207℄ is used to 
ombine MC samples with di�erent jet multipli
ities, up to �ve for W/Z +jets and up to three for Wbb.
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t sele
tionin the generation of Z/γ∗ events (mℓℓ > 10 GeV) and of Wγ∗ events (the leadingand subleading transverse momenta of the leptons from the γ∗ de
ay must ex
eed 15and 5 GeV, respe
tively). The latter pro
ess is simulated with MadGraph [208, 209℄.Moreover, ZZ employs Sherpa [210℄, WZ MC�NLO, single top-quark A
erMC [211℄.Finally, PYTHIA is used to model the multi-jet ba
kground, whi
h, despite its large
ross se
tion (4270 pb for bb produ
tion, requiring at least two leptons with pT >

10 GeV), is heavily suppressed by the quality 
riteria for lepton identi�
ation andpresele
tion 
uts; for this reason, it is ignored in the following.Con
erning PDFs, as indi
ated in Table 4.1, the following sets are used: CT10[71℄ for MC�NLO and all samples interfa
ed to HERWIG, CTEQ6L1 [212℄ for ALPGEN,Sherpa and MadGraph, MRSTMCal [69℄ for A
erMC and the PYTHIA samples.4.4 Obje
t sele
tion4.4.1 Data-taking 
onditionsAll MC events are 
orre
ted for dete
tor e�e
ts going through the full 
hain of theATLAS simulation, provided by the GEANT4 pa
kage [85℄. In parti
ular, a realisti
treatment of the pile-up 
onditions in the 2011 run is in
luded, overlaying simulatedminimum bias events to the hard one. The 2011 data-taking has been split into twoperiods by a te
hni
al stop in September, in the following way:
∫
L dt β∗(m) 〈µ〉Mar
h-August 2011 2.3 1.5 6.3O
tober-De
ember 2011 2.4 1.0 11.6where β∗ 
hara
terizes the beam size (more spe
i�
ally, it is the distan
e to the IPwhere the beam width has doubled). De
reasing it from 1.5 to 1.0 metres, 
ausesthe mean number of intera
tions per beam 
rossing, 〈µ〉, to almost double. These
onditions are propagated to the MC events through a reweighting pro
edure, inorder to mat
h them to the real data.4.4.2 Event 
leaningBefore applying the obje
t sele
tion, requirements are pla
ed on the quality of theevent itself, to ensure that all ATLAS subdete
tors have been fully e�
ient at thetime of data-taking (the data events must be �agged as �AllGood� [213℄, a

ordingto the de�nition given in Se
tion 3.1.1) and that an hard intera
tion is a
tuallypresent in the event. The latter 
ondition is a
hieved through an �event 
leaning�algorithm [214℄, whi
h suppresses non-
ollision ba
kgrounds su
h as 
osmi
 muons,
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alorimeters, beam-halo and beam-gas events. After the appli
ation ofthe so-
alled �GoodRunList�, the integrated luminosity available for physi
s analysesamounts to 4.7 fb−1, with an un
ertainty of ± 3.7% [215℄.Subsequently, quality 
riteria are applied to the primary vertex of the event (de-�ned as in Se
tion 3.3.2), requiring at least three asso
iated tra
ks with pT > 400MeV.4.4.3 Trigger requirementsA preliminary sele
tion of signal events is 
arried out requiring the presen
e of trig-gering leptons. As explained in Se
tions 3.3.3 for ele
trons and 3.3.4 for muons, onlyunpres
aled, single-lepton triggers are used in this analysis, in order to maximize thea

eptan
e. In parti
ular, the triggers named EF_e20_medium, EF_e22_mediumand EF_e22vh_medium1 are applied for ele
trons, while EF_mu18_MG andEF_mu18_MG_medium for muons, tightening the 
orresponding quality and pTrequirements as the pile-up level in
reases. In the 
ase of the eµ 
hannel, an �or� ofele
tron and muon triggers is used.S
ale fa
tors are applied to the MC events to simulate trigger ine�
ien
ies. First,per-lepton trigger e�
ien
ies are 
omputed (εData,ℓ and εMC,ℓ, for the data and MCevents, respe
tively), using the tag-and-probe method on Z → ℓ+ℓ− events, and arefound to be above 90% for all triggers. From these, per-lepton (SFℓ) and per-events
ale fa
tors are derived as a (η, φ) map :Trigger SFevent = 1− εData,ℓ1 · εData,ℓ2
1− εMC,ℓ1 · εMC,ℓ2 =

1− (εMC,ℓ1 · SFℓ1) · (εMC,ℓ2 · SFℓ2)

1− εMC,ℓ1 · εMC,ℓ2 .(4.2)Out of the two sele
ted leptons (a

ording to the o�ine 
riteria outlined in thefollowing), at least one must be mat
hed to a triggering lepton, within a ∆R < 0.15
one (trigger-mat
hing), otherwise the event is dis
arded. MC events passing thetrigger-mat
hing get an additional luminosity weight, to ensure the 
orre
t timeexposure for the sele
ted trigger.4.4.4 Ele
tron de�nitionAs explained in Se
tion 3.3.3, ele
tron 
andidates are identi�ed starting from thetight++ requirement and adding further 
uts:
• 
uts on the longitudinal and transverse impa
t parameters and their signi�-
an
es, de�ned with respe
t to the primary vertex:� |z0| < 1 mm,� |d0| < 10 |σ(d0)|,
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• 
uts on isolation (in a ∆R < 0.3 
one, see Eq. 3.4 for the de�nition of p
oneT ):� p
oneT /pT < 0.13,� E
one

T /pT < 0.14.Isolation s
ale fa
tors, 
onsistent with unity within 1%, are applied to 
orre
t thesmall di�eren
es arising between the data and the MC expe
tation after the isolationrequirements. Ele
trons are re
onstru
ted within the EMCal geometri
al a

eptan
e(|η| < 2.47, ex
luding the 
ra
k regions 1.37 < |η| < 1.52), provided that they have
pT > 15 GeV.4.4.5 Muon de�nitionMuons are re
onstru
ted in the a
tive region of the muon spe
trometer (|η| < 2.4),with pT > 15 GeV. They are de�ned a

ording to the STACO 
ombined algorithm,with some additional quality 
uts:

• 
uts on the longitudinal and transverse impa
t parameters and their signi�-
an
es, de�ned with respe
t to the primary vertex:� |z0| < 1 mm,� |d0| < 3 |σ(d0)|,
• 
uts on isolation (in a ∆R < 0.3 
one):� p
oneT /pT < 0.13,� E
one

T /pT < 0.14.
• 
uts on the tra
k quality (see Se
tion 3.3.4 for details).4.4.6 Jet de�nitionJets are de�ned a

ording to the �anti-kt EM+JES� algorithm, with ∆R = 0.4, asanti
ipated in Se
tion 3.3.5. The geometri
al a

eptan
e requires |η| < 4.5 and

pT > 25 GeV (pT > 30 GeV in the transition regions 2.75 < |η| < 3.25). To redu
ethe 
ontribution of pile-up jets, a 
ut is pla
ed on the jet vertex fra
tion (JVF) −whi
h is the fra
tion of tra
ks in the jet pointing to the primary vertex of the event
− requiring it to be above 75%. The performan
e of the JVF algorithm does notdepend on the number of re
onstru
ted primary verti
es, therefore no 
orre
tion isapplied.Moreover, b-jets are tagged with the help of the JetFitterCombNN algorithm(see Se
tion 3.3.6), for whi
h di�erent working points 
an be 
hosen; this analysis,
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ular, requires 80% e�
ien
y for b-jets identi�
ation. Vetoing b-jets gives asubstantial handle in reje
ting the top-quark ba
kgrounds.4.5 Event presele
tionIn the following, the presele
tion 
riteria for the H →WW (∗) multivariate analysisare dis
ussed. They are applied after the GoodRunList, primary vertex and event
leaning 
riteria, in order to redu
e the ba
kgrounds whi
h are easier to reje
t, sin
elo
alized in phase spa
e; the BDT te
hnique is then used to train and 
lassify thesurviving topologies. These 
riteria are mostly in 
ommon with the presele
tionof the standard 
ut-based analysis − di�eren
es are stressed in the following. Thenumber of signal and ba
kground events at various stages of the presele
tion is shownin Table 4.2, together with the number of observed events in data. S
ale fa
tors areapplied for all ba
kgrounds whi
h are normalized in dedi
ated 
ontrol regions, asdis
ussed in Se
tion 4.7.1. Opposite-sign leptons, pT threshold, third lepton veto: exa
tly twoopposite-sign leptons must be present in the event, and at least one has tobe trigger-mat
hed. The threshold for the leading lepton pT is in
reased to25 GeV with respe
t to the identi�
ation requirement of 15 GeV, while thesubleading one stays at 15 GeV. An overlap removal routine is applied, in thefollowing way: a muon (jet) 
andidate is dis
arded if found inside a ∆R < 0.1(0.3) 
one 
entered around the dire
tion of the ele
tron 
andidate; no overlapremoval between muons and jets is applied, sin
e its e�e
t would be negligible.At this point, the ba
kground is dominated by the Z/γ∗+jets ba
kground(a

ounting for 90% of the total), while the S/B ratio is 6 · 10−5.2. Cut on the dilepton invariant mass: mℓℓ > 10, 12 GeV. The invariantmass of the dilepton system is required to be above 10 or 12 GeV, in theopposite- and same-�avour 
hannels, respe
tively. This suppresses mainly theleptons 
oming from the γ∗ and Υ resonan
es, and has a negligible impa
t onthe overall number of events.3. Z veto: to redu
e the Z+jets ba
kground, events with an invariant mass
loser than 15 GeV to the Z boson mass are reje
ted. This 
ut applies onlyto the same-�avour 
hannels, and is quite e�
ient, sin
e it reje
ts 90% of the
Z/γ∗ events and only 1% of the signal, lowering the S/B ratio to 6 · 10−4.4. Cut on the missing transverse energy: Emiss

T, rel > 25, 45 GeV. In order tofurther suppress the Z+jets ba
kground, a 
ut on Emiss
T, rel, a derived quantity
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tionof the missing transverse energy, is employed. Emiss
T, rel is identi
al to Emiss

T ifthere is no obje
t (
andidate lepton or jet) within ∆φ ≥ π/2 from the ~p miss
Tve
tor, otherwise Emiss

T, rel gets proje
ted on the dire
tion of the obje
t itself (thenearest in 
ase there are several):
Emiss

T, rel = Emiss
T · sin∆φ if ∆φ < π/2 . (4.3)Thanks to this pro
edure, the events with mismeasured jets or leptons, andtherefore fake missing ET 
lose to the obje
t, get a lower value of Emiss

T, rel, thus
an be e�
iently reje
ted by a 
ut on this quantity. The threshold value is45 GeV for same-�avour 
hannels, while 25 GeV is enough for eµ, where thepollution from the Z+jets events, due only to Z → ττ pairs, is less severe.After this 
ut, the S/B ratio goes down to 7 · 10−3, with only 0.5% of the
Z+jets events surviving; all ba
kground 
omponents are redu
ed by this 
ut(around 50% of events surviving for WW , tt and single top-quark events, 41%for W+jets, 32% for diboson pro
esses), and also the signal is redu
ed to halfof its previous size, with around 91 events expe
ted for mH = 125 GeV in4.7 fb−1 of integrated luminosity.Fig. 4.12 shows the Emiss

T, rel (left) and mℓℓ (right) logarithmi
 distributions, for thedata and the MC expe
tation, before the Z veto 
ut, broken down into lepton�avours. All ba
kgrounds are normalized to their MC expe
tations, apart from
W+jets whi
h is data-driven (
f. Se
tion 4.8.3). The lower part of ea
h plot showsthe ratio between the data and the ba
kground expe
tation, with the yellow bandindi
ating the total normalization un
ertainty (i.e. the shape un
ertainties(4) arenot in
luded). The data appear to be well modelled by the MC simulation, with anagreement well below the 10% level for both the mℓℓ and the Emiss

T, rel distributions.Table 4.2 gives, at ea
h stage of the presele
tion, the expe
ted numbers of eventsin 4.7 fb−1 of integrated luminosity. The two rightmost 
olumns show the observednumbers of events in data and the data/MC ratio; the latter is 
ompatible withunity for all 
uts. In the bottom part, the predi
tions after the presele
tion are splitinto the lepton 
hannels; it 
an be seen that, for all 
hannels, the S/B ratios arearound 0.7%.
4In the following, the name shape un
ertainty refers to an un
ertainty whi
h does not a�e
t thenormalization of a variable, but only its shape. The shape un
ertainties are never shown in theplots.



Sear
h for the H →WW (∗) De
ay Using a Multivariate Analysis 93
E

ve
nt

s 
/ 4

 G
eV

-210

-110

1

10

210

310

410

510

610

710

810

910  Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

 H [125 GeV]

ATLAS Internal
-1 L dt = 4.7 fb∫ = 7 TeV, s

νeνe→(*)
WW→H

 [GeV]T,rel
missE

0 20 40 60 80 100 120 140 160 180 2000.7
0.8
0.9

1
1.1
1.2
1.3

(a)
E

ve
nt

s 
/ 1

0 
G

eV

-210

-110

1

10

210

310

410

510

610

710

810

910  Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

 H [125 GeV]

ATLAS Internal
-1 L dt = 4.7 fb∫ = 7 TeV, s

νeνe→(*)
WW→H

 [GeV]llm

50 100 150 200 2500.7
0.8
0.9

1
1.1
1.2
1.3

(b)
E

ve
nt

s 
/ 4

 G
eV

-210

-110

1

10

210

310

410

510

610

710

810

910  Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

 H [125 GeV]

ATLAS Internal
-1 L dt = 4.7 fb∫ = 7 TeV, s

νµνµ→(*)
WW→H

 [GeV]T,rel
missE

0 20 40 60 80 100 120 140 160 180 2000.7
0.8
0.9

1
1.1
1.2
1.3

(
)
E

ve
nt

s 
/ 1

0 
G

eV

-210

-110

1
10

210

310

410

510

610

710

810

910

1010
 Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

 H [125 GeV]

ATLAS Internal
-1 L dt = 4.7 fb∫ = 7 TeV, s

νµνµ→(*)
WW→H

 [GeV]llm

50 100 150 200 2500.7
0.8
0.9

1
1.1
1.2
1.3

(d)

E
ve

nt
s 

/ 4
 G

eV

-210

-110

1

10

210

310

410

510

610  Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

 H [125 GeV]

ATLAS Internal
-1 L dt = 4.7 fb∫ = 7 TeV, s

νµνe→(*)
WW→H

 [GeV]T,rel
missE

0 20 40 60 80 100 120 140 160 180 2000.7
0.8
0.9

1
1.1
1.2
1.3

(e)

E
ve

nt
s 

/ 1
0 

G
eV

-210

-110

1

10

210

310

410

510

610  Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

 H [125 GeV]

ATLAS Internal
-1 L dt = 4.7 fb∫ = 7 TeV, s

νµνe→(*)
WW→H

 [GeV]llm

50 100 150 200 2500.7
0.8
0.9

1
1.1
1.2
1.3

(f)Figure 4.12: Distributions of the relative missing transverse energy Emiss
T, rel (left) andof the dilepton invariant mass mℓℓ (right), in logarithmi
 s
ale, for the individuallepton 
hannels, before the Z veto: (a,b) ee, (
,d) µµ, (e,f) eµ. The lower part ofea
h plot shows the data/MC ratio, with the yellow band indi
ating all un
ertaintiesapart from the shape ones. All ba
kgrounds are normalized as in Table 4.2. The�nal bin in
ludes the over�ow.
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4.5.Eventpresele
tion

Signal [125 GeV℄ WW WZ/ZZ/Wgamma ttbar single top Z+jets W+jets (d-d) Total Bkg. (d-d) Observed Data/MC (d-d)lepton pT 180.87 ± 0.40 3871.06 ± 9.55 3213.65 ± 20.73 16332.68 ± 27.65 1753.31 ± 11.35 2800788.09 ± 1309.25 3159.63 ± 37.12 2829118.43 ± 1310.32 2823123 1.00 ± 0.00OS leptons 178.43 ± 0.39 3856.00 ± 9.53 2733.59 ± 15.79 16240.28 ± 27.57 1734.85 ± 11.30 2793617.99 ± 1307.64 2373.89 ± 36.19 2820556.60 ± 1308.61 2816240 1.00 ± 0.00
mℓℓ > 12, 10 GeV 175.14 ± 0.39 3848.08 ± 9.52 2716.34 ± 15.68 16211.72 ± 27.55 1731.84 ± 11.29 2790757.50 ± 1307.32 2194.45 ± 35.91 2817459.92 ± 1308.28 2806551 1.00 ± 0.00
Z veto (for ee, µµ) 173.11 ± 0.39 3421.39 ± 8.97 559.69 ± 8.00 14456.35 ± 26.02 1542.36 ± 10.66 278756.95 ± 404.20 1403.39 ± 20.67 300140.13 ± 405.88 298691 1.00 ± 0.00
Emiss

T, rel > 45, 25 GeV 90.82 ± 0.28 1828.61 ± 113.91 177.88 ± 4.82 7322.28 ± 497.99 839.24 ± 57.60 1523.00 ± 33.78 341.94 ± 5.92 12032.95 ± 688.35 12231 1.02 ± 0.06
ee : Emiss

T, rel > 45 GeV 10.24 ± 0.10 208.11 ± 13.14 26.70 ± 1.88 929.80 ± 63.55 107.98 ± 7.89 289.44 ± 14.91 56.34 ± 1.10 1618.38 ± 91.86 1652 1.02 ± 0.06
µµ : Emiss

T, rel > 45 GeV 22.31 ± 0.14 389.62 ± 24.42 26.72 ± 0.84 1536.65 ± 104.78 173.20 ± 12.31 698.71 ± 23.59 24.67 ± 2.87 2849.57 ± 154.06 2854 1.00 ± 0.06
eµ : Emiss

T, rel > 25 GeV 58.28 ± 0.23 1230.87 ± 76.74 124.45 ± 4.35 4855.83 ± 330.36 558.06 ± 38.49 534.85 ± 13.88 260.93 ± 5.05 7565.00 ± 445.09 7725 1.02 ± 0.06Table 4.2: The expe
ted numbers of signal (in the hypothesis mH = 125 GeV) and ba
kground events after the presele
tion require-ments listed in the �rst 
olumn, as well as the observed numbers of events in data. The rightmost 
olumn shows the ratio betweenthe data and the MC estimation. The W+jets ba
kground is estimated entirely from data, whereas MC predi
tions normalized todata in the 
ontrol regions (before the �nal �t) are used for the WW , Z/γ∗+jets, tt̄, and tW/tb/tqb pro
esses. Contributions fromother ba
kground sour
es are taken dire
tly from the MC predi
tions. The total un
ertainties (statisti
al, normalization systemati
un
ertainties, shape systemati
 un
ertainties) are also given. The bottom part of the table lists the number of expe
ted and observedevents for ea
h lepton 
hannel after the presele
tion.
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ay Using a Multivariate Analysis 95Fig. 4.13 shows the jet multipli
ity distributions after the presele
tion, for all lepton
hannels 
ombined as well as for the individual ones. It appears evident that theba
kground 
omposition depends strongly on the number of jets in the �nal state.In parti
ular the ba
kground is dominated by WW and Z/γ∗ events when no jetsare present, and by the top- and single top-quark ba
kgrounds when at least onejet is identi�ed. As for the signal, in the 0-jet 
hannel the main produ
tion mode isgluon-fusion, while in the 1- and 2-jet 
hannels a larger fra
tion of events is produ
edvia VBF.
E

ve
nt

s

1000

2000

3000

4000

5000

 Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

 H [125 GeV]

ATLAS Internal
-1 L dt = 4.7 fb∫ = 7 TeV, s

νlνl→(*)
WW→H

jetsN

0 2 4 6 8 100.7
0.8
0.9

1
1.1
1.2
1.3

(a)
E

ve
nt

s

100

200

300

400

500

600

700
 Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

 H [125 GeV]

ATLAS Internal
-1 L dt = 4.7 fb∫ = 7 TeV, s

νeνe→(*)
WW→H

jetsN

0 2 4 6 8 100.7
0.8
0.9

1
1.1
1.2
1.3

(b)

E
ve

nt
s

200

400

600

800

1000

1200

 Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

 H [125 GeV]

ATLAS Internal
-1 L dt = 4.7 fb∫ = 7 TeV, s

νµνµ→(*)
WW→H

jetsN

0 2 4 6 8 100.7
0.8
0.9

1
1.1
1.2
1.3

(
)

E
ve

nt
s

500

1000

1500

2000

2500

3000

3500
 Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

 H [125 GeV]

ATLAS Internal
-1 L dt = 4.7 fb∫ = 7 TeV, s

νµνe→(*)
WW→H

jetsN

0 2 4 6 8 100.7
0.8
0.9

1
1.1
1.2
1.3

(d)Figure 4.13: Distributions of the jet multipli
ities after the presele
tion, for the
ombined 
ase and the individual lepton 
hannels: (a) ℓℓ, (b) ee, (
) µµ, (d) eµ. Thelower part of ea
h plot shows the data/MC ratio, with the yellow band indi
atingall un
ertainties apart from the shape ones. All ba
kgrounds are normalized as inTable 4.2.



96 4.6. The Boosted De
ision Tree te
hniqueAs a 
onsequen
e, after the presele
tion, additional sele
tion 
riteria are applied a
-
ording to the jet multipli
ity. As noti
ed above, leptons arising from a heavy Higgsboson would not be 
hara
terized by a small opening angle; for this reason, the anal-ysis is also split a

ording to the signal mass hypothesis: the multivariate analysisuses a low-mass and a high-mass sele
tion (below and above 200 GeV, respe
tively),while the 
ut-based analysis uses three (low-mass below 200 GeV, intermediate-massbetween 200 GeV and 300 GeV, high-mass above 300 GeV).Due to the lower number of signal events expe
ted in 4.7 fb−1 of integratedluminosity, no multivariate analysis has been developed for the 2-jet 
hannel. Onthe other hand, in 2012, with in
reased integrated luminosity and energy in the
entre-of-mass, a BDT analysis has been developed for the 2-jet 
hannel, startingfrom the analysis presented in this thesis.4.6 The Boosted De
ision Tree te
hniqueAfter the presele
tion, the overwhelming Z/γ∗+jets ba
kground has been redu
ed,so that its 
ontribution is 
omparable with those of the WW and top-quark 
ompo-nents; the total S/B ratio is 2% and 0.8% in the 0- and 1-jet 
hannels, respe
tively.At this point, a boosted de
ision tree te
hnique is employed, to 
lassify the eventsas signal-like or ba
kground-like, both in the MC simulation and in the data, andthen the BDT response (or output) is �tted to extra
t the �nal ex
lusion limits.
PSfrag repla
ementsFigure 4.14: S
hemati
 view of a de
ision tree [216℄. In this example, three levels ofsplittings are performed: the �rst uses the variable xi to divide the training eventsin two nodes, the se
ond uses xj on ea
h node, the third uses xk. These variablesare 
hosen be
ause they give the best separation between signal and ba
kgroundwhen being 
ut on. At the end of the pro
edure, leaves are de�ned as signal- orba
kground-like, depending on the majority of the events they 
ontain.A de
ision tree 
an be represented as in Fig. 4.14. It is based on a set of input vari-ables, whose shapes dis
riminate between signal and ba
kground events. A training
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edure is performed on (a subset of) MC samples, 
onsisting in a series of subse-quent splittings: at ea
h step, the algorithm �nds the most dis
riminating variableand the optimal 
ut on it, in order to a
hieve the best separation between the signaland the ba
kground. The separation is de�ned as [216℄:
〈S2〉 = 1

2

∫
[fS(y)− fB(y)]

2

fS(y) + fB(y)
dy (4.4)where fS and fB are the signal and ba
kground PDFs, respe
tively. The separationis 〈S2〉 = 0 for identi
al distributions and 〈S2〉 = 1 if there is no overlap, hen
e thealgorithm maximes 〈S2〉.At ea
h step, the events are split between the signal-leaf and the ba
kground-leaf,until the maximum number of allowed splittings (the depth of the tree) is rea
hed;at this point, an event is 
orre
tly identi�ed if it is a signal (ba
kground) eventand is lo
ated into a signal-leaf (ba
kground-leaf). Events whi
h have been wronglyidenti�ed, on the other hand, re
eive an in
reased weight (or boost) with respe
t tothe others, su
h that a se
ond tree 
an fo
us on them. This pro
edure is repeatedmultiple times, until a forest is grown. The idea of building a whole forest, ratherthan a single tree, is meant as a prote
tion against statisti
al �u
tuations in theinput samples. At the end, a weighted average (with the weight given by the boost)is taken a
ross all trees, to form the BDT response. Moreover, boosting the treesalso improves the algorithm performan
e [216℄.The training information is 
ontained inside an xml �le, whi
h 
onsists, for ea
hevent, in a mapping between the N input variables and the 1-d BDT response. Inthe subsequent 
lassi�
ation step, this mapping is applied to all events.The BDT response is distributed between 0 and 1, where, by de�nition, signal-like (ba
kground-like) events tend to have values 
lose to 1 (0), as 
an be seen e.g.in Fig. 4.19. The more they are separated from ea
h other, the better the BDTperforman
e. On
e the �nal dis
riminant is built, one 
an either 
ut on it, sele
tingonly the events above the 
ut, whi
h are expe
ted to have the best S/B ratio, or �tthe whole shape, using the leftmost part, whi
h is signal-depleted, to 
onstrain theba
kgrounds. This analysis employs the se
ond te
hnique.An optimization has been 
arried out both on input variables (see Appendix B)and on tree parameters. Con
erning the latter, some 
hanges with respe
t to thedefault TMVA settings [216℄ have been applied, in order to minimize the e�e
t of thestatisti
al �u
tuations. More details are given in Se
tion 4.6.1. Moreover, AppendixA 
ontains a 
omparison of the BDT and the Neural Network performan
es, inseveral 
on�gurations. Here, only the �nal results for the 
hosen 
on�guration aredis
ussed.
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ision Tree te
hnique4.6.1 BDT settingsThe BDT training is performed in steps of 5 GeV at low mass (110 GeV < mH ≤
200 GeV) and of 20 GeV at high-mass (200 GeV < mH ≤ 600 GeV), for a total of 39mass points. From the te
hni
al point of view, training and 
lassi�
ation are donethrough the TMVA v4.1.2 software [216℄, whi
h is part of the ROOT v5.30.02 release.Several implementations of the boosting te
hnique 
an be found; this analysis usesthe bagged gradient boosting one.When estimating a fun
tion F (x) through boosting, one 
an expand it as aweighted sum of parametrised base fun
tions, in the following way [216℄:

F (x;P ) =

M∑

m=0

βm f(x; am) (4.5)where the base fun
tions f(x; am) 
orrespond to the de
ision trees, and there are
M parameters P ∈ (βm; am). The distan
e between the �true� fun
tion y, obtainedfrom the training, and the model F (x), 
an be estimated by means of a loss fun
tion,whi
h, in 
ase of gradient boosting, is a binomial log-likelihood:

L(F, y) = ln
(
1 + e−2F (x)y

)
. (4.6)De
ision trees are grown by the algorithm in a way that the loss fun
tion is minimised.Gradient boosting is typi
ally resilient against overtraining, a 
harateristi
 that 
anbe enhan
ed by redu
ing the learning rate through the shrinkage parameter, whi
h
ontrols the weight of the individual trees: the smaller the shrinkage, the more treeswill be grown, slowing down the 
onvergen
e but improving the a

ura
y of thepredi
tion. The value 
hosen by this analysis, 0.1, is indeed small.The usage of the option UseBaggedGrad = True means that sto
hasti
 gradientboosting is enabled: random subsets of the training samples are 
hosen to growthe trees; the fra
tion of events at ea
h iteration is 
ontrolled by the parameterGradBaggingFra
tion, 0.5 in this 
ase. The sto
hasti
 re-sampling allows for addi-tional stability of the algorithm.The above mentioned BDT settings, together with the others whi
h have been
hanged with respe
t to the default, are listed in Table 4.3. The 
hoi
e of MaxDepth=2 indi
ates that only two levels of splitting are allowed for ea
h tree. The parameternEventsMin 
orresponds to the stopping 
riterion of the tree growing: the splittingends when an additional step would bring the number of events in ea
h leaf below1% of raw MC signal events. The parameter IgnoreNegWeightsInTraining = Truemeans that, if a MC event has an asso
iated negative weight (as it is the 
ase for
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ay Using a Multivariate Analysis 99MC�NLO samples), the negative sign is ignored, and the weight is taken to be positive.This 
hoi
e is due to the fa
t that no proper way of treating negative-weighted eventshas been implemented in TMVA yet; ignoring their weights does not bias the result,sin
e they have the same topology of positive-weighted events, and hen
e 
an besafely added to the latter.BDT setting ValueBoostType GradientMaxDepth 2NTrees 1000nEventsMin 1% of signal eventsIgnoreNegWeightsInTraining TrueUseBaggedGrad TrueGradBaggingFra
tion 0.5Shrinkage 0.1Table 4.3: BDT settings used in the 2011 analysis, whi
h have been 
hanged withrespe
t to the default.4.6.2 BDT input variablesThe input variables are the same in all 
ases (0- and 1-jet analyses, low- and high-mass), namely the four topologi
al variables de�ned in Se
tion 4.2:
• the dilepton azimuthal opening angle ∆φℓℓ

• the dilepton invariant mass mℓℓ

• the dilepton transverse momentum pT,ℓℓ

• the transverse mass of the total system mT .Their 
hoi
e resides in two aspe
ts. On one hand, they are used also in the 
ut-basedanalysis to 
ut on, implying that they have been extensively studied and validated forthat purpose, also for what 
on
erns the impa
t of systemati
 un
ertainties. On theother hand, given the limited number of MC events available after the presele
tion,espe
ially for the signal samples, the BDT performan
e is found to be saturatedwhen using four variables: adding more variables does not add dis
rimination. Asshown in Appendix B, sin
e no other set of four variables signi�
antly outperformsthe topologi
al ones, they result to be the most 
onvenient 
hoi
e. As a side note,it should be mentioned that many multivariate te
hniques have been tested before
hoosing the boosted de
ision tree one, using the four 
ut-based variables as 
ommoninputs, as do
umented in Appendix A.



100 4.6. The Boosted De
ision Tree te
hniqueTraining in the 0-jet 
hannelIn the 0-jet 
hannel, the training is performed after the presele
tion, with an ad-ditional 
ut on pT,ℓℓ for all lepton �avours: pT,ℓℓ > 30 GeV. This 
ut is used alsoin the 
ut-based analysis, but only after an additional 
ut on mℓℓ (mℓℓ < 50 GeV).The 
ut on pT,ℓℓ is meant to strongly redu
e the Z/γ∗+jets ba
kground; in general,whereas a re
tangular 
ut is e�
ient in reje
ting a parti
ular ba
kground, it is usefulto apply it before the training, to avoid loading the BDT algorithm with topologieswhi
h are anyway very easy to distinguish. It should be noti
ed that the 
ut on pT,ℓℓis similar to the one applied in the presele
tion on Emiss
T, rel, due to the fa
t that, inthe 0-jet 
hannel, the Emiss

T and pT,ℓℓ ve
tors should balan
e ea
h other.
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(d)Figure 4.15: Distributions of the four input variables, after the pT,ℓℓ requirement,as used for the BDT training, in the 0-jet 
hannel: (a) mℓℓ, (b) pT,ℓℓ, (
) ∆φℓℓ, (d)
mT . Only 
ombined distributions are shown, the individual lepton 
hannels 
an befound in Appendix C. The shaded bands indi
ate the total normalization systemati
un
ertainty. The �nal bin in
ludes the over�ow. All ba
kgrounds are normalized asin Table 4.2.
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ay Using a Multivariate Analysis 101The distributions of the four input variables, after the pT,ℓℓ requirement, are shownin Fig. 4.15 for the 
ombined lepton �avours, and in Appendix C for the individualones. No signi�
ant deviation between the data and the MC expe
tation is observed,and the data points lay mostly inside the shaded band provided by the total MCnormalization un
ertainty.Given the similarities of the ee and µµ 
hannels, they are trained together inorder to in
rease the number of MC events, while the eµ 
hannel is trained separately.Nevertheless, the �nal �t is done individually for ea
h 
hannel. Not all events areused for training: ea
h sample is split into two halves, a

ording to the event number,and one half is used for training, the other half for 
lassi�
ation. This is done inorder to avoid biasing the BDT learning pro
edure, otherwise the MC events wouldbe used twi
e.The MC samples with a very low number of events are ex
luded from the training:this is the 
ase for the γ∗+jets (Z/γ∗ events withmℓℓ < 40 GeV) and theWγ samples.Also W + jets events are not used, sin
e they are obtained through a data-drivente
hnique, as dis
ussed in Se
tion 4.8.3, and no information from real data shouldenter the learning step of the BDT algorithm. All other MC samples are used forthe training, ea
h one weighted by the 
orresponding 
ross se
tion.At the end of the training, ea
h input variable is ranked a

ording to its dis
rim-ination power, 
ounting how many times that variable has been 
hosen for splittinga node, weighted by the number of events in the leaf and the gain in S/B separation.The ranking order is:
• mT , ∆φℓℓ, mℓℓ and pT,ℓℓ for the same-�avour 
hannels,
• ∆φℓℓ, mT , mℓℓ and pT,ℓℓ for the opposite-�avour 
hannels.Fig. 4.16 shows the linear 
orrelation 
oe�
ients among the four input variables,for the signal (a,
) and the ba
kground (b,d) samples, for the same-�avour (a,b)and the opposite-�avour (
,d) 
hannels. The largest 
orrelations, either positive ornegative, are found to be between mℓℓ, ∆φℓℓ and pT,ℓℓ for the signal, as expe
ted,and between mℓℓ and mT for the ba
kground.Training in the 1-jet 
hannelIn the 1-jet 
hannel, the training is performed immediately after the presele
tion,without additional 
uts. At this stage, as noti
ed above and as 
an be seen in Table4.5, the ba
kground is dominated by the top-quark 
ontributions, whi
h a

ount for70% of the total. The same four variables are used as inputs, despite the presen
e ofa jet in the �nal state, sin
e optimization studies have shown that adding jet-related
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(d)Figure 4.16: Linear 
orrelation 
oe�
ients among the four input variables, in the0-jet 
hannel, for the signal (a,
) and the total ba
kground (b,d), in the same-�avour
hannels (a,b) and in the opposite-�avour 
hannels (
,d).variables (e.g. jet pT ) does not improve signi�
antly the separation between thesignal and the ba
kground.The distributions of the dis
riminating variables are shown, at the end of the sele
-tion (but before the last mℓℓ 
ut), in Fig. 4.17 for the 
ombined lepton 
hannels,and in Appendix C for the individual lepton �avours. Also in this 
ase, the agreee-ment between the data and the MC simulation is satisfying; the shaded band islarger where there is a residual Z/γ∗ 
ontribution, given the un
ertainty on themismeasurement of Emiss
T .
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(d)Figure 4.17: Distributions of the four input variables in the 1-jet signal region (be-fore the mℓℓ 
ut, 
f. Se
tion 4.7.4): (a) mℓℓ, (b) pT,ℓℓ, (
) ∆φℓℓ, (d) mT . Only
ombined distributions are shown, those for the individual lepton 
hannels 
an befound in Appendix C. The shaded bands indi
ate the total normalization systemati
un
ertainty. The �nal bin in
ludes the over�ow. All ba
kgrounds are normalized asin Table 4.2.
The same training details given for the 0-jet 
hannel hold here. Con
erning thevariable ranking, for the same-�avour 
hannels it stays the same as for 0-jets (mT ,
∆φℓℓ, mℓℓ and pT,ℓℓ), while for eµ it is∆φℓℓ,mℓℓ,mT and pT,ℓℓ. The linear 
orrelation
oe�
ients among the four input variables are shown in Fig. 4.18, for the signal(a,
) and the ba
kground (b,d) samples, for the same-�avour (a,b) and the opposite-�avour (
,d) 
hannels. Again, the largest 
orrelations, either positive or negative,are found between mℓℓ, ∆φℓℓ and pT,ℓℓ for the signal and between mℓℓ and mT forthe ba
kground.
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(a) (b)

(
) (d)Figure 4.18: Linear 
orrelation 
oe�
ients among the four input variables, in the1-jet 
hannel, for the signal (a,
) and the ba
kground (b,d), in the same-�avour
hannels (a,b) and in the opposite-�avour 
hannels (
,d).4.7 BDT response4.7.1 Signal region for the 
ut-based analysisTo ease the 
omparison with the 
ut-based analysis, its sele
tion 
riteria are summa-rized in Table 4.4. They are mostly simular to those of the BDT analysis, 
ommentedin the following.For 
ompleteness, also the details of the 2-jet analysis are given in the Table; theytarget the VBF topology for the signal, aiming to distinguish it, in parti
ular, fromthe tt ba
kground. The two jets with highest pT are labelled as tagging jets, and thefollowing 
uts refer to them. They must be re
onstru
ted in opposite hemispheresin η, and have a separation from ea
h other ∆ηjj > 3.8. The presen
e of additional
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entral jets is vetoed (in order to distinguish the VBF topology from the QCD one,
f. Se
tion 2.1.2), while the two tagging jets 
annot be identi�ed as originating fromthe de
ay of a b or c-quark. Afterwards, 
uts on the dijet invariant mass and onthe total transverse momentum of the system are imposed, and the Z → ττ veto isapplied, as explained in Se
tion 4.7.4 for the 1-jet 
hannel. Finally the topologi
alsele
tion is applied, with 
uts on mℓℓ and ∆φℓℓ.At the end of the sele
tion, a �t on the whole shape of the mT variable isperformed. In the so-
alled 
ut-and-
ount analysis, on the other hand, a 
ut on mTis performed, depending on the mass of the Higgs boson signal, 0.75mH < mT < mH ,and then the number of MC events in the mass window is 
omputed and 
omparedwith the 
orresponding number in the data.0-jet 
hannel • no identi�ed jets
• pℓℓT > 45 GeV for the same-�avour 
hannels
• pℓℓT > 30 GeV for the opposite-�avour 
hannels1-jet 
hannel • one identi�ed jet
• b-jet veto for the identi�ed jet
• |~pTOTT | = |~pT, ℓ1 + ~pT, ℓ2 + ~pT, jet + ~pT,miss| < 30 GeV
• Z → ττ veto (
f. Se
tion 4.7.4)2-jet 
hannel • at least two identi�ed jets
• ∆ηjet,1 ×∆ηjet,2 < 0
• no additional jets with pT > 25 GeV (pT > 30 GeV)inside |η| < 2.5 (2.5 < |η| < 3.2)
• ∆ηjj > 3.8
• mjj > 500 GeV
• |~pTOTT | = |~pT, ℓ1 + ~pT, ℓ2 + ~pT, jet,1 + ~pT, jet,2 + ~pT,miss| < 30 GeV
• Z → ττ veto (
f. Se
tion 4.7.4)Topologi
al 
uts • mℓℓ < 50 GeV if mH < 200 GeV in the 0- and 1-jet 
hannels
• mℓℓ < 80 GeV if mH < 200 GeV in the 2-jet 
hannel
• mℓℓ < 150 GeV if 200 GeV ≤ mH ≤ 300 GeV
• ∆φℓℓ < 1.8 if mH < 200 GeVTable 4.4: Sele
tion 
riteria of the 
ut-based analysis [28℄. See the text for furtherdetails.4.7.2 Overtraining 
he
ksThe TMVA software provides a tool to 
he
k for overtraining, whi
h automati
ally
ompares the BDT response shape of the trained and 
lassi�ed samples. When theBDT performan
e is a�e
ted by overtraining, the 
ause resides in a low number ofMC events, for whi
h reason the tree growth has been based on statisti
al �u
tua-tions: applying the learned fun
tion to the se
ond half of events (the odd-numberedones), results in a di�erent shape of the BDT response. This 
an be 
he
ked per-forming a Kolmogorov-Smirnov (KS) 
ompatibility test between the response shapeof the even- and odd-numbered events. A KS value of xKS indi
ates that the prob-ability of two distributions to 
ome from the same parent distribution is P ≥ xKS;



106 4.7. BDT responsethe 
ompatibility is 
onsidered a

eptable if xKS ≥ 5%.
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(d)Figure 4.19: Distributions of the BDT response from the training (dots) and testing(full areas) samples, for the signal (blue) and the ba
kground (red) 
omponents. AKolmogorov-Smirnov (KS) test has been perfomed, in order to assess their 
ompat-ibility, and the results are given in the plots. Shown are: (a) ee, µµ 0-jet, (b) ee, µµ1-jet, (
) eµ 0-jet, (d) eµ 1-jet.Examples of these distributions 
an be seen in Fig. 4.19, for (a) ee, µµ 0-jet, (b)
ee, µµ 1-jet, (
) eµ 0-jet and (d) eµ 1-jet. The training and testing distributions are
ompared: in most 
ases, the KS values are above 5%, and no large �u
tuations areobserved, so the 
hosen training 
on�guration 
an be 
onsidered satisfying.4.7.3 Signal region in 0-jetAs explained above, loose 
uts are applied to MC events before the training. Af-terwards, in the 
lassi�
ation step, the so-obtained BDT response is applied to theodd-numbered events of all signal and ba
kground samples, and to the real data.In this phase, more stringent 
uts are performed, in order to de�ne a signal region,where the S/B ratio is maximal, and a set of 
ontrol regions, in order to 
orre
tly as-sess the normalization of the most important ba
kground 
omponents. The expe
ted
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kground events, at ea
h stage of the sele
tion, is given inTable 4.5, where, for 
ompleteness, also the 2-jet 
ut-based analysis is shown. Alsoshown is the number of observed data events.
H + 0-jet Signal [125 GeV℄ WW WZ/ZZ/Wγ tt̄ tW/tb/tqb Z/γ∗ + jets W + jets Total Bkg. Obs.Jet Veto 56.7± 0.2 1273± 79 97± 4 174± 12 95± 7 1039± 28 217± 4 2893± 115 2849
pℓℓT 
ut 47.7± 0.2 1041± 66 77± 3 151± 10 84± 6 45± 8 146± 3 1543± 76 1559
mℓℓ < 80 GeV 47.4± 0.2 557± 36 51± 3 60± 4 40± 3 37± 7 98± 2 844± 39 862
H + 1-jet Signal [125 GeV℄ WW WZ/ZZ/Wγ tt̄ tW/tb/tqb Z/γ∗ + jets W + jets Total Bkg. Obs.1 jet 22.7± 0.1 343± 54 56± 3 1438± 60 436± 19 357± 17 85± 3 2715± 142 2706
b-jet veto 20.9± 0.1 319± 50 52± 3 412± 18 139± 7 332± 16 76± 3 1330± 84 1369
|ptot

T | < 30 GeV 14.0± 0.1 226± 35 34± 2 181± 8 80± 4 108± 8 37± 2 666± 51 684
Z → ττ veto 14.0± 0.1 220± 34 34± 2 173± 8 77± 4 85± 7 37± 2 627± 50 644
mℓℓ < 80 GeV 13.9± 0.1 110± 17 22± 2 77± 3 40± 2 79± 6 27± 1 355± 28 374
H + 2-jet Signal [125 GeV℄ WW WZ/ZZ/Wγ tt̄ tW/tb/tqb Z/γ∗ + jets W + jets Total Bkg. Obs.opp. hemispheres 4.2± 0.1 46± 1 7± 1 149± 3 21± 1 32± 3 9± 1 264± 5 269
|∆ηjj| > 3.8 1.8± 0.1 8.4± 0.4 0.9± 0.2 23.2± 1.0 2.2± 0.4 5.8± 1.7 1.7± 0.4 42.2± 2.1 40
mjj > 500 GeV 1.3± 0.1 3.9± 0.3 0.4± 0.1 10.4± 0.6 1.0± 0.3 0.7± 0.4 0.9± 0.3 17.3± 0.9 13
mℓℓ < 80 GeV 0.9± 0.1 1.1± 0.2 0.1± 0.1 1.4± 0.2 0.4± 0.1 0.2± 0.2 0.2± 0.2 3.2± 0.4 2
∆φℓℓ < 1.8 0.8± 0.1 0.8± 0.1 0.1± 0.1 0.9± 0.2 0.1± 0.1 negl. negl. 1.8± 0.3 1Control Regions Signal [125 GeV℄ WW WZ/ZZ/Wγ tt̄ tW/tb/tqb Z/γ∗ + jets W + jets Total Bkg. Obs.
WW 0-jet 0.28± 0.03 471± 3 26± 1 87± 2 42± 2 7± 2 49± 2 682± 5 697
WW 1-jet 0.12± 0.02 128± 2 12± 1 89± 2 34± 2 9± 2 11± 1 282± 4 270Top 1-jet 1.16± 0.03 20± 1 1.9± 0.5 434± 4 169± 4 7± 2 4± 1 635± 6 676Table 4.5: The expe
ted numbers of signal and ba
kground events after the low-massrequirements listed in the �rst 
olumn, as well as the observed numbers of eventsin the data. The W+jets ba
kground is estimated entirely from the data, whereass
ale fa
tors from 
ontrol regions are used for the WW , Z/γ∗+jets and top-quarkpro
esses. The 
ontributions from the other ba
kgrounds are taken dire
tly from theMC predi
tions. Only statisti
al un
ertainties are shown. The same is also shownin the 
ontrol regions, but here no s
ale fa
tors are applied.In the 0-jet 
hannel, the signal region (SR) is de�ned in the following way, after thejet veto:
• pT,ℓℓ > 45 GeV for ee, µµ, pT,ℓℓ > 30 for eµ,
• mℓℓ < 80 GeV if mH < 200 GeV.Cutting on pT,ℓℓ strongly redu
es the Z/γ∗ ba
kground, bringing the S/B ratio to3%, where 2/3 of the total ba
kground are now 
onstituted by WW . In the same-�avour 
ase, the 
ut is reinfor
ed with respe
t to the one used for training. Thelast 
ut is di�erent for the BDT and the 
ut-based low-mass analyses: whereas theformer 
uts on mℓℓ < 80 GeV, the latter applies a tighter 
ut, mℓℓ < 50 GeV, andafterwards an additional 
ut on ∆φℓℓ (
f. Table 4.4). At the end of the sele
tion, theS/B ratio is 5.6%, with the WW ba
kground still a

ounting for 66% of the total;with respe
t to the beginning of the sele
tion, 26% of the signal events survived,while 99.97% of the ba
kground was reje
ted. 47 signal events are expe
ted for a
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mH = 125 GeV Higgs boson, 3/4 of whi
h 
ome from the eµ 
hannel, whi
h isalso driving the S/B ratio, as 
an be seen in Table 4.6. A total of B = 844 ± 39ba
kground events are expe
ted, 
ompatible with the observed number of events indata (862), so that ex
lusion limits on the presen
e of a Higgs boson signal 
an beset, with a �t to the BDT response shape. Fig. 4.20 shows the distributions of theBDT response in the signal region for the 0-jet 
hannel, for the individual lepton�avours and their 
ombination. Shown are the various ba
kground 
omponents, thesignal expe
tation for mH = 125 GeV and the events found in the data.Lepton Channels 0-jet ee 0-jet µµ 0-jet eµ 1-jet ee 1-jet µµ 1-jet eµTotal bkg. 106± 8 190± 16 549± 22 50± 7 85± 9 218± 17Signal 4.4± 0.1 10.2± 0.1 32.9± 0.2 1.60± 0.04 3.29± 0.05 9.0± 0.1Observed 95 220 547 51 88 235Table 4.6: Expe
ted and observed numbers of events, for ea
h lepton 
hannel, in thesignal region, before the �nal �t. Un
ertainties on MC predi
tions are given by thetotal normalization error.The data appear to follow the shape of the predi
ted ba
kground-only shape, withthe �rst bin (-1.0,-0.8), i.e. the most ba
kground-like, being the most populated.In this bin, the data show a slight over�u
tuation over the MC predi
tion, partly
overed by the shaded un
ertainty band: the �t 
an a

omodate this ex
ess �oatingthe ba
kground normalization. An over�u
tuation 
an also be seen in the signal-like region for the µµ 
hannel, 
ompensated by a downward �u
tuation in the ee
hannel. As shown in the �gure, the BDT response is divided into ten bins, ofwhi
h the rightmost one (0.8,1.0) is empty; in fa
t, it 
ould be populated onlyby events that got 
lassi�ed as signal-like in almost 100% of the tree splittings.The WW ba
kground is evenly distributed a
ross the ten bins, while the top-quarkba
kgrounds are 
lassi�ed mostly into the �rst bin, whi
h means that their topologiesare easier to re
ognize for the BDT. The small fra
tion of Z/γ∗+jets events whi
hsurvives the sele
tion is 
lassi�ed as signal-like; these events are, however, almostabsent in the eµ 
hannel, the most sensitive. This, on the other hand, is polluted bya signi�
ant 
ontribution of W+jets events, whi
h are parti
ularly tri
ky to handlesin
e their BDT response has almost the same shape as the signal one, and a yieldwhi
h is double in size. Only a few signal events have got a low BDT response(BDT ≤ −0.2).What has been des
ribed up to now, holds for low-mass signal hypotheses; sin
efor ea
h mass point a dedi
ated training is performed, the BDT response 
hangesas a fun
tion of the mass, as illustrated in Fig. 4.21 for a few examples (mH =
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(d)Figure 4.20: Distributions of the BDT response in the data and in the MC simulation,after all sele
tion 
uts, in the 0-jet 
hannel. The plots show (a) ℓℓ, (b) ee, (
) µµ,(d) eµ. The signal 
ontribution for mH = 125 GeV has been multiplied by a fa
torof ten for better visibility. All ba
kgrounds are normalized as in Table 4.5.
125, 400, 600 GeV). In these plots, the distributions are shown in �ve bins and theleftmost bin has been s
aled down by 0.1 for better visibility, while for masses otherthan 125 GeV, the signal has been multiplied by ten, to 
ope with its de
reasing rate.It 
an be re
ognized that, as the mass in
reases, it gets more and more di�
ult forthe BDT to dis
riminate between the signal and the ba
kground hypotheses, sin
ethe boost of the WW system breaks the spin 
orrelations between the leptons; forthis reason, more and more signal events get 
lassi�ed as ba
kground-like.4.7.4 Signal region in 1-jetIn the 1-jet 
hannel, after the requirement for one identi�ed jet, additional 
uts areapplied:

• b-jet veto: the identi�ed jet 
annot be b-tagged, i.e. its b-tag weight 
annot
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(
)Figure 4.21: Distributions of the BDT response in real data and in MC simulation,in the signal region after all sele
tion 
uts, in the 0-jet 
hannel, for three masshypotheses: (a) mH = 125 GeV, (b) mH = 400 GeV, (
) mH = 600 GeV. In these
ond and third 
ases, the signal 
ontribution has been multiplied by a fa
tor often for better visibility, while in all 
ases the �rst bin has been s
aled down by 0.1.The di�eren
e in the ba
kground shape is 
aused by the fa
t that ea
h mass pointis trained independently.ex
eed -1.25 (
orresponding to a working point of 80% e�
ien
y for b-jetsidenti�
ation in MC, see Se
tion 4.4.6),
• pT,TOT < 30 GeV,
• Z → ττ veto: the event is dis
arded if |mττ −mZ | < 25 GeV,
• mℓℓ < 80 GeV if mH < 200 GeV.All 
uts are in 
ommon with the 
ut-based sele
tion, apart from the mℓℓ threshold(
f. Table 4.4). The 
orresponding number of signal and ba
kground events 
an beseen in Table 4.5, at ea
h stage of the sele
tion, together with the number of theobserved events in data. As expe
ted, the b-tag veto reje
ts most of the top-quarkba
kgrounds (namely 70%), thus halving the total ba
kground. Then, a 
ut on the



Sear
h for the H →WW (∗) De
ay Using a Multivariate Analysis 111total transverse momentum of the event is applied, de�ned as:
~pT, TOT = ~pT, ℓ1 + ~pT, ℓ2 + ~pT, jet + ~pT,missin order to veto the presen
e of additional soft jets, whi
h may be present in the eventbut fail the jet identi�
ation 
riteria. Basi
ally all ba
kgrounds are redu
ed by thisrequirement, halving again the total yield; also the signal is a�e
ted. Afterwards,in order to expli
itily remove the remaining Z/γ∗+jets events, whi
h at this pointare mostly given by Z → ττ de
ays, a Z → ττ veto is applied, requiring the massof the hypotheti
al ττ system not to be within 25 GeV from the mZ mass. Underthe hypotheses that the two leptons are τ de
ay produ
ts, that the two neutrinosare 
ollinear with the leptons (
ollinear approximation [217℄) and that there is noother sour
e of missing transverse energy, the ττ invariant mass is 
omputed as

mττ = mℓℓ/
√
x1 x2, where x1,2 are the energy fra
tions 
arried by the visible de
ayprodu
ts of the two τ leptons, and are given by x1,2 = pvis,1,2/(pvis,1 + pvis,2) [218℄.These energy fra
tions have to be in the range (0,1) for the veto to apply. This 
utreje
ts around 20% of the Z/γ∗ ba
kground. Finally, the same 
ut on the dileptoninvariant mass as in the 0-jet analysis is applied.At the end of the sele
tion, the S/B ratio is 3.9%, while it used to be 0.8% afterthe 1-jet requirement; 14 signal events are expe
ted formH = 125GeV, together with355 events for the total ba
kground; the relative un
ertainty on the total ba
kgroundis ±8%, larger than in the 0-jet 
ase (where it is ±4.6%). 374 events are observedin the data. As noti
ed already for the 0-jet result, most of the 
andidates belongto the eµ 
ategory, as 
an be seen in Table 4.6. Fig. 4.22 shows the distributions ofthe BDT response in the signal region for the 1-jet 
hannel, for the individual lepton�avours and their 
ombination. Shown are the various ba
kground 
omponents, thesignal expe
tation for mH = 125 GeV and the events found in the data. Five binsare used here, as done in the �t. The data and the MC predi
tions appear to bein good agreement. Contrarily to the 0-jet 
ase, here the leftmost bin is found tohave a ratio between the data and the MC predi
tion 
lose to unity; on the otherhand, a similar situation arises for the signal-like region, showing slight �u
tuations,downwards for ee and upwards for µµ.Fig. 4.23 shows how the BDT response 
hanges in shape when going to higherHiggs boson masses. As in the 0-jet 
ase, in
reasing mH 
auses the 
lassi�ed eventsto shift to the left side, with a worsening of the S/B dis
rimination.
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(d)Figure 4.22: Distributions of the BDT response in the data and in the MC simulation,after all sele
tion 
uts, in the 1-jet 
hannel. The plots show (a) ℓℓ, (b) ee, (
) µµ,(d) eµ. The signal 
ontribution for mH = 125 GeV has been multiplied by a fa
torof ten for better visibility. All ba
kgrounds are normalized as in Table 4.5.4.7.5 WW 
ontrol region in 0-jetIn the 0-jet 
hannel, the normalization of the WW ba
kground is �xed to the databy means of a dedi
ated 
ontrol region. This is de�ned applying all 
uts up to thelast mℓℓ requirement and inverting it(5) (mℓℓ > 80 GeV).As 
an be seen again in Table 4.5, the WW ba
kground dominates in its CRas expe
ted, with some 
ontributions from the top-quark ba
kgrounds. The nor-malization fa
tor, αWW , is estimated as the ratio between WWdata and WWMC,where the latter is simply the MC predi
tion, while the former is obtained sub-5In the 
ut-based analysis, where it holds mℓℓ < 50 GeV for the signal region and mℓℓ > 80 GeVfor the WW 
ontrol region, the two regions are not adja
ent, requiring a 
areful investigation ofthe theoreti
al un
ertainties on the extrapolation fa
tors. In this analysis, on the other hand, sin
e
uts are relaxed (no ∆φℓℓ and no mT 
uts are used in the signal region), the two regions are de�nedas adja
ent and no extrapolation un
ertainty is 
onsidered.
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(
)Figure 4.23: Distributions of the BDT response in real data and in MC simulation,in the 1-jet signal region after all sele
tion 
uts, for three mass hypotheses: (a)mH =
125 GeV, (b) mH = 400 GeV, (
) mH = 600 GeV. In the se
ond and third 
ases, thesignal 
ontribution has been multiplied by a fa
tor of ten for better visibility, while inall 
ases the �rst bin has been s
aled down by 0.1. The di�eren
e in the ba
kgroundshape is 
aused by the fa
t that ea
h mass point is trained independently.tra
ting from the data the sum of all ba
kgrounds ex
ept WW itself: the result is
αWW = 1.03 ± 0.06, in agreement with the 
ut-based value of α
.b.

WW = 1.05 ± 0.06.The normalization obtained in the �t to the BDT response, whi
h 
an be found inTable I.1, is 1.01± 0.04.Even if the BDT response is a
tually fed into the limit setting ma
hinery as asingle bin, it is instru
tive to look at the shape of the BDT response also in the
ontrol regions, as shown in Fig. 4.24 for the individual lepton �avours and their
ombination. All events are squeezed to the leftmost bins, with no event beyond-0.8. This 
an be interpreted as a good performan
e of the BDT algorithm, whi
h isable to 
orre
tly identify all events as very ba
kground-like, given their orthogonaltopology with respe
t to the signal. For what 
on
erns the high-mass analysis, asalready explained, no signal-free 
ontrol region 
an be identi�ed, thus the WW
ontribution is taken dire
tly from the MC predi
tion.
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(d)Figure 4.24: Distributions of the BDT response in the data and in the MC simulation,in the 0-jet WW 
ontrol region. The plots show (a) ℓℓ, (b) ee, (
) µµ, (d) eµ. Thesignal 
ontribution for mH = 125 GeV has been multiplied by a fa
tor of ten forbetter visibility. All ba
kgrounds are normalized as in Table 4.5, ex
ept the WWone, whi
h 
orresponds to the pure MC predi
tion.4.7.6 WW 
ontrol region in 1-jetSimilarly to the 0-jet 
hannel, also in the 1-jet 
hannel the WW ba
kground isnormalized to the data by means of a dedi
ated 
ontrol region, whi
h is obtained byinverting the last mℓℓ requirement. The pollution from the top-quark ba
kgroundsis more severe in this 
ase, su
h that theWW events a

ount for less than half of thetotal (see Table 4.5). The WW 
ontributions observed in the data and predi
ted bythe MC simulation appear to be in very good agreement with ea
h other (127 and 128events, respe
tively), so that the α fa
tor is 
ompatible with 1 (αWW = 0.99±0.15),while the 
ut-based analysis �nds α
.b.
WW = 0.95± 0.14. The normalization obtainedin the �t to the BDT response, whi
h 
an be found in Table I.1, is 1.19 ± 0.22. Asfor the 0-jet 
ase, the BDT response, shown in Fig. 4.25, is squeezed to the left; the



Sear
h for the H →WW (∗) De
ay Using a Multivariate Analysis 115large shaded bands re�e
t the non negligible size of the total un
ertainties. Finally,also in 1-jet no WW CR is used for the high-mass analysis.
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(d)Figure 4.25: Distributions of the BDT response in the data and in the MC simulation,in the 1-jet WW 
ontrol region. The plots show (a) ℓℓ, (b) ee, (
) µµ, (d) eµ. Thesignal 
ontribution for mH = 125 GeV has been multiplied by a fa
tor of ten forbetter visibility. All ba
kgrounds are normalized as in Table 4.5, ex
ept the WWone, whi
h 
orresponds to the pure MC predi
tion.4.7.7 Top-quark 
ontrol region in 1-jetFor the 1-jet 
hannel only, where it is most abundant, the top-quark ba
kground isnormalized by means of a dedi
ated 
ontrol region. All 
uts are applied as for thesignal region, apart from the b-tag veto whi
h is reversed, i.e. the identi�ed jet mustbe a b-jet; moreover, the �nal mℓℓ 
ut, spe
i�
 to the signal topology, is not applied.As shown in Table 4.5, a high purity is rea
hed for this region; the 
ontributionsestimated in the data and in the MC agree 
losely with ea
h other (603 and 602events, respe
tively); the normalization obtained in the �t to the BDT response,



116 4.7. BDT responsewhi
h 
an be found in Table I.1, is 1.03± 0.06.Fig. 4.26 shows the distributions of the BDT response in this region, in �vebins and with the �rst bin s
aled down by 0.1. Even if, in this 
ase, the events aredistributed a
ross the whole range and not squeezed to the left as for theWW 
ontrolregion, the good agreement between the data and the MC expe
tation indi
ates thatthe ba
kground-like data events are being 
orre
tly 
lassi�ed by the algorithm.
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(d)Figure 4.26: Distributions of the BDT response in the data and in the MC simulation,in the 1-jet top-quark 
ontrol region. The plots show (a) ℓℓ, (b) ee, (
) µµ, (d) eµ.The signal 
ontribution for mH = 125 GeV has been multiplied by a fa
tor of tenfor better visibility. All ba
kgrounds are normalized as in Table 4.5, ex
ept thetop-quark ba
kgrounds, whi
h 
orrespond to the pure MC predi
tion.
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kground estimationWhereas a dedi
ated 
ontrol region is not present, the ba
kground estimation is amixture of MC predi
tions and data-driven samples, following mostly the 
ut-basedapproa
h. In the following, the ba
kgrounds for whi
h a data-driven or pseudo data-driven te
hnique is employed are des
ribed; the others rely on pure MC predi
tions.4.8.1 Top-quark ba
kgrounds in 0-jetWhile in 1-jet the top-quark ba
kground is estimated in its 
ontrol region, as dis-
ussed in Se
tion 4.7.7, in 0-jet it is not possible to de�ne a ba
kground-enri
hedregion, sin
e there is no identi�ed jet to tag as b-jet. In fa
t, the residual top-quarkba
kground 
onsists mostly of events whose b-jets have either failed to be re
on-stru
ted as su
h, or have not passed the pT threshold. To 
orre
t the pure MCpredi
tion, then, the estimation of the jet veto e�
ien
y is needed. This is dones
aling the number of tt events after the Emiss
T, rel requirement (ba
kground-subtra
teddata) to their number in the 0-jet signal region. This s
ale fa
tor is taken to bethe square of the e�
ien
y for one top-quark de
ay to satisfy the jet veto, e�
ien
ywhi
h is estimated from another top-quark 
ontrol sample enri
hed in b-jets, andwhi
h is 
orre
ted for the subleading 
ontribution of single top-quark de
ays.Top-quark events have to be res
aled through this jet veto e�
ien
y by about 4%,the data-driven s
ale fa
tor being α0-jettop = 1.04±0.07 (stat) ± 0.17 (sys), 
ombiningthe lepton 
hannels together. This estimation is taken dire
tly from the 
ut-basedanalysis [28℄ (the approximation is good enough given its un
ertainty).4.8.2 Z/γ∗+jets ba
kgroundThe Z/γ∗+jets ba
kground is estimated, both in the 0- and 1-jet 
hannels, 
orre
tingthe MC predi
tion by means of an Emiss

T mismodelling fa
tor, a

ounting for the fa
tthat this ba
kground 
an pollute the signal region only be
ause of fake Emiss
T . Themismodelling fa
tors are obtained 
omparing the data and the MC predi
tion in atwo-dimensional plane (mℓℓ, E

miss
T, rel), where mℓℓ is inside or outside a 10 GeV windowfrom mZ , for ea
h lepton �avour separately. This method is similar but less 
omplexthan the ABCD method employed by the 
ut-based analysis [28℄.4.8.3 W+jets ba
kgroundThe W+jets 
ontribution in the signal region derives from misidenti�
ation of jetsas leptons, with the other lepton being the real one from the W de
ay. The misiden-ti�
ation rate needs to be estimated in data; to this extent, a data-driven te
hnique
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kground estimationhas been developed in the 
ontext of the 
ut-based analysis, as des
ribed in thefollowing. The number of W+jets events in the SR is given by:
(W+jets)SR = (W+jets)CR×fake fa
tor = (W+jets)CR×( identi�ed leptonsanti-identi�ed leptons)dijetwhere (W+jets)CR is 
omputed in a data 
ontrol sample, while the fake fa
tor usesan in
lusive dijet sample. For the former, the 
ontrol sample is de�ned as havingone identi�ed lepton, as in the main analysis, and one anti-identi�ed lepton whi
hsatis�es only a loosened set of 
riteria, but fails the standard ones (as de�ned inSe
tions 4.4.4 and 4.4.5), as normally happens for a jet faking a lepton. The loosened
riteria are:

• for ele
trons:� standard pT and η requirements,� standard 
ut on the longitudinal impa
t parameter, |z0| < 1 mm,� no 
ut on the transverse impa
t parameter signi�
an
e, |d0/σ(d0)|,� standard tra
k isolation p
oneT /pT < 0.13,� loosened 
alorimeter isolation E
one
T /pT < 0.3,

• for muons:� standard pT , η and tra
k quality requirements,� standard 
ut on the longitudinal impa
t parameter, |z0| < 1 mm,� no 
ut on the transverse impa
t parameter signi�
an
e, |d0/σ(d0)|,� no 
ut on tra
k isolation,� loosened 
alorimeter isolation E
one
T /pT < 0.3.Afterwards, the same sele
tion 
riteria as in the 
ut-based signal region are applied(the BDT analysis relies on the 
ut-based estimation, whose un
ertainty is largeenough to 
ope with possible di�eren
es [28℄).The fake fa
tor, on the other hand, is estimated using an in
lusive dijet sample;it is given by the ratio between the number of fully identi�ed and anti-identi�edlepton 
andidates, in bins of pT of the anti-identi�ed lepton. From the dijet sample,the 
ontamination from W and Z de
ays is removed imposing spe
i�
 
uts, whilethat from Wγ and Wγ∗ is subtra
ted using the MC predi
tion.Table 4.7 shows the number of W+jets in the signal region and in the 
ontrolsample, for the individual lepton 
hannels and jet numbers. It 
an be seen thatthe ele
tron and muon fake fa
tors, on average 0.01 and 0.1, respe
tively, di�er
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antly; this is due, on one hand, to the di�erent rate of jets to fake ele
tronsand muons, on the other hand to the di�erent probability for the jet to pass theanti-identi�
ation 
riteria for ele
trons and for muons.Region ee eµ µµH + 0 jet
W+jets 
ontrol 86.0± 9.8(stat) 219± 15.6(stat) 5.74± 2.65(stat)Signal 0.87± 0.10(stat)±0.10(sys) 2.81± 0.43(stat)±1.22(sys) 1.00± 0.45(stat)±0.45(sys)H + 1 jet
W+jets 
ontrol 15.10± 4.24(stat) 54.80± 8.00(stat) 0.70± 1.00(stat)Signal 0.12± 0.04(stat)±0.05(sys) 0.51± 0.21(stat)±0.17(sys) 0.15± 0.20(stat)±0.02(sys)Table 4.7: Number of W+jets events predi
ted in the W+jets 
ontrol sample andin the 
ut-based signal region, for the individual lepton 
hannels and jet bins [28℄.The 
ontrol sample is de�ned reverting the quality 
riteria for one of the leptons(anti-identi�
ation) as explained in the text.This data-driven estimation also in
ludes impli
itely 
ontributions from the multi-jet ba
kground, for whi
h both leptons are faked by jets. For this reason, and sin
ethe isolation and quality 
riteria on the lepton identi�
ation make this ba
kgroundnegligible, as noted above, this 
ontribution is ignored in the signal region.4.9 Systemati
 un
ertaintiesIn general, the systemati
 un
ertainties, both from experimental and theoreti
alsour
es, are taken into a

ount in the analysis 
omputing the relative 
hange inthe number of sele
ted events that they indu
e; the 
hange in normalization 
an beexpressed as:

δup =
|Nnom −Nsys up|

Nnom , δdown =
|Nnom −Nsys down|

Nnom (4.7)where the label �nom� refers to the nominal yield, while �sys up� and �down� are thevariations whi
h are typi
ally obtained shifting the systemati
 upwards and down-wards of 1σ, respe
tively. For ea
h variation, the BDT 
lassi�
ation is performedagain, using the nominal training. The normalization un
ertainties are used as nui-san
e parameters in the limit extra
tion pro
edure.A few systemati
 un
ertainties indu
e also a substantial 
hange in shape in theBDT response; for these, the shape variation is taken into a

ount besides the nor-malization one.
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 un
ertainties4.9.1 Experimental un
ertaintiesSystemati
 un
ertainties are asso
iated with every step of the lepton re
onstru
tionand identi�
ation, with the missing ET measurement, with the jet 
alibration andtagging pro
edures, with the trigger and the luminosity estimation.The e�
ien
y-related systemati
 un
ertainties, su
h as b-tagging e�
ien
y, in-du
e only a 
hange in the MC event weight; in this 
ase, the nominal BDT responseis reweighted up and down, without re
lassifying the events, and the 
orrespondingsystemati
 is treated as a shape un
ertainty.Table 4.10 summarizes the treatment of experimental systemati
 un
ertainties,indi
ating also if a shape 
omponent is present. Additional details on jet-, lepton-and missing ET -related systemati
 un
ertainties are given in the following. Thenames in parentheses 
orrespond to the names of the nuisan
e parameters as pre-sented in Table 4.10.Moreover, an un
ertainty of ±3.9% is assigned to the integrated luminosity(±3.9% is the standard value for ATLAS analyses before the publi
ation of the�nal re
ommendation for the √
s = 7 TeV dataset, whi
h is ±3.7% [215℄).Jet systemati
 un
ertaintiesThe main experimental systemati
 un
ertainty is the jet energy s
ale (JES) one. Asbrie�y dis
ussed in Se
tion 3.3.5, jets are re
onstru
ted at the EM s
ale, as measuredby the 
alorimeters. The EM s
ale energy does not a

ount for 
alorimeter non-
ompensation, leakage, dead material, ine�
ien
ies. The goal of the JES 
alibration[180℄ is to 
orre
t the jet energies and momenta, using as a referen
e the kinemati
sof the 
orresponding Monte Carlo truth jets, in bins of pT and η. Un
ertainties on,e.g., the dead material budget, the noise des
ription and the beam spot position formthe 
orresponding JES un
ertainty, whi
h varies from ±14% to ±2% as a fun
tionof jet transverse momenta and pseudorapidities, for jets with pT > 25 GeV and

|η| < 4.5. In parti
ular, it is at most ±4% for 
entral jets. Pile-up e�e
ts have tobe taken into a

ount separately; their 
ontribution is less than ±5% in all bins.Also the un
ertainty on the jet energy resolution (JER), σ(pT )/pT , has to betaken into a

ount; it is obtained via in-situ te
hniques and is found to vary between
±5% and ±2% [181℄.Finally, a shape systemati
 is added on the b-tagging pro
edure [219℄, with vari-ations with respe
t to the nominal 
ase ranging between ±5% and ±14%. Besidesthe b-tagging e�
ien
y (B_EFF), the same algorithm provides also un
ertaintiesfor c-tagging (C_EFF) and for misidenti�
ation of light jets (L_EFF); both aretreated as shape systemati
 un
ertainties.
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(
) top-quarkFigure 4.27: Variations in the BDT response shape due to the jet-related systemati
un
ertainties (JES, JER, b-tagging e�
ien
y). The samples shown are: (a) the Higgsboson signal (gluon-fusion produ
tion mode) in 0-jet, (b) the WW ba
kground in0-jet, (
) the top-quark ba
kgrounds in 1-jet. In the latter two 
ases, the �rst bin iss
aled down by a fa
tor 0.1 for better visibility. In ea
h plot, the top frame showsthe overlay of the nominal shape with the systemati
 variations, while the bottomframe shows the ratio with respe
t to the nominal.Fig. 4.27 shows the impa
t on the BDT response of the various jet systemati
 un-
ertainties, for the ggF Higgs boson signal and the WW and top-quark ba
kgrounds.For the other ba
kgrounds, given the limited number of MC events, variations arenot signi�
ant. For the signal and the WW ba
kground, plots are shown in the 0-jet
hannel, while for the top-quark ba
kgrounds in the 1-jet 
hannel; in all 
ases, thelepton �avours have been 
ombined. It 
an be seen that the largest variations withrespe
t to the nominal shape are due to JES, espe
ially for the top-quark samples.Lepton systemati
 un
ertaintiesThe lepton systemati
 un
ertainties are related to the un
ertainties on their sele
tione�
ien
y, energy s
ale and resolution.For ele
trons, the sele
tion e�
ien
y in
ludes multiple e�e
ts, as dis
ussed inSe
tion 3.3.3. Contributions from identi�
ation, re
onstru
tion and isolation areadded in quadrature [220, 221℄; the identi�
ation has an un
ertainty up to ±8% inthe low-pT range, but within ±1% for pT > 30 GeV, while the re
onstru
tion andisolation un
ertainties are less than ±1% for pT > 15 GeV. All together, in
ludingalso a trigger un
ertainty of about ±1%, the ele
tron e�
ien
y un
ertainty (E_EFF)



122 4.9. Systemati
 un
ertaintiesranges between ±2% and ±5%, as a fun
tion of pT and η. The ele
tron energy s
ale(E_SCALE) and resolution (E_RES) systemati
 un
ertainties are negligible, beingsmaller than ±1% ea
h.
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) top-quarkFigure 4.28: Variations in the BDT response shape due to the ele
tron-relatedsystemati
 un
ertainties (e�
ien
y, energy s
ale, energy resolution). The samplesshown are: (a) the Higgs boson signal (gluon-fusion produ
tion mode) in 0-jet, (b)the WW ba
kground in 0-jet, (
) the top-quark ba
kgrounds in 1-jet. In the lattertwo 
ases, the �rst bin is s
aled down by a fa
tor 0.1 for better visibility. In ea
hplot, the top frame shows the overlay of the nominal shape with the systemati
variations, while the bottom frame shows the ratio with respe
t to the nominal.For muons [222,223℄, the same 
onsiderations bring to a sele
tion e�
ien
y system-ati
 (M_EFF) within ±1% on the whole pT and η ranges, and to a momentum s
ale(M_SCALE) and resolution systemati
 un
ertainties also smaller than ±1%. Con-
erning resolution, two independent e�e
ts have been implemented, one a

ountingfor tra
k resolution in the Inner Dete
tor (ID_RES), the other in the Muon Spe
-trometer (MS_RES).Figs. 4.28 and 4.29 show the impa
t on the BDT response of the various ele
tronand muon systemati
 un
ertainties, respe
tively, for the Higgs boson signal (in 0-jet)and theWW (in 0-jet) and top-quark (in 1-jet) ba
kgrounds, with the lepton �avours
ombined. It 
an be seen that the indu
ed distortion of the BDT shape is very smallfor the signal sample and the WW ba
kground, and inside 10% for the top-quarkba
kgrounds.
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(
) top-quarkFigure 4.29: Variations in the BDT response shape due to muon-related systemati
un
ertainties (e�
ien
y, energy s
ale, ID resolution, MS resolution). The samplesshown are: (a) the Higgs boson signal (gluon-fusion produ
tion mode) in 0-jet, (b)the WW ba
kground in 0-jet, (
) the top-quark ba
kgrounds in 1-jet. In the lattertwo 
ases, the �rst bin is s
aled down by a fa
tor 0.1 for better visibility. In ea
hplot, the top frame shows the overlay of the nominal shape with the systemati
variations, while the bottom frame shows the ratio with respe
t to the nominal.Missing ET systemati
 un
ertaintiesThe main systemati
 un
ertainties on the missing transverse energy (the CLUSTERterm) in
lude the propagation of the lepton and jet energy s
ale un
ertainties, andthe e�e
ts of sub-threshold jets and of soft 
alorimeter depositions not asso
iatedwith re
onstru
ted physi
s obje
ts [224℄. The variation indu
ed on the total ba
k-ground yield goes from ±1% to ±8%. Pile-up e�e
ts on missing ET are taken intoa

ount separately (PILEUP), varying the pile-up modelling; the impa
t on theba
kground yield ranges in this 
ase between ±1% and ±5%.Fig. 4.30 shows the e�e
t on the BDT response of the missing ET systemati
un
ertainties, for the Higgs boson signal (in 0-jet) and the WW (in 0-jet) and top-quark (in 1-jet) ba
kgrounds, with the lepton �avours 
ombined. As before, theindu
ed distortions of the BDT shape are very small for the signal sample and the
WW ba
kground, larger for the top-quark ba
kgrounds.4.9.2 Theoreti
al un
ertaintiesThe main sour
es of theoreti
al systemati
 un
ertainties in
lude underlying event(UE) modelling, initial and �nal state radiation (ISR/FSR), renormalization and
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(
) top-quarkFigure 4.30: Variations in the BDT response shape due to the missing ET -relatedsystemati
 un
ertainties (the 
luster and pile-up terms). The samples shown are:(a) the Higgs boson signal (gluon-fusion produ
tion mode) in 0-jet, (b) the WWba
kground in 0-jet, (
) the top-quark ba
kgrounds in 1-jet. In the latter two 
ases,the �rst bin is s
aled down by a fa
tor 0.1 for better visibility. In ea
h plot, the topframe shows the overlay of the nominal shape with the systemati
 variations, whilethe bottom frame shows the ratio with respe
t to the nominal.fa
torization s
ales, MC modelling and PDFs. They are listed in Table 4.10 afterthe experimental ones.For what 
on
erns the un
ertainties on the signal produ
tion 
ross se
tion, theyare determined following the pres
riptions in Refs. [87,225℄. The main 
ontributionis obtained varying the QCD renormalization and fa
torization s
ales up and downby a fa
tor of two (µR, µF = mH/2, 2mH ). Independent results are obtained for theun
ertainty on the ggF 
ross se
tion with 0, ≥ 1 or ≥ 2 jets in the �nal state: assummarized in Table 4.8, for the 0-jet 
hannel un
ertainties range from ±25% at lowand intermediate masses, to ±47% at high masses. For the 2-jet 
ut-based analysis,the impa
t of the QCD s
ale variations is 
omputed also on the VBF 
ross se
tion,resulting in an additional ±5% term over the whole mass range; this also in
ludesthe impa
t of the un
ertainty on the third jet veto requirement.For masses above 300 GeV, where the width of the Higgs boson starts to be largerthan 10 GeV, the un
ertainty on the des
ription of the Higgs boson lineshape, as im-plemented in the POWHEG generator, is also taken into a

ount. It is added in quadra-ture for both the ggF and VBF pro
esses, and amounts to 150%× (mH/1 TeV)3.The pro�le of the Higgs boson pT spe
trum is reweighted from the POWHEG pre-di
tion to the HqT one, whi
h in
ludes a NLO �xed order 
al
ulation and NNLL
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mH = 125 GeV, mH = 240 GeV mH = 600 GeVQCD s
ales µR, µF0-jet analysis ±25% ±47%1-jet analysis ±37% ±43%2-jet analysis (ggF) ±25% ±25%2-jet analysis (VBF) ±5% ±6%Higgs boson lineshape 150% × (mH/1 TeV)3PDF un
ertaintiesggF ±8% ±8%VBF ±2% ±4%Table 4.8: Theoreti
al relative un
ertainties on the MC yields for the ggF and VBFsignal pro
esses, at low, intermediate and high Higgs boson masses [28℄.resummation. The reweighting needs to be taken into a

ount be
ause it is expe
tedto 
hange the lepton kinemati
s and the number of jets.The PDF un
ertainties are estimated by the variation asso
iated with their errorsets, added to the variation a
ross di�erent sets, independently for the gluon-gluon,gluon-quark and quark-quark initiated pro
esses; the relative un
ertainty for theggF term amounts to ±8%, while for VBF no extra term is required.For what 
on
erns the MC modelling, the a

ura
y of the signal predi
tion is
he
ked 
omparing the baseline generator, POWHEG, to an alternative one, namelyMC�NLO; the 
orresponding systemati
 un
ertainty is labelled as �UEPS� (see Table4.10) sin
e it in
ludes the e�e
ts of di�erent models for the underlying event (UE)and the parton shower (PS). Also the un
ertainty on the modelling of the ba
kgroundpro
esses is estimated by alternative generators: ALPGEN for the WW produ
tion,POWHEG for tt, PYTHIA for the Z/γ∗ + 2 jets pro
ess. All un
ertainties for tt areassumed to be the same also for the subleading single top-quark 
omponent.4.9.3 Un
ertainties from data-driven methods and 
ontrol regionsSome additional systemati
 un
ertainties arise from the usage of data-driven meth-ods, pseudo data-driven methods and 
ontrol regions. They a�e
t, respe
tively, the

W+jets, Z/γ∗+jets, WW and tt ba
kgrounds.The un
ertainty on the data-driven estimation of the W+jets ba
kground israther 
onsistent, a

ounting for ±50% in the signal region. Its 
omponents in
ludethe di�eren
e in jet 
omposition between the dijet sample used to estimate the fakefa
tor and the a
tualW+jets ba
kground, the impa
t of the limited number of events



126 4.10. Statisti
al model and �t pro
edurein the data sample used to de�ne the 
orresponding 
ontrol region ((W+jets)CR, seeSe
tion 4.8.3) and the 
ontamination in real leptons from W and Z de
ays. A pairof systemati
 ntuples is obtained shifting the fake rate upwards and downwards (of aquantity whi
h has the loose meaning of �1σ�); after running the BDT 
lassi�
ation,their di�eren
e to the nominal sample is used as a shape un
ertainty on the BDTresponse (Fake_Rate). The size of this systemati
 un
ertainty limits the a

ura
yof the whole analysis, espe
ially given the fa
t that, at the end of the sele
tion, the
W+jets yield is double the signal yield (see Table 4.5), with a very similar shape.Con
erning the Z/γ∗+jets ba
kground, only a statisti
al un
ertainty is assignedon the extra
tion of the mismodelling s
ale fa
tors (Z_SCALEF), for ea
h 
hannelindependently (see Appendix I).The WW and tt ba
kgrounds are obtained from 
ontrol regions (for WW , onlyif mH < 200 GeV), as explained in Se
tion 4.7; the theoreti
al error on the αWW,ttfa
tors has to be evaluated, while the experimental one is negligible. For WW ,some of the diagrams and o�-shell spin 
orrelations are missing from the MC�NLOimplementation, while they are in
luded in the MCFM one. Small di�eren
es betweenthe two 
omputations result in di�erent lepton kinemati
s (mℓℓ in parti
ular), thusin di�eren
es in αWW , yielding α(MC�NLO)/α(MCFM) = 0.980 ± 0.015, with the errorbeing purely statisti
al; a 
onservative estimate of ±3.5% is used in the analysis.Further un
ertainties on α are obtained using di�erent PDF sets and varying theQCD s
ales, both for the main qq, qg initiated pro
esses and the gg 
omponent; theresults are summarized in Table 4.9.The total pre-�t(6) un
ertainties on the WW ba
kground in the signal regionamount to ±9% in 0-jets, dominated by the statisti
al term, and to ±22% in 1-jet,dominated by the 
ontamination of tt events in the WW CR.Finally, the total un
ertainties on the tt ba
kground in the signal region arelarger, being ±23% and ±40% in the 1- and 2-jets 
hannels, respe
tively. Theyare driven by the un
ertainty on the b-tagging e�
ien
y, used to de�ne both thesignal and the 
ontrol region. For the 0-jet bin, a ±22% error is assigned to the ttestimation.4.10 Statisti
al model and �t pro
edureAt the end of the sele
tion, as detailed in Se
tion 4.7, the number of events in realdata has to be 
ompared with the sum of the signal and ba
kground events, in orderto establish limits on σmeas/σSM(mH), namely the measured 
ross se
tion for the6Here and in the following, �pre-�t� refers to values 
omputed before performing the �t, while�post-�t� to the �nal results, taking into a

ount all systemati
 un
ertainties.
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ales PDFs Modelling
qq, qg, α0j

WW 2.5% 3.7% 3.5%

qq, qg, α1j
WW 4% 2.9% 3.5%

gg, α0j
WW 6% 4.4% −

gg, α1j
WW 9% 4.6% −Table 4.9: Un
ertainties on αWW from various sour
es: QCD s
ales (µR, µF =

mH/2, 2mH ), di�erent PDF pres
riptions and MC modelling. The relative un
er-tainties are reported for both the main qq, qg initiated pro
esses and the gg 
ompo-nent.produ
tion of a Higgs boson of mass mH , in units of the 
orresponding theoreti
alSM 
ross se
tion.To exploit the full power of the BDT te
hnique, the limit extra
tion takes ad-vantage of the 
lassi�
ation into signal-like and ba
kground-like events, through ashape �t to the BDT response. As anti
ipated in the previous Se
tions, in the low-mass 
ase shapes are binned into ten and �ve bins, for the 0- and 1-jet 
hannels,respe
tively, while for high-mass 20 bins are used and a remapping is performed, asdis
ussed in Se
tion 4.10.1. For 
omparison, the 
ut-based analysis uses �ve, threeand one bin, for 0-, 1- and 2-jet 
hannels, respe
tively. Normalizations from 
ontrolregions are always estimated via a single-bin �t.All systemati
 un
ertainties − due to the limited number of MC events, to theexperimental e�e
ts and to the theoreti
al approximations − are taken into a

ountin the form of nuisan
e parameters. The �t is performed into 18 
ategories: threelepton �avours (ee, µµ, eµ), three jet 
hannels (0, 1, 2 or more jets), two data-takingperiods (BK, LM). The 2-jet likelihood fun
tion is taken from the 
ut-based analysisand multiplied to the 0-jet and 1-jet BDT ones to get the �nal 
ombined result. Thelikelihood is built using the HistFa
tory framework [226℄, implemented in ROOT,and the �nal results are extra
ted by means of the 
ommon RooStats and RooFittools [227℄.4.10.1 RemappingSin
e, as shown later, the likelihood fun
tion is built as a produ
t on independentbins, the latter 
an be resorted without any bias to the �nal result. It is useful toremap the BDT response, in a way that empty bins are removed, in order to improve



128 4.10. Statisti
al model and �t pro
edurethe stability of the �t 
onvergen
e. In parti
ular, the low number of MC events 
angenerate a troublesome bin looking like:S 6= 0, B = 0, data 6= 0whi
h would indu
e a spuriously large result for the likelihood. Too pronoun
ed bin-to-bin �u
tuations, moreover, 
an 
ause the �t to be highly unstable. A solution toinstabilities resides in dynami
ally 
hanging the bin size in su
h a way that the totalba
kground is uniformly distributed a
ross the bins. This redu
es the impa
t of theMC statisti
al �u
tuations, without losing the signal shape information. However,this is done in the 
ut-based analysis, but not in the BDT analysis. As shownalready, at low-mass the BDT response is distributed between -1 and ≈ 0.8, withoutdis
ontinuities (on the 
ontrary, mT , the variable �tted in the 
ut-based analysis,peaks 
lose to mH and then tapers o� in the tails), so there are no severe �u
tuationproblems to 
ure. Moreover, given the fa
t that the BDT algorithm 
lassi�es eventsas signal-like or ba
kground-like, and one is interested in the shapes of both thesignal and the ba
kground, remapping the ba
kground to be �at means losing thisessential information. For these reasons, the �nal version of the BDT analysis for
√
s = 7 TeV data does not use remapping at low-mass. Fig. 4.31 shows a fewtypi
al examples of the BDT response, in various 
hannels and jet 
ategories, with(a,b) and without (
,d) the remapping applied. The 
orresponding improvement inthe CLs limit on σmeas/σSM (see Se
tion 4.10.4) is on average between 10% and 20%for in
reasing mH , when dropping the remapping pro
edure.In the high-mass range, on the other hand, the BDT response shrinks more and moreto the left side as mH in
reases; this 
an 
reate a tail on the right side, giving rise toa similar situation to the one des
ribed for mT . In parti
ular, a dis
ontuinity in theexpe
ted ex
lusion limit is found for mH = 380 GeV, as a result of MC statisti
al�u
tuations. To avoid this, a remapping is performed for mH > 200 GeV, su
h thatthe �rst, leftmost bin 
ontains exa
tly half of the total ba
kground events, whilethe remaining half is evenly distributed a
ross 19 bins, up to BDT = 1. The signalevents and the real data, on the other hand, are left free to adjust themselves onthe so obtained bin pattern. The e�e
t of this pro
edure 
an be seen in Fig. 4.32,where the BDT response for the eµ 1-jet 
hannel (the sour
e of the above mentioneddis
ontinuity) is shown before and after remapping. Having 20 remapped bins inthe high-mass signal region, gives to the analysis stability and improved sensitivityat the same time.
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(a) (b)

(
) (d)Figure 4.31: Distributions of the BDT response, in various lepton 
hannels and jetnumbers, before (a,b) and after (
,d) dropping the remapping pro
edure. The latteris designed in a way that the total ba
kground is evenly distributed a
ross the bins,while the signal and the data are left free to adjust themselves on the so-obtainedbin pattern. While, with the remapping applied, the signal is 
onstrained to 
overonly a few bins, after dropping it, the signal spans a wider range and its shape 
anbe fully exploited.

(a) (b)Figure 4.32: Distributions of the BDT response in the eµ 1-jet 
hannel (period LMonly), before (a) and after (b) the high-mass remapping strategy des
ribed in Se
tion4.10.1.



130 4.10. Statisti
al model and �t pro
edure4.10.2 Constru
tion of the likelihood fun
tionThe likelihood fun
tion is the basi
 building blo
k of any statisti
al analysis, sin
eit 
ontains all analysis details in a 
ompa
t form. Its basi
 form is the following:
L(µ) = P (N |µS +B) (4.8)where N is the observed number of events, while S and B are the expe
ted numbersof signal and ba
kground events, respe
tively. The signal strength is given by µ,whi
h is the parameter of interest (POI), to be �tted in a way that µ̂ = (N −B)/S(the hat on a variable indi
ates its best �t value). The 
ase µ = 0 
orresponds tothe null hypothesis, while µ = 1 to the nominal signal hypothesis. In this simplemodel, the likelihood is just given by the Poisson probability as a fun
tion of µ.Often, as in the 
ase of the H → WW (∗) analysis, additional measurements areprovided on the various ba
kground 
omponents, namely as 
ontrol regions whi
hhelp 
onstraining their normalizations. The likelihood in
orporates this informationmultiplying the Poissonian term for the SR with a Poissonian term for the CR[228, 229℄:

L(µ, θ) = P (N |µS + θB)P (NCR | θBCR) . (4.9)Here the nuisan
e parameter (NP) θ has been introdu
ed, whi
h serves to �t thetarget ba
kground in its dedi
ated 
ontrol region (θ̂ = NCR/BCR), and to relate the
orresponding measurements between SR and CR. On the 
ontrary, all the informa-tion 
on
erning µ is 
ontained in the �rst Poissonian term. The α fa
tors mentionedpreviously for the CR normalizations, e.g. αWW , are de�ned as α = B/BCR. Theauxiliary 
onstraint 
an be written 
ompa
tly as F (θ̃, θ), with θ̃ being an auxiliarymeasurement; in this analysis, it is taken to be either a unit Gaussian or a Poissonian.Sin
e the true values of the POI and the NPs are unknown, they are approxi-mated as the values they take in 
orrespondan
e with the maximum of the likelihood(maximum likelihood estimator, MLE).In this analysis, many single-likelihood terms as in Eq. 4.9 are multiplied to-gether: one for ea
h bin i of the BDT distribution, one for ea
h jet 
ategory j, onefor ea
h lepton �avour k and one for ea
h data-taking period l, resulting in [228,229℄:
L(µ, θ) =





∏

l=BK,LM

∏

k=ee,eµ,µµ

Njets∏

j=0

Nbins∏

i=1

P (Nijkl |µSijkl +
Nbkg∑

b

Bijklb)



×

Nθ∏

m=1

F (θ̃m, θm) .(4.10)The sum of the Bijklb terms in
ludes all ba
kground 
omponents; to better disen-tangle the 
ontribution of 
ontrol regions, the likelihood in bra
es 
an be fa
torized
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i |µ, θ), where the produ
t runs over all 
ontrol regions, ea
hhaving its own Poissonian term.4.10.3 Normalization, shape and statisti
al un
ertaintiesThe predi
tions for the numbers of signal and ba
kground events are fun
tions ofthe nuisan
e parameters in a fa
torized way, i.e. for the signal (and similarly for theba
kground) S = S0 × ν(θ), where S0 is the nominal expe
ted rate, and the form of

ν(θ) depends on the systemati
 un
ertainty. As mentioned already throughout thetext, three kinds of systemati
 un
ertainties are used in the analysis: normalization,shape and statisti
al un
ertainties [228, 229℄.
• Normalization un
ertainties are �at, sin
e they 
hange only the overall yieldof a distribution. The 
onstraint on θ is a unit Gaussian.
• Shape systemati
 un
ertainties on a distribution a�e
t the 
ontent of ea
hbin individually. If they have a normalization 
omponent, by 
onstru
tionthis is treated separately, so that the shape 
omponent does not have anye�e
t on the overall rate; the two 
omponents, however, share the same θ, i.e.
νnorm(θ) and νshape(θ). The asso
iated nuisan
e parameter is distributed as
ν(θ) = 1 + ǫθ, with a 
onstraint su
h that ν(θ) > 0, θ being distributed as atrun
ated Gaussian.

• The statisti
al un
ertainty, due to the limited number of MC events, is de-s
ribed by the Poissonian term P (θ̃|θλ) = (θλ)θ̃e−θλ/(θ̃!), where θλ is theexpe
ted number of events. This un
ertainty 
on
erns also data-driven sam-ples.As explained in Se
tion 4.9.1, all e�
ien
y-related systemati
 un
ertainties are as-so
iated with a shape un
ertainty (however, they are negle
ted if the variation theyindu
e is < 1% in all bins). The other systemati
 un
ertainties have been 
he
kedfor the presen
e of shape deviations on the samples with a substantial number ofMC events (the ggF signal and the WW and top-quark ba
kgrounds, the latter inthe 1-jet 
hannel only) but, as shown in Figs. 4.27, 4.28, 4.29 and 4.30, no signi�
antshape deviation has been found. In fa
t, most systemati
 un
ertainties do indu
ea shape variation, but on the total ba
kground rather than on its 
omponents. Ta-ble 4.10 summarizes names and de�nitions of the nuisan
e parameters used in theanalysis, indi
ating also if a shape 
omponent is present.For what 
on
erns the normalization systemati
 un
ertainties, they are negle
tedif smaller than ±0.5%, to improve the speed and the 
onvergen
e stability of the �t.The MC statisti
al un
ertainties are applied to the total ba
kground in ea
h bin.
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al model and �t pro
edureAn additional 
ase, on top of the three dis
ussed above, applies to the ba
k-grounds normalized in dedi
ated 
ontrol regions; the 
onstraint is also a Poissonian,with λ substituted by λ(θ). The latter is the expe
ted number of events in the CR,and is given by λ(θ) = µS + θBtarget +∑Bi, where the sum runs on the ba
k-grounds not targetted by the CR. The strength parameter θ is used in any regionwhere Btarget appears.The BDT analysis does not use any nuisan
e parameters spe
i�
 to the data-taking period (BK or LM), unlike the standard analysis, where the Z/γ∗+jets es-timation gives rise to statisti
al un
ertainties whi
h are period-related. For thisreason, all BDT nuisan
e parameters are fully 
orrelated among the periods.
4.10.4 Test statisti
 and CLs pro
edureIn order to distinguish between the null hypothesis (B) and the alternative one(S+B), a test statisti
 Q has to be de�ned. Following the standard LHC pres
ription[230, 231℄, this analysis uses the alternate pro�le likelihood ratio (PLR) λ̃(µ):

λ̃(µ) =





L(µ,θ̂µ)
L(µ̂,θ̂) , µ̂ > 0

L(µ,θ̂µ)
L(0,θ̂(0))

, µ̂ ≤ 0
(4.11)where the signal strength µ is bounded to be physi
al. The Neyman-Pearson lemma[232℄ motivates the 
hoi
e of the likelihood ratio, stating that, among all data fun
-tions, this is the one with the highest statisti
al power, de�ned as the probabilityto reje
t the null hypothesis if false. The pro�le likelihood test statisti
 (PLTS) is
onstru
ted from the PLR, under the requirement for µ to be physi
al:

q̃µ =

{
−2 ln λ̃(µ) , µ̂ < µ

0 , µ̂ ≥ µ
. (4.12)In 
ase µ̂ is larger than the tested µ, i.e. in 
ase of an over�u
tuation of the signal-like events in data, this expression for the test statisti
 ensures that no eviden
eagainst the signal 
an be extra
ted.The distribution of Q = q̃µ is labelled as f(Q|B) in the null hypothesis, f(Q|S +

B) in the alternate; they are s
hemati
ally represented in Fig. 4.33. The solidverti
al line 
orresponds to the observed value. The p-value of the S+B hypothesis,
orresponding to the blue �lled area, is de�ned as the probability of �nding a Qvalue equally or less 
ompatible with the S + B model than the one measured in
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ription Type Shape VariationSigXse
OverSM σmeas/σSM Parameter of Interest −sampleNorm_ggf125 Normalization un
ertainty for the ggF signal sample Statisti
al −sampleNorm_vbf125 Normalization un
ertainty for the VBF signal sample Statisti
al −sampleNorm_wh125 Normalization un
ertainty for the WH signal sample Statisti
al −sampleNorm_zh125 Normalization un
ertainty for the ZH signal sample Statisti
al −sampleNorm_ttbar Normalization un
ertainty for the tt sample Statisti
al −sampleNorm_st Normalization un
ertainty for the single top-quark sample Statisti
al −sampleNorm_ww Normalization un
ertainty for the WW sample Statisti
al −sampleNorm_wzzz Normalization un
ertainty for the diboson sample Statisti
al −sampleNorm_zjets Normalization un
ertainty for the Z/γ∗+jets sample Statisti
al −sampleNorm_wjets Normalization un
ertainty for the W+jets sample Statisti
al −norm_WW0j WW normalization in 0-jet Control Region −norm_WW1j WW normalization in 1-jet Control Region −norm_top1j Top-quark ba
kgrounds normalization in 1-jet Control Region −B_EFF B-tagging e�
ien
y Experimental XC_EFF C-tagging e�
ien
y Experimental XL_EFF Mis-tagging e�
ien
y Experimental XJES Jet energy s
ale Experimental −JER Jet energy resolution Experimental −E_EFF Ele
tron sele
tion e�
ien
y Experimental XM_EFF Muon sele
tion e�
ien
y Experimental XE_SCALE Ele
tron energy s
ale Experimental −M_SCALE Muon energy s
ale Experimental −E_RES Ele
tron energy resolution Experimental −ID_RES Muon ID tra
k resolution Experimental −MS_RES Muon Spe
trometer tra
k resolution Experimental −TRIGGER_SF Trigger e�
ien
y un
ertainty Experimental XCLUSTER MET un
ertainty Experimental −PILEUP MET un
ertainty due to pile-up Experimental −LUMI Luminosity un
ertainty Experimental −Fake_Rate Un
ertainty on the W+jets fake rate Data-driven XTOP_SCALEF_0j Theoreti
al un
ertainty on 0-jet top-quark estimate Data-driven (th) −TOP_SCALEF_0j_hpt Statisti
al un
ertainty on 0-jet top-quark estimate Data-driven (stat) −Z_SCALEF Statisti
al un
ertainty on the data-driven Z+jets estimate Data-driven (stat) −QCDs
ale_V qq → V s
ale un
ertainty Theory −QCDs
ale_VV qq → V V s
ale un
ertainty Theory −QCDs
ale_VV_ACCEPT qq → V V s
ale un
ertainty on a

eptan
e Theory −QCDs
ale_ggH gg → H s
ale un
ertainty Theory −QCDs
ale_ggH1in gg → H s
ale un
ertainty (for ≥ 1 jet) Theory −QCDs
ale_ggH_ACCEPT gg → H s
ale un
ertainty on a

eptan
e Theory −QCDs
ale_qqH qq → qqH s
ale un
ertainty Theory −QCDs
ale_qqH_ACCEPT qq → qqH s
ale un
ertainty on a

eptan
e Theory −QCDs
ale_ttbar Un
ertainty on in
lusive tt 
ross se
tion Theory −UEPS Un
ertainty on ggF signal shape from POWHEG/MC�NLO 
omparison Theory Xpdf_gg gg PDF un
ertainty Theory −pdf_qqbar qq PDF un
ertainty Theory −pdf_qqbar_ACCEPT qq PDF a

eptan
e un
ertainty Theory −pdf_qqbar qq PDF un
ertainty Theory −Table 4.10: Naming s
heme for the nuisan
e parameters used in this analysis, fromexperimental and theoreti
al sour
es, limited number of MC events, 
ontrol regionsand data-driven methods. The rightmost 
olumn indi
ates if a shape 
omponent ispresent in addition to the normalization one.data, assuming S +B to be true:
pS+B = P (Q ≥ Qobs|S +B) =

∫ ∞

Qobs f(Q|S +B) dQ . (4.13)Folllowing the CLs+b approa
h, the signal hypothesis is 
onsidered as ex
luded witha 
on�den
e level of 1 − α if pS+B < α. A 2σ ex
lusion 
orresponds to the 
hoi
e
α = 0.05.



134 4.11. ResultsIn the same way, the p-value of the null hypothesis, 
orresponding to the red �lledarea in Fig. 4.33, is de�ned as the integral to the left-side on the ba
kground-onlydistribution:
pB = P (Q ≤ Qobs|B) =

∫ Qobs
−∞

f(Q|B) dQ . (4.14)In the CLs+b approa
h outlined above, if S ≪ B (thus S + B ≈ B so that thedistributions of the two hypotheses largely overlap with ea
h other), a pathologi
alsituation 
an arise. In this 
ase, a �u
tuation in the data 
an lead to ex
lude S evenwithout ex
lusion power. This bias 
an be 
ured de�ning the CLs 
riterium:CLs =
pS+B

1− pB
< α (4.15)in su
h a way that the p-value in Eq. 4.13 gets a penalty of 1−pB , whi
h is negligiblein 
ase the two distributions are well sepatated, but be
omes more 
onsistent themore they overlap, redu
ing substantially in this 
ase the reje
tion power of theanalysis. The requirement CLs < α is more 
onservative than the previous CLs+b
riterium, sin
e CLs > pS+B. The CLs te
hnique, also known as the modi�edfrequentist method, is employed in this analysis to extra
t limits on the observedHiggs boson 
ross se
tion.

PSfrag repla
ementsFigure 4.33: S
hemati
 representation of the f(Q|S +B) and f(Q|B) distributionsand de�nition of pB and pS+B, labelled as P (b) and P (s + b) in the �gure, respe
-tively).4.11 ResultsThis Se
tion presents an overview of the �nal results for the BDT analysis with thefull 2011 luminosity. CLs ex
lusion limits are shown and 
ompared to the 
ut-basedresults, both for a shape �t of mT and a 
ut-and-
ount analysis. Moreover, resultsfor the �tted signal strength µ̂(mH) and the p0 signi�
an
e for the ba
kground-onlyexpe
tation are presented. Only the main plots are given here; a larger 
olle
tion,broken down into lepton �avours, jet bins and data-taking periods, 
an be found in
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ay Using a Multivariate Analysis 135Appendix H.4.11.1 CLs ex
lusion limitsAfter the appli
ation of all sele
tion 
riteria, the number of events in the data, signaland ba
kground samples is shown in Table 4.11, where a sum over lepton �avourshas been 
arried out. These numbers are the same shown in Table 4.5, but with theaddition of the total pre-�t un
ertainties, in
luding the 
onstraints from the 
ontrolregions. The 2-jet bin is shown for 
ompleteness. All numbers larger than 1 arerounded to the 
losest integer. Comparing the total un
ertainties with the statisti
alones in Table 4.5, the e�e
t of the systemati
 un
ertainties 
an be appre
iated: itis substantial for all pro
esses (apart from Z/γ∗+jets, due to its limited number ofMC events), and in parti
ular for W+jets it is 
lose to ±50% as already noti
ed.Signal WW WZ/ZZ/Wγ tt̄ tW/tb/tqb Z/γ∗ + jets W + jets Total Bkg. Obs.0-jet 47± 12 557± 53 51± 10 60± 13 40± 13 37± 7 98± 51 844± 78 8621 jet 14± 5 110± 33 22± 4 77± 7 40± 15 79± 28 27± 13 355± 60 3742-jet 0.8± 0.2 0.8± 0.6 0.1± 0.1 0.9± 0.4 negl. negl. negl. 1.8± 1.1 1Table 4.11: Expe
ted numbers of signal (mH = 125 GeV) and ba
kground eventsat the end of the sele
tion, as well as the observed numbers of events in the data,summed over the lepton �avours. The total pre-�t un
ertainties are shown, takinginto a

ount the 
onstraints from the 
ontrol regions.The number of 
andidates in the data and in the MC expe
tation, as well as the �tto the BDT response, show no eviden
e of a SM Higgs boson, so limits on σmeas/σSM
an be set, as a fun
tion of mH , following the modi�ed frequentist method outlinedin Se
tion 4.10.4. Fig. 4.34 shows the individual results for the 0- and 1-jet bins,in the full range (110 < mH < 600 GeV) (a,b) and zoomed below 300 GeV (
,d)and 150 GeV (e,f). Fig. 4.35 shows the 
ombined result for all jet bins, with the2-jet result taken from the 
ut-based analysis. The impa
t of the individual lepton�avours 
an be seen in Fig. 4.36, in the intermediate mass range.Comparing Figs. 4.34, 4.35 and 4.36, it appears evident that the sensitivity ofthe 
ombined result is driven by that of the eµ 
hannel in the 0-jet bin, and theperforman
e in 1-jet is in general weaker than in 0-jet. While in the eµ 0-jet 
hannelthe observation agrees with the ba
kground-only expe
tation, in the µµ 0-jet and
eµ 1-jet 
hannels a moderate over�u
tuation is observed in the data, at low-mass,with a ∼ 2σ signi�
an
e (see also Table 4.6), while the ee 0-jet 
hannel presentsan under�u
tuation in the same range. Overall, as shown in Fig. 4.34, in the 1-jet
hannel the observation is 2σ apart from the ba
kground-only hypothesis.Combining all 
hannels and jet bins, a SM Higgs boson is expe
ted to be ex
luded



136 4.11. Resultsin the range:
127 GeV ≤ mH ≤ 254 GeV at 95% CL (BDT expe
ted) .The observed ex
luded range, with 4.7 fb−1 of integrated luminosity, is:
130 GeV ≤ mH ≤ 281 GeV at 95% CL (BDT observed) .The 
orresponding 
ut-based results are:

127 GeV ≤ mH ≤ 233 GeV at 95% CL (
ut-based expe
ted)
133 GeV ≤ mH ≤ 258 GeV at 95% CL (
ut-based observed) .The 
omparison between the BDT and the 
ut-based results 
an be visualized inFig. 4.37, for 0-jet, 1-jet and 
ombined limits (the a
tual values are given in Table4.12 for the 
ombined 
ase, and in Appendix H for 0- and 1-jet). A ratio smallerthan 1 indi
ates that the BDT analysis is improving with respe
t to the 
ut-basedone. The improvement is substantial in the high-mass range, namely > 20% for

mH & 250 GeV; for smaller masses, however, it is less signi�
ant, and negligiblefor mH . 145 GeV, where the BDT analysis 
on�rms the 
ut-based results. Thisbehaviour 
an be related mainly to two fa
ts:
• the small number of signal 
andidates at low-mass (for mH = 125 GeV, thereare < 20 expe
ted Higgs boson events in the eµ 0-jet 
hannel, whi
h is the oneleading the sensitivity,
• the improvement gained by the 
ut-based analysis when moving from a 
ut-and-
ount experiment to a shape �t of mT .Comparing the BDT limits with the standard 
ut-and-
ount ones (with a 
ut on thetransverse mass, 0.75mH < mT < mH), shows a larger improvement at low-massfor the multivariate result, as 
an be seen in Fig. 4.38 for the 
ombined 
hannels(the a
tual values are given in Table 4.13). In this 
ase, the improvement in
reasesmonotoni
ally for mH . 300 GeV (up to 52% at mH = 340 GeV), and then startsto de
rease, as the shape of the BDT response shrinks going to larger masses. Forobserved limits, on the other hand, the improvement is more stable: around 30%for intermediate masses and above 40% for high masses, while the low-mass rangeis dominated by statisti
al �u
tuations in the data.
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(f)Figure 4.34: Expe
ted (dashed) and observed (solid) 95% CL upper limits on theHiggs boson produ
tion 
ross se
tion, normalized to the SM 
ross se
tion, as afun
tion of mH , obtained using a shape �t to the BDT response on 4.7 fb−1 ofintegrated luminosity. The green and yellow bands show the 1σ and 2σ expe
tedun
ertainty ranges. The left and right 
olumns 
ontain the limits for the 0- and1-jet 
hannels, respe
tively; in (a,b) the full mass range (110 < mH < 600 GeV) isshown, in (
,d) the range 110 GeV < mH < 300 GeV is sele
ted, in (e,f) the range110 GeV < mH < 150 GeV.
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(
)Figure 4.35: Expe
ted (dashed) and observed (solid) 95% CL upper limits on theHiggs boson produ
tion 
ross se
tion, normalized to the SM 
ross se
tion, as afun
tion of mH , (a) in the full mass range, (b) zoomed up to 300 GeV, (
) zoomedup to 150 GeV, obtained using a shape �t to the BDT response on 4.7 fb−1 ofintegrated luminosity. The green and yellow bands show the 1σ and 2σ expe
tedun
ertainty ranges.
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(f)Figure 4.36: Expe
ted (dashed) and observed (solid) 95% CL upper limits on theHiggs boson produ
tion 
ross-se
tion, normalized to the SM 
ross-se
tion, in theintermediate-mass region (110 GeV < mH < 300 GeV). The left and right 
olumns
ontain the limits for the 0- and 1-jet 
hannels, respe
tively; the lepton �avoursshown are (a,b) ee, (
,d) µµ, (e,f) eµ.
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(
)Figure 4.37: Comparison of expe
ted limits between the BDT and the 
ut-basedanalyses, broken down into jet bins: (a) 0-jet, (b) 1-jet, (
) 
ombined. The bottompads 
ontain the ratio of the 
orrespoding two 
urves. The yellow and green bandsrefer to the 1σ and 2σ envelopes of the 
ut-based limit.
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(b)Figure 4.38: Comparison of (a) expe
ted and (b) observed limits between the BDTand the 
ut-based analyses (the latter using a 
ut on the transverse mass, 0.75mH <
mT < mH), with all three jet multipli
ities 
ombined. The bottom pads 
ontain theratio of the 
orresponding two 
urves. The yellow and green bands refer to the 1σand 2σ envelopes of the 
ut-based expe
ted limit.
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mH (GeV) BDT Cut-based Ratio of expe
ted limits

mT shape �t (BDT/
ut-based)Observed Expe
ted Observed Expe
ted110 9.03 7.48 10.15 8.08 0.93115 4.61 3.48 4.68 3.67 0.95120 2.38 1.87 2.63 1.96 0.95125 1.41 1.12 1.69 1.18 0.95130 0.99 0.77 1.14 0.78 0.98135 0.66 0.58 0.87 0.57 1.01140 0.58 0.44 0.66 0.45 0.99145 0.47 0.35 0.52 0.36 0.96150 0.40 0.28 0.41 0.31 0.91155 0.23 0.22 0.31 0.25 0.90160 0.20 0.16 0.21 0.19 0.87165 0.15 0.16 0.17 0.18 0.88170 0.18 0.18 0.19 0.2 0.89175 0.22 0.21 0.21 0.23 0.92180 0.24 0.25 0.24 0.27 0.90185 0.31 0.32 0.31 0.36 0.87190 0.37 0.39 0.39 0.46 0.85195 0.38 0.45 0.45 0.57 0.78200 0.53 0.53 0.65 0.68 0.78220 0.52 0.76 0.77 0.9 0.84240 0.58 0.91 0.86 1.07 0.85260 0.72 1.04 1.03 1.31 0.79280 0.99 1.14 1.21 1.54 0.74300 1.29 1.14 1.28 1.67 0.68320 1.66 1.14 1.34 1.55 0.73340 1.30 1.08 1.3 1.46 0.74360 1.23 1.02 1.21 1.34 0.76380 1.23 1.10 1.34 1.44 0.76400 1.23 1.19 1.44 1.59 0.75420 1.25 1.37 1.69 1.85 0.74440 1.30 1.50 1.91 2.14 0.70460 1.43 1.74 2.3 2.51 0.69480 - - - - -500 1.83 2.31 3.02 3.48 0.66520 2.07 2.62 3.64 4.06 0.65540 2.73 3.04 4.32 4.81 0.63560 2.48 3.53 5.07 5.77 0.61580 3.13 4.22 6.27 6.93 0.61600 2.85 4.81 7.1 7.97 0.60Table 4.12: Comparison of observed and expe
ted limits from the BDT analysis withthose from the 
ut-based mT �t analysis, with all jet multipli
ities 
ombined. Thelast 
olumn 
ontains the ratio of the expe
ted limits.
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mH (GeV) BDT Cut-based Ratio of expe
ted limits
ut-and-
ount (BDT/
ut-based)Observed Expe
ted Observed Expe
ted110 9.03 7.48 10.67 8.93 0.84115 4.61 3.48 4.52 3.87 0.90120 2.38 1.87 2.32 2.06 0.91125 1.41 1.12 1.46 1.24 0.91130 0.99 0.77 1.19 0.84 0.92135 0.66 0.58 1.03 0.63 0.92140 0.58 0.44 0.74 0.51 0.87145 0.47 0.35 0.49 0.37 0.95150 0.40 0.28 0.45 0.31 0.89155 0.23 0.22 0.35 0.25 0.88160 0.20 0.16 0.3 0.2 0.83165 0.15 0.16 0.23 0.2 0.80170 0.18 0.18 0.19 0.21 0.84175 0.22 0.21 0.2 0.24 0.88180 0.24 0.25 0.2 0.29 0.87185 0.31 0.32 0.26 0.38 0.83190 0.37 0.39 0.39 0.49 0.81195 0.38 0.45 0.57 0.61 0.74200 0.53 0.53 0.67 0.73 0.73220 0.52 0.76 0.7 0.96 0.79240 0.58 0.91 0.84 1.17 0.78260 0.72 1.04 1.02 1.49 0.70280 0.99 1.14 1.5 1.89 0.60300 1.29 1.14 1.65 2.03 0.56320 1.66 1.14 1.84 2.13 0.53340 1.30 1.08 1.95 2.08 0.52360 1.23 1.02 1.86 1.9 0.54380 1.23 1.10 2.04 2 0.55400 1.23 1.19 2.17 2.15 0.55420 1.25 1.37 2.04 2.24 0.61440 1.30 1.50 2.6 2.52 0.59460 1.43 1.74 2.7 2.56 0.68480 - - - - -500 1.83 2.31 3.35 3.31 0.70520 2.07 2.62 3.9 3.99 0.66540 2.73 3.04 4.68 4.21 0.72560 2.48 3.53 4.61 4.78 0.74580 3.13 4.22 4.89 5.43 0.78600 2.85 4.81 4.6 5.66 0.85Table 4.13: Comparison of observed and expe
ted limits from the BDT analysiswith those from the 
ut-based analysis (the latter using a 
ut on the transversemass, 0.75mH < mT < mH), with all jet multipli
ities 
ombined. The last 
olumn
ontains the ratio of the expe
ted limits. Some of the numbers are missing due to�t failures.
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(
)Figure 4.39: The �tted signal strength as a fun
tion of mH , for mH < 300 GeV: (a)0-jet, (b) 1-jet, (
) 
ombined. The solid line shows the observed result, the shaded
yan band en
loses the systemati
 area −2 ln(µ) < 1. For two points (mH = 180 GeVfor 1-jet, mH = 130 GeV for 
ombined) the result should not be 
onsidered due to�t failures.Fig. 4.39 shows the �tted values for the signal strength µ as a fun
tion of mH , for
mH < 300 GeV. The shaded 
yan band en
loses the systemati
 area −2 ln(µ) < 1.The results for µ̂, in units of the SM 
ross se
tion, atmH = 125 GeV, are summarizedin Table 4.14, where they are 
ompared with 
orresponding values for the 
ut-basedanalysis.The values are 
ompatible inside the un
ertainties for 0- and 1-jet bins, and invery good agreeement for the 
ombination. The 
orresponding 
ombined result forthe 
ut-and-
ount standard analysis is µ̂(125 GeV) = 0.17+0.70

−0.74, in units of the SM
ross se
tion, whi
h is also 
ompatible. It should be noti
ed that, sin
e both theBDT and the 
ut-based analyses �nd no eviden
e of a SM Higgs boson at low-mass,



144 4.11. Results0-jet 1-jet CombinedBDT 0.35+0.69
−0.67 1.67+1.97

−1.75 0.53+0.61
−0.60Cut-based −0.04+0.62

−0.65 2.90+2.59
−1.49 0.49+0.72

−0.66Table 4.14: Results for Higgs boson the signal strenght, in units of the SM 
rossse
tion, as �tted by the BDT analysis and by the standard 
ut-based analysis. Theresults are shown for the individual 0- and 1-jet bins, and for the 
ombination, whi
hin
ludes, both for the BDT and the 
ut-based 
ases, the 
ut-based 2-jet 
hannel.given their respe
tive sensitivities, the �tted signal strength is 
ompatible with 0 forboth of them; in 1-jet, the 
entral values are larger, but in this 
hannel the expe
tedCLs limit is above the SM expe
tation, so no 
on
lusion 
an be rea
hed on thepresen
e of a signal, as also shown by the large errors.4.11.3 Lo
al p0-valuesAs de�ned in Eq. 4.14, the p0 (alternatively, pB) value for the ba
kground-onlyhypothesis quanti�es the probability of �nding a value of the test statisti
 at leastequal to the one observed in data, assuming the null hypothesis to be true. Theresults are shown in Fig. 4.40 for the individual jet bins and their 
ombination,while Fig. 4.41 shows the individual lepton �avours.As already noti
ed in Se
tion 4.11.1, in the 1-jet 
hannel an ex
ess of events isobserved with respe
t to the ba
kground-only hypothesis, and this 
an be 
on�rmedlooking at the p0 plots presented here: in the 1-jet bin, the lo
al(7) signi�
an
e ofthe ex
ess is around 2σ, and 
ompatible with the presen
e of a signal in a broadrange 130 GeV . mH . 145 GeV. Breaking the result down into lepton �avours, theex
ess appears lo
alized in the eµ 1-jet 
hannel, where 235 data events are found, tobe 
ompared with 218 ba
kground and 9 signal events expe
ted from the simulation(see Table 4.6). In the rest of the mass range, up to mH = 600 GeV, the lo
al
p0-values are below 1σ, as 
an be seen in Appendix H, apart from some statisti
al�u
tuations in the eµ 0-jet 
hannel.

7To estimate the 
orre
t signi�
an
e, the look-elsewhere e�e
t should be taken into a

ount,normalizing the signi�
an
e found for a spe
i�
 mH hypothesis to the full range where the Higgsboson is sear
hed for.
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(
)Figure 4.40: Lo
al p0-values as a fun
tion of mH , in the low-mass range: (a) 0-jet,(b) 1-jet, (
) 
ombined. The observed probability for the ba
kground-only s
enariois shown as a solid line, while the dashed line 
orresponds to the expe
tation for thesignal+ba
kground hypothesis at the given value of mH .
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(f)Figure 4.41: Lo
al p0-values as a fun
tion of mH , in the low-mass range. Theobserved probability for the ba
kground-only s
enario is shown as a solid line, whilethe dashed line 
orresponds to the expe
tation for the signal+ba
kground hypothesisat the given value of mH . The left and right 
olumns 
ontain the results for the0- and 1-jet 
hannels, respe
tively; the lepton �avours shown are (a,b) ee, (
,d) µµ,(e,f) eµ.



Chapter 5Study of the Spin of the HiggsBoson in the H → WW ∗ ChannelIn this Chapter a multivariate study of the spin of the Higgs boson, with the fulldataset 
olle
ted in 2012 with the ATLAS dete
tor, at √
s = 8 TeV, is presented.Starting from the knowledge a
quired with the √

s = 7 TeV analysis performed in2011 and do
umented in Chapter 4, a BDT analysis has been developed, to explorethe spin and parity(1) quantum numbers of the boson dis
overed by the ATLAS andthe CMS 
ollaborations at a mass 
lose to 125 GeV [119, 233℄. In parti
ular, theStandard Model hypothesis, JP = 0+, is tested against the alternative 1+, 1−, 2+hypotheses, whi
h have been des
ribed in Chapter 2. The JP = 2+ model is theminimal one for Kaluza-Klein-like gravitons, as dis
ussed in Se
tion 2.3.3, while
JP = 1± follows Se
tion 2.3.2, for de
ays into two massive ve
tor bosons. The
JP = 1± models are 
onsidered even if the Landau-Yang theorem forbids the de
ayof su
h a boson into two on-shell photons [37, 38℄, and thus the eviden
e of thede
ay in the H → γγ 
hannel [39℄ seems to 
ontradi
t this hypothesis. The latter is,however, still worthwhile to be tested, given the fa
t that there 
ould be two distin
tresonan
es, 
lose in mass, de
aying into photons and ve
tor bosons, respe
tively.The JP = 0− model has not been investigated so far, given the low dis
riminationexpe
ted in the H → WW ∗ 
hannel for this hypothesis, in parti
ular 
ompared tothe H → ZZ∗ → 4ℓ one. The JP = 2− model is also not 
overed here, sin
e su
h amodel is not uniquely de�ned from the theoreti
al point of view.The spin analysis follows the analysis of the Higgs boson rate (in the followingreferred to simply as �rate analysis�) des
ribed in Refs. [32, 234℄ for what 
on
ernsobje
t de�nition, event sele
tion, ba
kground estimation and systemati
 un
ertain-1For brevity, spin and parity are referred to only as spin in the following, unless expli
itelyneeded.



148ties, with the following di�eren
es: only the H →WW ∗ → eνµν 
hannel is used,with no a

ompanying jets, and the sele
tion has been loosened, in order to enlargethe a

eptan
e for di�erent spin hypotheses. Moreover, whereas the rate analysis isa standard 
ut-based one, the spin analysis exploits the BDT te
hnique.The analysis has been �rst developed for the JP = 2+ hypothesis, and thenextended to the JP = 1± 
ase: for this reason, most details and 
ross-
he
ks aregiven for JP = 2+, but also hold for JP = 1±.For what 
on
erns the JP = 2+ hypothesis, sin
e the produ
tion me
hanism isexpe
ted to a�e
t the angular and mass distributions of the �nal state parti
les, asanti
ipated in Se
tion 2.3.3, the analysis is performed for various 
ouplings of theHiggs-like boson to gg and qq̄, in �ve fra
tions fqq̄ = 0.00, 0.25, 0.50, 0.75, 1.00; the�ve analyses follow the same strategy, so in the main text results are mostly shownfor one of them (namely fqq̄ = 0.25).Se
tions 5.1, 5.2 and 5.3 des
ribe, respe
tively, the Monte Carlo generators usedto simulate the signal and ba
kground samples, the obje
t de�nition and the eventpresele
tion. Se
tion 5.4 is dedi
ated to the input variables and the te
hni
al settingsused in the BDT training, while Se
tion 5.5 shows the resulting BDT responses inthe signal and 
ontrol regions. Se
tion 5.6 
on
entrates on systemati
 un
ertainties,with emphasis on the shape un
ertainty assigned to the WW ba
kground, whi
his pe
uliar to the spin analysis. Se
tion 5.7 dis
usses the statisti
al model andthe �t pro
edure. Results are given in Se
tions 5.8 and 5.9, for JP = 2+ and
JP = 1± analyses, respe
tively. Finally, Se
tion 5.10 presents an overview of thespin 
ombination, perfomed by the ATLAS 
ollaboration, based on this analysis andthe 
orresponding H → γγ and H → ZZ∗ → 4ℓ ones: the di�erent 
hannels arebrie�y dis
ussed and the �nal results are presented.Additional details and 
ross-
he
ks are given in the Appendi
es. In Appendix J,the 
hoi
e of the training 
on�guration is justi�ed. Appendi
es K and L are bothdedi
ated to the theoreti
al un
ertainty on the WW shape (the UEPS systemati
),given its impa
t on the �nal result: the former details its baseline treatment, thelatter shows additional studies on the subje
t, des
ribing an alternative treatmentand its drawba
ks. Appendix M, similarly to Appendix E for the 2011 analysis,shows the BDT performan
e when trained with one of the leading ba
kgrounds assignal (WW , tt̄ and Z/γ∗+jets). Appendix N 
ompares the 
hosen test statisti
with the pro�le likelihood ratio, dis
ussing their di�eren
es. Finally, Appendix Ogives the results for all JP = 2+ fra
tions.This analysis has been �rst published as an ATLAS 
onferen
e note [40℄, andlater as part of the 
ombination among the bosoni
 
hannels performed by the AT-LAS 
ollaboration [41, 235℄. Most of the fundamental aspe
ts of the H → WW ∗
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ontext of this thesis, in parti
ular: the
hoi
e of the input variables, the optimization of the BDT settings, the de�nition ofthe signal and the 
ontrol regions, the s
rutiny of the output variables, the 
hoi
eof the �t model and of the statisti
al pres
ription, the assessment of the systemati
un
ertainties (with a parti
ular dedi
ation to the most important un
ertainty, theone related to the shape of the WW ba
kground) and the statisti
al results. More-over, all the studies presented in the Appendi
es pertain to this work. This alsoapplies to the additional 
ross-
he
ks whi
h have been performed to harmonize the
H → WW ∗ results with those of the other bosoni
 
hannels, in order to allow fortheir 
ombination.5.1 Monte Carlo samplesThe 
hoi
e of Monte Carlo generators in 2012 follows 
losely the des
ription givenin Se
tion 4.3 for the 2011 analysis, with a few di�eren
es:

• PYTHIA8 [236℄ substitutes PYTHIA6 [78℄ in a few 
ases,
• qq̄/g → WW uses POWHEG rather than MC�NLO,
• for single top-quark produ
tion, A
erMC [211℄ is used only for the t-
hannel,while the s-
hannel and tW use ALPGEN [206℄,
• for ZZ produ
tion, Sherpa [210℄ is substituted by POWHEG [192, 193℄,
• Wγ∗ and WZ(∗) are generated together, in order to a

ount for intereferen
es,with the boundary given by the invariant mass: mℓℓ < 7GeV (MadGraph+PYTHIA6[208℄) and mℓℓ ≥ 7 GeV (POWHEG+PYTHIA8).In addition, a few �lters are applied in the generation: for Wγ events, the photonmust have pT > 8 GeV and be separated from the 
harged lepton by ∆R > 0.25;for Wγ∗ events, at least two leptons with pT > 5 GeV are required in the event,with |η| < 3 (|η| < 5) for ee, µµ (for ττ), while in the WZ(∗) 
ase the 
ut on leptonpseudorapidities is |η| < 2.7 for all �avours. Moreover, Z(∗)Z(∗) → 4ℓ events aregenerated with mℓℓ > 4 GeV for the leading lepton pair. Details are summarizedin Table 5.1, whi
h also in
ludes the 
ross se
tions at √

s = 8 TeV. For these, theleptoni
 de
ays of the W and Z bosons are assumed for all pro
esses, and lepton�avours are summed over, with the ex
eption of top-quark produ
tion, for whi
hthe in
lusive 
ross se
tion is quoted.Con
erning PDFs, the following sets are used: CT10 [71℄ for MC�NLO and POWHEGsamples, CTEQ6L1 [212℄ for ALPGEN, MadGraph and PYTHIA6/8 samples.



150 5.1. Monte Carlo samplesPro
ess MC generator σ· BR (pb)ggF (mH = 125 GeV) POWHEG+PYTHIA8 0.441
gg, qq̄ → H(JP 6= 0+ (mH = 125 GeV) JHU 2.0.2+PYTHIA8 0.441
qq̄/g → WW POWHEG+PYTHIA6 5.68
gg →WW GG2WW+HERWIG 0.16
tt MC�NLO+HERWIG 238single top-quark tW, tb MC�NLO+HERWIG 28single top-quark tqb A
erMC+PYTHIA6 88
W+jets ALPGEN+HERWIG 37 ·103
Z/γ∗+jets ALPGEN+HERWIG 16 ·103
ZZ POWHEG+PYTHIA8 0.73
W (Z/γ∗)(mZ/γ∗ > 7GeV) POWHEG+PYTHIA8 0.83
W (Z/γ∗)(mZ/γ∗ ≤ 7GeV) MadGraph+PYTHIA6 11
Wγ ALPGEN+HERWIG 369Table 5.1: Monte Carlo generators used to simulate the di�erent 
omponents of thesignal (mH = 125 GeV) and the ba
kground pro
esses and their 
orresponding 
rossse
tions as used in the analysis. The quoted values assume the leptoni
 de
ays oftheW and Z bosons for all pro
esses, and lepton �avours are summed over, with theex
eption of top-quark produ
tion, for whi
h the in
lusive 
ross se
tion is reported.For the signal pro
esses, the produ
tion 
ross se
tions in
lude the bran
hing ratiosinto the ℓνℓν �nal state. See the text for further details and referen
es.POWHEG, the baseline generator for the Higgs boson produ
tion, is not able to simulatealternative spin 
on�gurations, thus it is repla
ed by the JHU generator [35,36℄ for thispurpose. Only the ggF produ
tion me
hanism is 
onsidered, for all spin hypotheses,given the fa
t that V H and ttH are negligible, and, sin
e 
onsidering only events inthe 0-jet 
ategory, also VBF is.Moreover, sin
e no predi
tions for the JP = 1± or JP = 2+ 
ross se
tions exist,all spin hypotheses are normalized to the SM JP = 0+ 
ross se
tion, in both tablesand plots.The nominal JHU sample for the pro
ess gg → H(JP = 2+) → WW ∗ →

ℓνℓν 
orresponds to the produ
tion fra
tion fqq̄ = 0.25, whi
h is taken as arbitrarydefault value. After distinguishing, at generation level, the qq events from the ggones, all MC weights are reweighted in order to generate the other fra
tions (fqq̄ =
0.00, 0.50, 0.75, 1.00) and the events are then pro
essed with the fast simulation ofthe ATLAS dete
tor, ATLFAST [86℄.A 
omparison has been performed between POWHEG and JHU on a sample of SMHiggs boson events, at generation level and before the presele
tion, in order to vali-date the angular and kinemati
al distributions produ
ed by the JHU generator inter-fa
ed with ATLFAST. The variables 
ompared are the �ve Cabibbo-Maksymowi
zvariables de�ned in Se
tion 2.3.1; in all 
ases, no signi�
ant deviation between thetwo generators has been found.



Study of the Spin of the Higgs Boson in the H →WW ∗ Channel 151Furthermore, thanks to an update in the POWHEG generator, the latter 
an nowreprodu
e the Higgs boson pT spe
trum provided by the HqT generator [200℄ withina 5% a

ura
y; for this reason, no reweighting is needed for the POWHEG events inthe 2012 analysis, unlike in the 2011 one (
f. Se
tion 4.3).5.2 Obje
t sele
tion5.2.1 Data-taking 
onditionsAlike 2011 data, 2012 data 
an be divided into periods, a

ording to the data-taking
onditions, for a total of 20.7 fb−1 of integrated luminosity; in this 
ase, however, noperiod-dependent splitting is performed in the likelihood. The number of intera
-tions per bun
h-
rossing in Monte Carlo simulation is reweighted to the one foundin data, in order to get a better agreement on the minimum bias vertex multipli
itybetween the PYTHIA8 tuning in MC and data. This res
aling is asso
iated with asystemati
 un
ertainty on the minimum bias modelling, obtained by varying thes
ale fa
tor in a range from 0.80 to 1.00.Before the trigger requirements, events not satisfying the �AllGood� 
riterium[213℄ are dis
arded, in order to ensure that all ATLAS subdete
tors have been fullye�
ient at the time of data-taking (
f. Se
tions 3.1.1 and 4.4.2).5.2.2 Trigger requirementsAs anti
ipated in Se
tion 3.3.3 for ele
trons and in Se
tion 3.3.4 for muons, thefollowing triggers are used, with a logi
al �or� in ea
h 
ase:
e trigger EF_e24vhi_medium or EF_e60_medium
µ trigger EF_mu24i_tight or EF_mu36_tightThe 
orresponding e�
ien
ies are determined with the tag-and-probe method on

Z → ee, µµ events, in bins of pT , η and data-taking period, and are found to bearound 90% for ele
trons and 90% (70%) for muons in the end-
aps (barrel). Asin 2011 (see Se
tion 4.4.3), at least one of the two sele
ted leptons must be trigger-mat
hed, otherwise the event is dis
arded.5.2.3 Ele
tron de�nitionEle
tron identi�
ation is improved with respe
t to the 2011 analysis thanks to the useof the GSF algorithm (
f. Se
tion 3.3.3), whi
h re
overs for bremsstrahlung losses,thus allowing for tighter isolation 
riteria, both on tra
k (now pT -dependent) and
alorimeter quantitites. Similarly, tighter requirements are pla
ed on the transverse



152 5.2. Obje
t sele
tionand longitudinal impa
t parameters. Starting from the tight++ menu, the followingrequirements are added:
• 
uts on longitudinal and transverse impa
t parameters and their signi�
an
es,de�ned with respe
t to the primary vertex:� |z0 sin θ| < 0.4 mm,� |d0| < 3 |σ(d0)|,
• 
uts on isolation (in a ∆R < 0.3 
one):� p
oneT /pT < 0.12 (0.16) for 15 GeV < pT < 25 GeV (pT > 25 GeV),� E
one

T /pT < 0.16.The 
orresponding 
riteria for the 2011 analysis 
an be found in Se
tion 4.4.4. Therequirement on the geometri
al a

eptan
e is un
hanged (|η| < 2.47, ex
luding the
ra
k regions 1.37 < |η| < 1.52, and pT > 15 GeV). Small di�eren
es between thedata and the MC predi
tion, after the appli
ation of all identi�
ation 
riteria, arere
overed by s
ale fa
tors whi
h are 
onsistent with unity within ±2%.5.2.4 Muon de�nitionMuons are re
onstru
ted a

ording to the STACO 
ombined algorithm, as for the2011 analysis, within a geometri
al a

eptan
e whi
h is extended in |η| up to 2.5.Quality 
riteria are tightened with respe
t to those dis
ussed in Se
tion 4.4.5 for the2011 analysis, similarly to what just des
ribed for ele
trons:
• 
uts on the longitudinal and transverse impa
t parameters and their signi�-
an
es, de�ned with respe
t to the primary vertex:� |z0 sin θ| < 1 mm,� |d0| < 3 |σ(d0)|,
• 
uts on isolation (in a ∆R < 0.3 
one):� p
oneT /pT < 0.01 pT − 0.105 and p
oneT /pT < 0.15,� E
one

T /pT < 0.014 pT − 0.15 and E
one
T /pT < 0.20.The proje
tion of the longitudinal impa
t parameter is introdu
ed in order to a
-
ount for larger un
ertainties at high values of η. Isolation requirements are furtherenhan
ed reje
ting muon 
andidates in 
ase they are 
loser than ∆R < 0.3 froma re
onstru
ted jet. S
ale fa
tors, 
omputed using a Z → µ+µ− tag-and-probesample, are found to be 
onsistent with unity within ±1%.



Study of the Spin of the Higgs Boson in the H →WW ∗ Channel 1535.2.5 Jet de�nitionThe same jet de�nition and a

eptan
e 
riteria de�ned for the 2011 analysis (
f. Se
-tion 3.3.5), are used in the 2012 analysis (�anti-kt EM+JES�, in a 
one of ∆R < 0.4,requiring |η| < 4.5). Two main di�eren
es arise: an η-dependent pT threshold anda tighter JVF 
riterium, both aiming to redu
e the impa
t of pile-up jets. The JVFalgorithm is fully e�
ient only inside the tra
king volume of the ATLAS dete
tor(|η| < 2.4): in this region, jets must satisfy the 
ondition JVF > 50%, if their trans-verse momentum is 30 GeV < mH < 50 GeV (no 
ut on JVF for pT > 50 GeV),while outside this region a lower pT threshold of 25 GeV is applied. This sele
tionis found to be robust against pile-up, based on studies of the jet multipli
ity as afun
tion of the number of re
onstru
ted verti
es, in Z/γ∗+jets events: while no de-penden
e is found after the appli
ation of the JVF requirement, a signi�
ant slope
an be observed without it [32℄. The un
ertainty on the JVF e�
ien
y is around
±1%, 
onsiderably smaller than the other un
ertainties on bin migration, so it isnot 
onsidered in the statisti
al analysis.

b-jets are tagged with the help of the MV1 algorithm [184℄, whi
h is a derivationof the JetFitterCombNN algorithm (see Se
tion 3.3.6), 
ombined with primary ver-tex and impa
t parameter information, via a Neural Network te
hnique. It requires85% e�
ien
y for the identi�
ation of b-jets. No additional details are given heresin
e the spin analysis, 
ontrarily to the rate analysis, uses only events with exa
tlyzero jets, and therefore does not need to veto for the presen
e of b-jets.5.3 Event presele
tionAfter applying the GoodRunList, primary vertex and event 
leaning 
riteria de-s
ribed above, the presele
tion and sele
tion 
uts are applied, as summarized inTable 5.2. The 
uts are in 
ommon with both the rate and the 2011 BDT analyses,apart from some 
hanges in the a
tual values (
f. Se
tion 4.5). Spe
i�
ally, thefollowing 
uts are applied:1. Opposite-sign, opposite-�avour leptons, pT threshold, third leptonveto: exa
tly two opposite-sign, opposite-�avour leptons must be present inthe event, and at least one has to be trigger-mat
hed. The pT thresholds forthe leading and subleading leptons are set to 25 GeV and 15 GeV, respe
tively.2. mℓℓ > 10 GeV: the invariant mass of the dilepton system is required to beabove 10 GeV.3. Emiss
T, rel GeV: the 
ut on Emiss

T, rel aims mostly to suppress the Z/γ∗+jets ba
k-
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tionground, whi
h is redu
ed by about 80%. Before this 
ut, the tt̄ and Z/γ∗+jets
ontributions dominate the ba
kground 
omposition, while afterwards Z/γ∗+jetsbe
omes 
omparable to WW . The Emiss
T, rel requirement halves the total ba
k-ground and has an impa
t also on the signal, leaving the S/B ratio almostun
hanged (from 0.4% to 0.6%).The 
ut on Emiss

T, rel is looser than the 
orresponding one used in the rate analysis,namely 20 GeV rather than 25: this is motivated by the 
omparison in Fig. 5.1 (a),whi
h shows the Emiss
T, rel distribution for the JP = 0+ and JP = 2+ signals, afterthe dilepton requirement. The �at behaviour of JP = 2+ at low missing transverseenergy values, Emiss

T, rel . 40 GeV, suggests to loosen the 
ut on this quantity as mu
has possible, in order to preserve the JP = 2+ signal; the 
hoi
e of 20 GeV is a 
om-promise between this attempt, the re
ommendations of the ATLAS working groupson the �
ombined performan
e� and the need to suppress the Z → ττ ba
kground.The same motivation leads to loosen the 
uts on pT,ℓℓ, ∆φℓℓ and mℓℓ later in thesele
tion (
f. Se
tion 5.5.1).
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(b)Figure 5.1: Distributions, normalized to unity, of (a) Emiss
T, rel and (b) pT,ℓℓ, for the SMHiggs boson (red) and the JP = 2+ fqq̄ = 0.25 hypothesis (blue). The distributionsare drawn after requiring two opposite-sign leptons.After the Emiss

T, rel 
ut, the requirement for exa
tly zero jets is applied, due to tworeasons: on one hand, most of the sensitivity 
omes from the 0-jet 
hannel, asdis
ussed in Chapter 4 for the 2011 analysis, on the other hand the VBF produ
tionfor alternative spin hypotheses is not implemented in the JHU generator (see Se
tion5.1). For what 
on
erns the 
hoi
e of restri
ting the analysis to the opposite-�avour
hannels, it 
an be understood looking at the jet multipli
ity distribution for thesame-�avour 
hannels in Fig. 5.2 (b), whi
h is drawn after the presele
tion de�ned
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0+ [125 GeV℄ 2+ [125 GeV℄ WW WZ/ZZ/Wγ tt̄ Single Top Z/γ∗+jets W+jets Total Bkg. Observed Data/MClepton pT 422.44 ± 2.32 391.87 ± 1.59 10153.22 ± 25.16 3208.09 ± 41.84 51021.44 ± 79.41 5239.91 ± 30.30 29338.73 ± 112.84 2504.04 ± 19.69 101465.43 ± 150.76 107737 1.06 ± 0.00OS leptons 421.98 ± 2.32 391.39 ± 1.59 10128.22 ± 25.13 1580.12 ± 28.66 50899.97 ± 79.32 5197.84 ± 30.17 28821.87 ± 104.61 2504.04 ± 19.69 99132.06 ± 141.37 103713 1.05 ± 0.00
mℓℓ > 10 GeV 418.34 ± 2.31 390.30 ± 1.59 10117.76 ± 25.11 1549.43 ± 28.43 50859.54 ± 79.28 5193.20 ± 30.15 28810.90 ± 104.61 2496.51 ± 19.67 99027.34 ± 141.29 103579 1.05 ± 0.00S
ale fa
tors NF = 1.08 NF = 1.05 NF = 1.05 NF = 0.91
Emiss

T, rel > 20 GeV 307.82 ± 1.99 235.78 ± 1.23 7710.95 ± 22.79 912.39 ± 23.24 34206.27 ± 66.55 3725.61 ± 26.13 5795.38 ± 45.93 1039.31 ± 11.49 53389.91 ± 91.72 53865 1.01 ± 0.00S
ale fa
tors NF = 1.08 NF = 1.07 NF = 1.07 NF = 0.92jet veto 175.63 ± 1.50 130.85 ± 0.91 5078.77 ± 18.57 421.01 ± 13.53 539.63 ± 8.28 329.57 ± 7.63 4181.31 ± 41.36 580.96 ± 8.39 11131.25 ± 49.35 11493 1.03 ± 0.01
pT,ℓℓ >20 GeV 170.14 ± 1.48 118.86 ± 0.87 4622.63 ± 17.71 378.38 ± 12.63 514.89 ± 8.09 314.47 ± 7.46 667.02 ± 24.02 455.53 ± 6.58 6952.93 ± 34.85 7261 1.04 ± 0.01
mℓℓ < 80 GeV 169.60 ± 1.48 116.92 ± 0.86 2212.68 ± 12.23 230.67 ± 8.78 178.35 ± 5.00 123.66 ± 4.63 610.19 ± 22.83 303.64 ± 5.62 3659.18 ± 28.73 3964 1.08 ± 0.02
∆φℓℓ < 2.8 168.16 ± 1.47 113.38 ± 0.85 2190.39 ± 12.17 226.91 ± 8.76 176.12 ± 4.97 122.15 ± 4.61 291.05 ± 14.99 276.67 ± 4.62 3283.28 ± 22.73 3615 1.10 ± 0.02
Z → ττ 
ontrol region 3.60 ± 0.21 9.13 ± 0.24 95.31 ± 2.42 11.73 ± 1.22 5.09 ± 0.80 2.72 ± 0.69 3532.67 ± 37.48 94.57 ± 5.13 3742.09 ± 37.94 3474 0.93 ± 0.02
WW 
ontrol region 0.54 ± 0.09 1.95 ± 0.11 2225.92 ± 11.83 147.71 ± 9.08 336.54 ± 6.36 190.82 ± 5.84 56.83 ± 7.49 151.89 ± 3.43 3109.71 ± 19.10 3297 1.06 ± 0.02Table 5.2: The expe
ted numbers of JP = 0+, JP = 2+ fqq̄ = 0.25 and ba
kground events after the requirements listed in the�rst 
olumn, as well as the observed numbers of events in data. The rightmost 
olumn shows the ratio between the data and theMC (ba
kground-only) estimation. Both signal hypotheses are normalized to the SM Higgs boson 
ross se
tion, for mH = 125 GeV.The ba
kgrounds are estimated from their MC predi
tions, apart from the W+jets ba
kground, whi
h is data-driven, and the WWand Z/γ∗+jets ba
kgrounds, whose MC predi
tions are normalized to the data in their respe
tive 
ontrol regions (whi
h 
an beseen, before su
h normalization, in the lower part of the Table). The normalizations fa
tors (NFs) are obtained before the �t. Onlystatisti
al un
ertainties are shown.



156 5.4. BDT trainingfor the rate analysis (the same as dis
ussed before for the spin analysis, with anadditional 
ut Emiss
T, rel > 45 GeV). Even after su
h a tight 
ut on the missing transverseenergy (whi
h would a
tually be too tight for the spin analysis, heavily redu
ing the

JP = 2+ and JP = 1± signal yields), the ba
kground in the 0-jet bin is dominatedby Z/γ∗+jets events, due to the in
reased pile-up in the 2012 data. The rate analysisemploys also the same-�avour 
hannels thanks to the development of a dedi
atedte
hnique (the Pa
Man method [234℄), whi
h is tailored on the JP = 0+ signalregion, and therefore 
annot be applied to a generi
 spin hypothesis. For all thesereasons, the spin analysis presented here uses the eµ 0-jet 
hannel only.After the jet veto requirement, the total ba
kground, whose main 
omponentsare WW and Z/γ∗+jets at this stage, is redu
ed by about 80%, while the JP = 0+signal is only redu
ed by 50%. The resulting S/B ratio is 1.6%.
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(b)Figure 5.2: Distributions of the jet multipli
ities at the end of the presele
tionde�ned for the rate analysis, in (a) the opposite-�avour 
hannels and and (b) thesame-�avour 
hannels. At this stage, the SM Higgs boson signal is too small to beseen. The shaded areas represent the total normalization un
ertainties [234℄.5.4 BDT trainingDetails on the BDT te
hnique 
an be found in Se
tion 4.6 and in Ref. [216℄; thespin analysis follows mostly what developed for the 2011 BDT analysis presented inChapter 4, so only the di�eren
es are dis
ussed in the following.The 
hoi
e of the training 
on�guration has undergone a detailed optimization.At �rst, a standard JP = 0+ versus ba
kground BDT was trained, adding a fewkinemati
al variables to the four used in 2011 (as shown in Appendix B, with theavailable number of MC events a saturation in BDT performan
e is rea
hed alreadywith four variables, so it is not useful to add many others). Using spin-dependentvariables, however, 
ould introdu
e an a-priori asymmetry towards one of the two



Study of the Spin of the Higgs Boson in the H →WW ∗ Channel 157hypotheses, if only JP = 0+ is used for training. To avoid this, several alternativetraining 
on�gurations have been tried, removing one or more of the spin-dependentdilepton variables (∆φℓℓ, mℓℓ, pT,ℓℓ) from the inputs, and then �tting one of theselatter variables to 
ompute the �nal signi�
an
es, after a 
ut on the BDT response.As do
umented in Appendix J, all alternative training 
on�gurations explored 
ouldnot rea
h the expe
ted (i.e. MC only) sensitivities for dis
riminating JP = 0+ from
JP = 2+ as the standard four variables. The 
ut on the BDT output, needed toreje
t the ba
kgrounds, in general redu
es the dis
rimination power of the variableto be �tted. Given these observations, the standard four variables have been 
hosenagain, but now two independent trainings are performed:1. the SM Higgs boson signal sample is trained against the total ba
kground,obtaining the �BDT0� response,2. in the same way, the alternative signal sample is trained against the totalba
kground, obtaining the �BDT2� response(2).With this pro
edure, both spin hypotheses are treated at the same level, withoutany bias towards one of the two.The BDT responses are then �tted in their 2-dimensional plane, as dis
ussed later.The various ba
kground 
omponents are expe
ted to get 
lassi�ed as ba
kground-like in both trainings, thus obtaining low values for both BDT responses, whilethe two signal hypotheses are expe
ted to get larger values, possibly with someshape di�eren
e in the 2D plane, whi
h allows for their dis
rimination, as showns
hemati
ally in Fig. 5.6.5.4.1 Input variablesOut of the four variables, ∆φℓℓ, mℓℓ and pT,ℓℓ are expe
ted to dis
riminate at thesame time between the di�erent signal hypotheses and between the signals and theba
kground, while mT has a stronger ba
kground reje
tion power but weaker spindis
rimination. Their shapes are shown in Fig. 5.3, whi
h 
ompares the JP = 0+hypothesis with the alternative ones after the jet veto 
ut has been applied, and inFig. 5.4, whi
h 
ompares the JP = 0+ and JP = 2+ fqq̄ = 0.25 signals with themain ba
kground 
omponents, after the jet veto and pT,ℓℓ requirements.After the presele
tion and jet veto requirements, two additional 
uts are appliedbefore the training:

• pT,ℓℓ > 20 GeV,2In this 
ase, the label �2� does not refer to the JP = 2+ model only, but rather is a generi
indi
ation of the alternative spin hypothesis. O

asionally, the name BDT1 is used, referringspe
i�
ally to the JP = 1± analyses.
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(a) (b)
(
) (d)
(e) (f)
(g) (h)Figure 5.3: Distributions, normalized to unity, of (a,b) ∆φℓℓ, (
,d) mℓℓ, (e,f) pT,ℓℓand (g,h) Emiss

T, rel, 
omparing the SM Higgs boson (solid red line) to the JP = 1±hypotheses (left 
olumn, 1+ dashed blue line, 1− dashed bla
k line) and to the
JP = 2+ fqq̄ = 0.25 hypothesis (right 
olumn, dashed blue line). The distributionsare shown after requiring two opposite-sign leptons, Emiss

T, rel > 20 GeV and zero jets.
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(a) (b)
(
) (d)Figure 5.4: Distributions, normalized to unity, of (a) ∆φℓℓ, (b) mℓℓ, (
) pT,ℓℓ and (d)

mT , 
omparing the SM Higgs boson (dashed red line) to the JP = 2+ fqq̄ = 0.25hypothesis (dashed blue line) and to the main ba
kground 
omponents (dibosonsin
luding WW , W+jets, Z/γ∗+jets). The distributions are shown after the jet vetoand pT,ℓℓ requirements.
• mℓℓ < 100 GeV.The 
ut on the dilepton transverse momentum is looser than the one applied in boththe 2011 BDT and 2012 rate analyses (30 GeV), for the reasons dis
ussed in Se
tion5.3. The 100 GeV threshold on mℓℓ, moreover, is set in order to restri
t the BDTtraining to the phase spa
e where the signals are present (
f. Fig. 5.4 (b)).The linear 
orrelation 
oe�
ients among the input variables are shown in Fig.5.5, for the JP = 0+, JP = 2+ and ba
kground 
ases. The pattern is very similarfor JP = 0+, JP = 2+ and also JP = 1± (the latter is not shown here), with largepositive 
orrelations between ∆φℓℓ and mℓℓ.The ranking order of input variables is:
• mℓℓ, ∆φℓℓ, mT and pT,ℓℓ for the JP = 0+ training,
• ∆φℓℓ, mT , mℓℓ and pT,ℓℓ for the JP = 2+ training.As a side note, the ranking for the JP = 2+ training is the same as found in 2011for the eµ 
hannel (see Se
tion 4.6.2).
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(a) (b)

(
)Figure 5.5: Linear 
orrelation 
oe�
ients among the BDT input variables for (a)
JP = 0+, (b) JP = 2+ fqq̄ = 0.25 and (
) ba
kground events.5.4.2 BDT settingsTable 5.3 summarizes the BDT settings whi
h have been 
hanged with respe
t tothe TMVA defaults; most are in 
ommon with the 2011 analysis (
f. Table 4.3).The various 
hoi
es are motivated by the dual need of optimizing and stabilizing theperforman
e of the BDT algorithm, redu
ing the impa
t of statisti
al �u
tuations.From the te
hni
al point of view, training and 
lassi�
ation use the latest TMVAversion (v4.1.3), whi
h is part of the ROOT v5.34 release.In parti
ular, given the limited number of signal events for the JHU samples, thenumber of trees is de
reased to 400 (from 1000 as in 2011), while the minimumnumber of events in ea
h leaf is in
reased to 2% of signal events (rather than 1%),
orresponding to about 2000 events.All ba
kground samples are used in the training, in
luding the W+jets data-driven events, 
ontrarily to what done for the 2011 analysis (
f. Se
tion 4.6.2); noovertraining is observed. In all 
ases, only the even-numbered events are used for thetraining, while the odd-numbered ones are used for the 
lassi�
ation and to extra
t
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PSfrag repla
ementsFigure 5.6: Sket
h illustratingthe 2D �t 
on
ept, with the ex-pe
ted lo
alizations of the to-tal ba
kground and of the var-ious signal hypotheses.

BDT setting ValueBoostType GradientMaxDepth 3NTrees 400nEventsMin 2% of signal eventsIgnoreNegWeightsInTraining TrueUseBaggedGrad TrueGradBaggingFra
tion 0.5Shrinkage 0.1Table 5.3: BDT settings used in thespin analysis.
the �nal results.5.5 BDT Output5.5.1 BDT output in the signal regionAfter the presele
tion 
uts des
ribed in Se
tion 5.3 and the jet veto, the signal regionis de�ned by adding the following requirements:

• pT,ℓℓ > 20 GeV,
• mℓℓ < 80 GeV,
• ∆φℓℓ < 2.8.Table 5.2 shows the expe
ted numbers of signal and ba
kground events after thepresele
tion, as well as the observed numbers of events in data. All these 
uts havebeen loosened with respe
t to the rate analysis, as dis
ussed in Se
tion 5.3; thea
tual 
omparison in shown in Table 5.4.The 
ut on the dilepton transverse momentum targets the Z/γ∗+jets ba
kground,removing more than 80% of it, thus halving the total ba
kground. Subsequently, the
ut on mℓℓ is tightened with respe
t to the one used in training (100 GeV), in orderto remove 50% of WW and sizeable amounts of all other ba
kgrounds. Also in this
ase, the total ba
kground is redu
ed by a fa
tor two. Finally, a loose 
ut on ∆φℓℓallows to remove more than half of the remaining Z/γ∗+jets events, due to the fa
tthat, for this ba
kground, leptons are emitted preferentially ba
k-to-ba
k (see e.g.Se
tion 4.2.3).



162 5.5. BDT OutputAt the end of the sele
tion, 168 events are expe
ted for JP = 0+ and 113 for JP =

2+ fqq̄ = 0.25: despite the fa
ts that the two samples have been normalized initiallyto the same 
ross se
tion, and the sele
tion has been loosened, the a

eptan
e for
JP = 2+ events is smaller than for JP = 0+ events, namely 67%. This fa
t, however,has no 
onsequen
es on the �t, sin
e both signal normalizations are �oated.Most of the ba
kground is 
onstituted by WW events, with minor 
ontributionsfrom Z/γ∗+jets, W+jets and other 
omponents. In total, 3283 ba
kground eventsare expe
ted (3% of the initial yield, with a S/B ratio of 5%) while 3615 
andidatesare observed in data, yielding a data/MC (ba
kground-only) ratio of 1.10 ± 0.02(stat).Fig. 5.7 shows the distributions of the input variables in the signal region, withthe SM JP = 0+ signal sta
ked on top of the total ba
kground. Looking in parti
ularat pT,ℓℓ and mT , it 
an be seen how the predi
ted SM rate is not enough to a

ountfor the ex
ess in data, thus anti
ipating an observed signal strength µ̂ larger thanone. In Appendix O, the distributions of the input variables are 
ompared betweenthe JP = 0+ and JP = 2+ fqq̄ = 0.25 hypotheses (Figs. O.2 and O.3), while Fig.O.1 shows the shapes of the input variables for all spin-2 fra
tions. Already visually,a SM Higgs boson seems easier to re
on
ile with the ex
ess found in data than thealternative JP = 2+ hypotheses.Variable Spin Analysis Rate Measurement

Emiss
T, rel > 20 GeV > 25 GeV

Njets 0 jets 0, 1,≥ 2 jet sele
tions
pT,ℓℓ > 20 GeV > 30 GeV
mℓℓ < 80 GeV < 50 GeV
∆φℓℓ < 2.8 < 1.8Table 5.4: List of sele
tion 
uts applied for the spin (left) and rate (right) analyses,after the 
ommon presele
tion.Spin-2 analysisFig. 5.8 shows the BDT responses in the signal region, with the JP = 0+ and

JP = 2+ fqq̄ = 0.25 hypotheses alternatively superimposed to the total ba
kground.Both signals are normalized to the expe
ted SM 
ross se
tion.BDT0 exhibits the best dis
rimination between the two signal hypotheses, whileBDT2 helps to disentangle both signals from the ba
kground. This 
an be seen ex-pli
itely in Fig. 5.9, where the shapes of the two signals and of the total ba
kgroundare 
ompared: BDT0 is mu
h �atter for JP = 2+ than for JP = 0+, while BDT2
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 un
ertainty. In the lowerpart of the �gures, the ratio between the data and the sum of signal (with µ = 1)and ba
kground events is shown.shows similar shapes. Hen
e, the 2-dimensional �t exploits more information thanthe simple 1-dimensional �t to BDT0.The shapes of the BDT responses for all fra
tions are 
ompared in Fig. 5.10; thedistribution of BDT0 gets �atter when in
reasing fqq̄, thus more di�erent with re-spe
t to the JP = 0+ 
ase, and also the BDT2 shape 
hanges substantially a

ordingto the produ
tion mode.Fig. 5.11 shows the 2-dimensional 
orrelation between BDT0 and BDT2 in thesignal region, for the two signals, the total ba
kground and the data. As expe
ted(
f. Fig. 5.6), a substantial part of the ba
kground events gets a low response in



164 5.5. BDT Output

(a) (b)

(
) (d)Figure 5.8: Distributions of the BDT responses for the JP = 2+ analysis, with
fqq̄ = 0.25, in the signal region. The upper row shows the BDT0 distributionwith (a) the JP = 0+ signal or (b) the JP = 2+ signal superimposed to the totalba
kground, while the lower row shows the BDT2 distribution with (
) the JP = 0+signal or (d) the JP = 2+ signal superimposed. Both signals are s
aled to theexpe
ted SM 
ross se
tion. All ba
kgrounds are normalized as in Table 5.2. Theshaded areas represent the total normalization un
ertainties on the sum of the signaland ba
kground yields; the �SM� label in the ratio boxes refers to the sum as well.both BDT0 and BDT2, and the same holds for the data, while the two signals getlarger responses, with some di�eren
es that allow for dis
riminating one from theother.Spin-1 analysisThe same distributions shown for the JP = 2+ 
ase, are given here for the JP = 1±analyses: the BDT responses in the signal region for the JP = 1+ analysis in Fig.
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k line) and the total ba
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(b)Figure 5.10: Shape distributions, normalized to unity, for the output variables, (a)BDT0 and (b) BDT2, 
omparing the �ve JP = 2+ fra
tions.5.12 and for the JP = 1− analysis in Fig. 5.13, while Fig. 5.14 
ontains the 2-dimensional 
orrelations for JP = 1+. The same 
omments as made in the JP = 2+
ase mostly hold for JP = 1±; as expe
ted from the input distributions shown inFig. 5.3, the shapes of the BDT responses look more similar between the JP = 0+and JP = 1± signals, than between the JP = 0+ and JP = 2+ signals.5.5.2 WW 
ontrol regionThe normalization of theWW ba
kground is obtained through the �t in a dedi
ated
ontrol region, de�ned inverting the 
ut on mℓℓ and removing that on ∆φℓℓ:
• pT,ℓℓ > 20 GeV,
• mℓℓ > 80 GeV.
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(d)Figure 5.11: 2-dimensional distributions in the (BDT0, BDT2) plane for the JP = 2+

fqq̄ = 0.25 analysis, in the signal region. The upper row shows the signals ((a)
JP = 0+, (b) JP = 2+), the bottom row shows the total ba
kground (
) and thedata 
andidates (d).This is di�erent from what done in the rate analysis, where, given the signal regionrequirement of mℓℓ < 50 GeV, the 
ut 50 GeV < mℓℓ < 100 GeV is applied in the
WW 
ontrol region.A good data/MC agreement is found, as 
an be seen in Figs. 5.15 and 5.16 forthe JP = 2+ and JP = 1± analyses, respe
tively; the BDT responses are found tobe squeezed to the left side in all 
ases, signaling a good 
apability of the algorithmto distinguish between signal- and ba
kground-like topologies. The 
orrespondingnumber of events in MC and in data is shown in Table 5.2: the WW ba
kgrounddominates as expe
ted, with some 
ontributions from the top-quark ba
kgrounds,while the signal yield is negligible. As explained in Se
tion 4.7.5, a normalization
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1.4 (d)Figure 5.12: Distributions of the BDT response for the JP = 1+ analysis, in thesignal region. The upper row shows the BDT0 distribution with the (a) JP = 0+signal or (b) the JP = 1+ signal superimposed to the total ba
kground, while thelower row shows the BDT2 distribution with (
) the JP = 0+ signal or (d) the

JP = 1+ signal superimposed. Both signals are s
aled to the expe
ted SM 
rossse
tion. All ba
kgrounds are normalized as in Table 5.2. The shaded areas representthe total normalization un
ertainties on the sum of signal and ba
kground yields;the �SM� label in the ratio boxes refers to the sum as well.
fa
tor, αWW , is extra
ted from the ratio between WWdata and WWMC, where theformer is obtained by subtra
ting from the data the sum of all ba
kgrounds whi
hare not WW itself: the result is αWW = 1.09± 0.04, 
ompatible with the 
ut-basedvalue of α
.b.WW = 1.16±0.04, and with the �tted values whi
h 
an be found in Tables5.13 and 5.18, for the JP = 2+ and JP = 1± �ts, respe
tively.
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JP = 1− signal superimposed to the total ba
kground, while the lower row showsBDT1 with (
) the JP = 0+ signal or (d) the JP = 1− signal superimposed. Bothsignals are s
aled to the expe
ted SM 
ross se
tion. All ba
kgrounds are normalizedas in Table 5.2. The shaded areas represent the total normalization un
ertaintieson the sum of the signal and ba
kground yields; the �SM� label in the ratio boxesrefers to the sum as well.5.5.3 Z → ττ 
ontrol regionUnlike the 2011 analysis, the spin analysis uses a Z/γ∗+jets 
ontrol region, whi
his a
tually a Z → ττ 
ontrol region (with both the τ leptons de
aying leptoni
ally).This is de�ned inverting the ∆φℓℓ requirement sin
e, as already noti
ed, the leptonsfrom Z boson de
ays tend to go ba
k-to-ba
k:
• mℓℓ < 80 GeV,
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(d)Figure 5.14: 2-dimensional distributions in the (BDT0, BDT2) plane responses forthe JP = 1+ analysis, in the signal region: (a) JP = 0+, (b) JP = 1+, (
) totalba
kground, (d) data.
• ∆φℓℓ > 2.8.The pT,ℓℓ 
ut is not applied sin
e it would have the same e�e
t of the ∆φℓℓ one.There is no dedi
ated Z → ττ 
ontrol region in the rate analysis, sin
e the tighter

Emiss
T, rel threshold removes this ba
kground more e�
iently. As shown in Figs. 5.17and 5.18 for the JP = 2+ and JP = 1± analyses, respe
tively, the data and the MCpredi
tions agree well for both the input and the output variables in this region. Forplots and tables, normalization fa
tors of 0.91±0.11 and 0.92±0.11 are used beforeand after the Emiss

T, rel 
ut, respe
tively (
f. values in Table 5.2). The same values areretained by the �t (
f. Tables 5.13 and 5.18).
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(d)Figure 5.15: Distributions in the WW 
ontrol region for the JP = 2+ fqq̄ = 0.25analysis: (a) ∆φℓℓ, (b) mT , (
) BDT0, (d) BDT2. All ba
kgrounds are normalizedas in Table 5.2, ex
ept the WW one, whi
h 
orresponds to the pure MC predi
tion.The shaded areas represent the total normalization un
ertainties. In the lower partof the �gures the ratio between the data and the total ba
kground is shown; thesignal is negligible in all 
ases.5.5.4 Other ba
kgroundsUnlike the WW and Z → ττ 
ases, the other ba
kgrounds do not use dedi
ated
ontrol regions. The top-quark ba
kground is estimated using the same methodoutlined in Se
tion 4.8.1. The 
orre
tion to be applied to MC events, inherited fromthe rate analysis, is 1.07 in the signal region, as reported in Table 5.2. The W+jetsba
kground is estimated with the data-driven method illustrated in Se
tion 4.8.3;the fake fa
tors are also in this 
ase of the order of 0.01 and 0.1, for ele
trons andmuons, respe
tively, with a relative un
ertainty of ±50% on the yield in the signal
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1.4 (b)Figure 5.16: Distributions of the BDT responses in the WW 
ontrol region for the

JP = 1± analyses: BDT1 (a) for JP = 1+ and (b) for JP = 1−. All ba
kgroundsare normalized as in Table 5.2, ex
ept the WW one, whi
h 
orresponds to the pureMC predi
tion. The shaded areas represent the total normalization un
ertainties.In the lower part of the �gures the ratio between the data and the total ba
kgroundis shown; the signal is negligible in all 
ases.region.5.6 Systemati
 un
ertaintiesTable 5.5 summarizes the de�nition and the treatment of the experimental, theoret-i
al and statisti
al un
ertainties. The �2012� tag labels the systemati
 
omponentswhi
h are de
orrelated between the 2011 and 2012 analyses (this is important forthe rate analysis, whi
h uses both datasets), while the �HWW� tag identi�es sys-temati
 un
ertainties whi
h are analysis-spe
i�
 and thus de
orrelated among de
ay
hannels in the �nal 
ombination. Most of the un
ertainties are in 
ommon withthe 2011 analysis, dis
ussed in Se
tion 4.9; di�eren
es are stressed.5.6.1 Experimental un
ertaintiesAs dis
ussed in Se
tion 4.9.1 for the 2011 analysis, experimental un
ertainties areasso
iated with leptons, jets, missing ET , triggers and luminosity (±3.6%). Not alle�
ien
y-related systemati
 un
ertainties are treated as shape un
ertainties, ratheronly those whose impa
t is not negligible. Another di�eren
e with respe
t to the2011 analysis, is the introdu
tion of an un
ertainty on the 〈µ〉 res
aling, whi
h isapplied to the MC events to reprodu
e di�erent data-taking periods.
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(d)Figure 5.17: Distributions in the Z → ττ 
ontrol region for the JP = 2+ fqq̄ = 0.25analysis: (a) ∆φℓℓ, (b) mT , (
) BDT0, (d) BDT2. All ba
kgrounds are normalized asin Table 5.2, ex
ept the Z → ττ one, whi
h 
orresponds to the pure MC predi
tion.The shaded areas represent the total normalization un
ertainties. In the lower partof the �gures the ratio between the data and the total ba
kground is shown; thesignal is negligible in all 
ases.Additional details on jet-, lepton- and missing ET -related systemati
 un
ertain-ties are given in the following.Jet systemati
 un
ertaintiesThe JES un
ertainty is split into 15 independent 
omponents [237℄, whi
h 
an bedivided into the following 
ategories: in-situ jet energy 
orre
tion, η inter
alibration,high-pT jets, non-
losure, 
lose-by jets, �avour 
omposition and response for non-bjets, b-jets, event pile-up. All together, the JES un
ertainty ranges from ±2% to
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ontrol region for the

JP = 1± analysis: (a) BDT1 for JP = 1+, (b) BDT1 for JP = 1−. All ba
kgroundsare normalized as in Table 5.2. The shaded areas represent the total normalizationun
ertainties. In the lower part of the �gures the ratio between the data and thetotal ba
kground is shown; the signal is negligible in all 
ases.
±9%, depending on η and pT of the jet, and on the sample 
omposition.The un
ertainty on the jet energy resolution is found to vary between ±25% and
±5%, as a fun
tion of jet η and pT , as for the 2011 analysis (
f. Se
tion 4.9.1).Finally, the un
ertainty on the JVF 
riterium used for jet identi�
ation (seeSe
tion 5.2.5) is found to have a negligible impa
t on the analysis.Lepton systemati
 un
ertaintiesLepton systemati
 un
ertainties follow what is des
ribed in Se
tion 4.9.1 for the 2011analysis, and are divided into un
ertainties on the sele
tion e�
ien
y (EL_EFF andMU_EFF, for ele
trons and muons, respe
tively), on the energy s
ale (EL_ESCALE,MU_ESCALE) and on the resolution (EL_RES, MU_ID_RES, MU_MS_RES).The �rst term in
ludes the un
ertainties on identi�
ation (for ele
trons ±3%for pT ∼ 15 GeV and de
reasing above, for muons smaller than ±1% on the wholerange), re
onstru
tion (smaller than ±1%) and trigger (around ±2%), for a totalimpa
t between ±2% and ±5%. For what 
on
erns the energy s
ale and resolution,their un
ertainties are both smaller than ±1%, for both ele
tron and muons.Missing ET systemati
 un
ertaintiesAlso the treatment of missing ET systemati
 un
ertainties is similar to what is donein 2011 (Se
tion 4.9.1), but less 
onservative, thanks to the knowledge a
quired in
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 un
ertaintiesthe meanwhile by the ATLAS 
ollaboration [186℄ on the impa
t of soft obje
ts (re-
onstru
ted jets with pT < 20 GeV and soft depositions in the 
alorimeter) on themissing ET 
omputation. The un
ertainty resides now on two independent terms:the �rst term is the resolution one (MET_RESOSOFT), whi
h 
overs data/MC dif-feren
ies in the des
ription of soft obje
ts, and is a fun
tion of pT and the number ofprimary verti
es, the se
ond term (MET_SCALESOFT) a

ounts for un
ertaintieson the soft energy s
ale, with a ±1 GeV smearing of the s
ale itself.5.6.2 Theoreti
al un
ertaintiesThe theoreti
al un
ertainties mostly follow what dis
ussed in Se
tion 4.9.2 for the2011 analysis, with the 
aveat that only the un
ertainties spe
i�
 to the 0-jet binare relevant for this analysis and are hen
e summarized here.Con
erning the un
ertainties on the JP = 0+ produ
tion 
ross se
tion, they aredetermined following the pres
riptions in Refs. [87, 225, 238℄. QCD s
ale un
ertain-ties are obtained varying µR and µF up and down by a fa
tor of two (µR, µF =

mH/2, 2mH ), while for PDFs two sour
es are taken into a

ount: the envelope oferror sets and the di�eren
e between the 
entral values of di�erent pres
riptions.Variations of QCD s
ales and PDFs 
hange the JP = 0+ 
ross se
tion by ±17% and
±8%, respe
tively.Un
ertainties on theWγ 
ross se
tion amount to ±11% [238℄, while forW (Z/γ∗),with mZ/γ∗ < 7 GeV, the MadGraph predi
tion is normalized to the NLO POWHEGone by a K-fa
tor of 1.4± 0.2.As in the 2011 analysis, the modelling a

ura
y of the signal and ba
kgroundpro
esses is 
he
ked using di�erent MC generators, namely MC�NLO for JP = 0+(their di�eren
e is the �UEPS� signal systemati
) and POWHEG for tt.5.6.3 Un
ertainties from data-driven methods and 
ontrol regionsSome additional systemati
 un
ertainties arise from the usage of data-driven meth-ods, pseudo data-driven methods and 
ontrol regions. They a�e
t, respe
tively, the
W+jets, tt and WW ba
kgrounds.For what 
on
erns the W+jets ba
kground, a 
onservative un
ertainty of ±50%on its estimation in the signal region is applied, as in 2011; however, given thedi�eren
e in ele
tron and muon fake fa
tors, their 
ontributions are now de
orrelated.The un
ertainty on the tt̄ and single top-quark yields in the signal region isin 
ommon with the rate analysis. It is des
ribed by four independent nuisan
eparameters (TOP_SCALEF_0j): the experimental and theoreti
al un
ertaintiesamount together to ±11.4%, an additional ±4% takes 
are of the fa
t that the s
ale
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ription Type Shape VariationSigXse
OverSM σmeas/σSM Parameter of Interest −sampleNorm_ggf125 Normalization un
ertainty for the ggF signal sample Statisti
al −sampleNorm_spin2 Normalization un
ertainty for the VBF signal sample Statisti
al −sampleNorm_ttbar Normalization un
ertainty for the tt sample Statisti
al −sampleNorm_st Normalization un
ertainty for the single top-quark sample Statisti
al −sampleNorm_ww Normalization un
ertainty for the WW sample Statisti
al −sampleNorm_wzzz Normalization un
ertainty for the diboson sample Statisti
al −sampleNorm_zjets Normalization un
ertainty for the Z/γ∗+jets sample Statisti
al −sampleNorm_wjets Normalization un
ertainty for the W+jets sample Statisti
al −norm_WW0j WW normalization Control Region −norm_Z0j Z → ττ normalization Control Region −BTAG_BEFF B-tagging e�
ien
y Experimental −BTAG_CEFF C-tagging e�
ien
y Experimental −BTAG_LEFF Mis-tagging e�
ien
y Experimental −JES Jet energy s
ale, split into 15 independent 
omponents Experimental −JER Jet energy resolution Experimental −EL_EFF Ele
tron sele
tion e�
ien
y Experimental XMU_EFF Muon sele
tion e�
ien
y Experimental XEL_ESCALE Ele
tron energy s
ale Experimental −MU_ESCALE Muon energy s
ale Experimental −EL_RES Ele
tron energy resolution Experimental −MU_ID_RES Muon ID tra
k resolution Experimental −MU_MS_RES Muon Spe
trometer tra
k resolution Experimental −ISO Lepton isolation Experimental XMU_RESCALE_lvlv_2012 Pile-up res
aling Experimental XTRIGGER_SF Trigger e�
ien
y un
ertainty Experimental XMET_RESOSOFT MET un
ertainty Experimental −MET_SCALESOFT MET un
ertainty due to pile-up Experimental −LUMI Luminosity un
ertainty Experimental −Fake_Rate_EL Un
ertainty on the W+jets fake rate for ele
trons Data-driven XFake_Rate_MU Un
ertainty on the W+jets fake rate for muons Data-driven XTOP_SCALEF_0j Theoreti
al un
ertainty on 0-jet top-quark estimate (four NPs) Data-driven (th) −UEPS_SHAPE_PS Un
ertainty on the WW shape given by the parton shower modelling Theory XUEPS_SHAPE_PDF Un
ertainty on the WW shape given by the PDFs Theory XUEPS_SHAPE_SCALE Un
ertainty on the WW shape given by µR, µF Theory XQCDs
ale_V qq → V s
ale un
ertainty Theory −QCDs
ale_VV qq → V V s
ale un
ertainty Theory −QCDs
ale_VV_ACCEPT qq → V V s
ale un
ertainty on a

eptan
e Theory −QCDs
ale_Wg_ACCEPT0j Wγ s
ale un
ertainty on a

eptan
e Theory −QCDs
ale_Wgs_ACCEPT0j Wγ∗ s
ale un
ertainty on a

eptan
e Theory −QCDs
ale_ggH gg → H s
ale un
ertainty Theory −QCDs
ale_ggH1in gg → H s
ale un
ertainty (for ≥ 1 jet) Theory −QCDs
ale_ggH_ACCEPT gg → H s
ale un
ertainty on a

eptan
e Theory −Higgs_UEPS Un
ertainty on ggF signal shape from POWHEG/MC�NLO 
omparison Theory Xpdf_Higgs_gg gg PDF un
ertainty Theory −pdf_Higgs_qq qq PDF un
ertainty Theory −pdf_qqbar_ACCEPT qq PDF a

eptan
e un
ertainty Theory −pdf_qqbar qq PDF un
ertainty Theory −pdf_Wg_ACCEPT Wγ PDF a

eptan
e un
ertainty Theory −pdf_Wgs_ACCEPT Wγ∗ PDF a

eptan
e un
ertainty Theory −Table 5.5: Naming s
heme for the nuisan
e parameters used in the spin analysis,from experimental and theoreti
al sour
es, 
ontrol regions, data-driven methodsand the limited number of MC events. The rightmost 
olumn indi
ates if a shape
omponent is used in the �t in addition to the normalization one.fa
tor is 
omputed at a di�erent 
ut stage (after the Emiss
T, rel 
ut) and not in the SRitself, and �nally ±3% due to the limited number of MC events.There is no spe
i�
 theoreti
al un
ertainty on the Z/γ∗+jets 
ontrol region pre-di
tion, sin
e, given its limited 
ontribution in the signal region, its theoreti
almodelling is not 
riti
al for the extra
tion of the �nal results; moreover, no shapeinformation is extra
ted from the CR, only the normalization. For WW , on the
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 un
ertaintiesother hand, the error on αWW , i.e. the extrapolation fa
tor from the 
ontrol tothe signal region, is evaluated as dis
ussed in Se
tion 4.9.3. Various sour
es are
onsidered, from the MC generator side (
omparing the nominal POWHEG+PYTHIA6to POWHEG+PYTHIA8 and POWHEG+HERWIG, in order to investigate the e�e
t of theparton shower), and to MCFM for the matrix element), to the QCD s
ales, to thePDFs (CT10 error sets and 
omparison between CTEQ and MRST). The sum inquadrature of the single terms yields a total un
ertainty on αWW of ±4.3% (±3.0%from modelling, ±2.5% from PDFs). For the shape 
omponent of the WW ba
k-ground un
ertainty, a dedi
ated te
hnique has been developed, as dis
ussed in thefollowing.5.6.4 Theoreti
al un
ertainty on the WW ba
kground shapeThe un
ertainty on the shape of the WW ba
kground has to be taken into a

ountwith parti
ular 
are, sin
e this is the main ba
kground in the signal region (
on-stituting 2/3 of the total expe
ted ba
kground, 
f. Table 5.2) and sensitivities areobtained via a shape �t. For this reason, in addition to the theoreti
al un
ertaintieson the yield dis
ussed above, more nuisan
e parameters are introdu
ed, to let theshape of the WW ba
kground free to �oat in the �t. This is done in parti
ularwith three independent nuisan
e parameters, whi
h 
orrespond to the un
ertaintieson the PDFs, on the QCD s
ales and on the underlying event/parton shower model(UEPS_SHAPE_PDF, _SCALE and _PS, respe
tively). In the following, only thebasi
 idea of the pro
edure is des
ribed; additional details 
an be found in AppendixK. For ea
h variation, new samples ofWW events have been produ
ed at generator-level, under the assumption that the properties of generator-level quantities followthose of the re
onstru
ted ones and that, in parti
ular, relative 
hanges are 
oherent.For QCD s
ales, samples with (µR, µF = mH/2, 2mH ) have been produ
ed, forUE/PS POWHEG+HERWIG has been 
ompared to the nominal POWHEG+PYTHIA6, �nally,for PDFs, reweighted sets have been 
reated for the CTEQ error sets and the MSTWand NNPDF 
entral values. In all 
ases, a standard training is performed, using thetopologi
al variables 
omputed with generator-level lepton quantities and smearedneutrino momenta reprodu
ing Emiss
T, rel.The di�eren
e between the nominal and the up/down BDT responses is usedto 
reate an envelope, inside whi
h the �tted shape 
an �oat. In order to have a
ontinuous 1-dimensional envelope, BDT0 and BDT2 (or BDT1 for the JP = 1±analysis) are �rst de
orrelated, 
omputing the dire
tion of their 
orrelation (θ
orr)
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ordingly, so that two new variables are de�ned:BDTx = BDT0 · sin θ
orr + BDT1,2 · cos θ
orrBDTy = BDT0 · cos θ
orr − BDT1,2 · sin θ
orr (5.1)Hen
e, BDTx and BDTy are mostly un
orrelated, and two independent envelopes
an be built on ea
h of them. Examples of these envelopes are shown in Fig. 5.19,for the UE/PS and QCD s
ale variations, for the JP = 2+ fqq̄ = 0.25 analysis. The�t uses in ea
h 
ase the largest envelope.This treatment minimizes over
onstraints and pulls on the UEPS nuisan
e pa-rameters, and for this reason has superseded the previous one (also adopted in 2011)whi
h 
onsisted in the 
omparison between the MC�NLO and POWHEG shapes. Oneimportant point is that the envelope is applied to an event only if it has both BDT0and BDT2 (or BDT1) > −0.2, i.e. only in the signal-like region. Applying it on thewhole BDT response, on the 
ontrary, the WW shape would be 
onstrained morestrongly in the ba
kground-like region and then for
ed to follow the same trendalso in the signal-like region, possibly biassing the result (as dis
ussed further inAppendix L).5.6.5 Higgs boson transverse momentumAs anti
ipated in Se
tion 5.1, the latest version of the POWHEG generator does notneed to be reweighted to the HqT output, sin
e the two Higgs boson pT spe
tra are
ompatible within ±5%. For generating the alternative spin hypotheses, however,JHU is used, whi
h requires to evaluate the e�e
t of the missing orders. A test is per-formed for the extreme 
on�guration, reweighting JP = 2+ fqq̄ = 1.00 events withthe following fun
tion: f(pT ) = fHqT (pT )/f
JHU (pT ). While, before the topologi
alsele
tion, the reweighted and non-reweighted distributions are di�erent (as shown inFig. 5.20 (a) for ∆φℓℓ, whi
h is drawn after the Emiss

T, rel 
ut), after applying the wholesele
tion they be
ome almost identi
al (Fig. 5.20 (b)), so no systemati
 un
ertaintyis assigned on this e�e
t.5.6.6 Impa
t on the analysisMost of the systemati
 un
ertainties dis
ussed above have a negligible impa
t onthe analysis; the others are listed in Table 5.6, whi
h shows the relative impa
ton the yield in the signal region (the largest between the up and down variations).The most important systemati
 e�e
ts are represented by the jet energy s
ale, the
W+jets fake fa
tor, the lepton sele
tion e�
ien
y and the missing ET terms. The
Z/γ∗+jets ba
kground is more a�e
ted by the systemati
 un
ertainties be
ause of
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(d)Figure 5.19: Envelopes on the rotated BDT responses, as de�ned in Eq. 5.1, forthe JP = 2+ fqq̄ = 0.25 analysis. In (a,b) the UE/PS variations are shown, asa ratio to the nominal 
on�guration, while in (
,d) the largest variations given bythe modifed QCD s
ales are shown (µR and µF up and down by a fa
tor of two(µR, µF = mH/2, 2mH )).its low number of MC events after the sele
tion. The e�e
t on the total ba
kground,however, is around or smaller than ±1% for all systemati
 un
ertainties, apart from
±3.4% for the data-driven fake fa
tor. The latter has an impa
t also on the WWba
kground be
ause of the W+jets 
ontamination in the WW 
ontrol region.Fig. 5.21 shows the Kolmogorov-Smirnov probabilities for 
ompatibility betweenthe nominal shape and the up/down variations, for ea
h sour
e of experimentalun
ertainties. The shapes 
onsidered here are the BDT0 and BDT2 ones, for thetotal ba
kground and the JP = 0+ signal (similar results are obtained for the JP =

2+ signal and in the JP = 1± analysis). The resulting values are inside ±60%,apart from a few isolated 
ases a�e
ted by statisti
al �u
tuations, so that a shape
omponent of the un
ertainty is implemented only for the e�
ien
y-related ones,the W+jets fake fa
tor and the WW UEPS terms.
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(b)Figure 5.20: Distributions of the dilepton azimuthal angle ∆φℓℓ, before and afterthe reweighting of the Higgs boosn pT spe
trum provided by the JHU generator tothe HqT one, for JP = 2+ fqq̄ = 1.00 events. The plot in (a) is shown after the Emiss
T, rel
ut, the one in (b) after the full sele
tion.Sour
e of Un
ertainty JP = 0+ JP = 2+ JP = 1+ JP = 1− WW W+jets Z/γ∗+jets Top-quark Total BkgJet Energy S
ale 4.7% 4.2% 2.8% 2.9% 0.8% � 9.6% 2.9% 1.0%

W+jets Fake Fa
tor � � � � 2.9% 50% � � 3.4%Lepton ID E�
ien
y 3.2% 3.1% 3.2% 3.3% 1.0% � 3.7% 1.0% 1.1%
Emiss

T, rel 0.3% 0.3% 0.3% 0.3% 0.1% � 6.3% 1.4% 0.5%Number of MC events 0.9% 0.8% 0.6% 0.7% 0.6% � 5.2% 2.3% 0.7%Table 5.6: Largest systemati
 (normalization) un
ertainties a�e
ting the yields ofthe various signal and ba
kground 
omponents in the signal region.5.7 Statisti
al model and �t pro
edure5.7.1 Likelihood and test statisti
The de�nition of the likelihood fun
tion follows Se
tion 4.10.2 and is, in parti
ular,analogous to Eq. 4.10, with the produ
t running now only on one data-taking period,one jet 
ategory and one lepton �avour:
L(µ, ε, θ) =





Nbins∏

i=1

P


Ni |µ(εS(0)

i + (1− ε)S
(ALT)
i ) +

Nbkg∑

b

Bib





×

Nθ∏

m=1

F (θ̃m, θm) .(5.2)The other main di�eren
e is that the parameter of interest is not µ (whi
h is nowtreated as a nuisan
e parameter), but ε, the fra
tion of JP = 0+ events, su
h that
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(d)Figure 5.21: Kolmogorov-Smirnov test probabilities for 
ompatibility between thenominal shape and the up/down variations of ea
h experimental un
ertainties (
f.Table 5.5). The top row shows BDT0, the bottom row BDT2; the left 
olumn showsthe JP = 0+ signal, the right 
olumn the total ba
kground.
ε = 0 
orresponds to a pure JP = 2+ or JP = 1± signal, while ε = 1 to a pure SMsignal. As before, Nθ are the other nuisan
e parameters, with F (θ̃m, θm) being theauxiliary measurements that 
onstrain the systemati
 un
ertainties.The test statisti
 is de�ned as the logarithmi
 ratio of the two likelihoods, forthe null (the SM) and alternative hypotheses under 
onsideration:

qµ = ln
L(ε = 1, µ̂ε=1, θ̂ε=1)

L(ε = 0, µ̂ε=0, θ̂ε=0)
. (5.3)The symbols µ̂ and θ̂ refer to the best �t values (MLEs) of the signal strength andthe nuisan
e parameters, obtained maximizing the likelihood in 
orrespondan
e of



Study of the Spin of the Higgs Boson in the H →WW ∗ Channel 181ea
h ε hypothesis.The distribution of q, and 
onsequently the p0-values that quantify the reje
tionpower for alternative spin hypotheses, are de�ned as des
ribed in Se
tion 4.10.4, with
f(Q|B) and f(Q|S + B) substituted by f(Q|ε = 1) and f(Q|ε = 0), respe
tively.Their distributions are obtained by means of pseudo-experiments (also known astoy experiments), sin
e the asymptoti
 approximation is not appli
able, given the
onstraint on the POI; they are shown s
hemati
ally in Fig. 5.22, in (a) for the MCexpe
tation, in (b) for the observation in real data. The p0-value for 
ompatibilitywith the alternative hypothesis, 
orresponding to the blue �lled area (dashed forexpe
tation), is de�ned as the probability of �nding a Q value equally or less 
om-patible with the �2++B� model than the one measured in data (than the �0++B�median), assuming �0++B� to be true:

p0(ALT) = P (Q ≥ Qobs|ε = 0) =

∫ ∞

Qobs f(Q|ε = 0) dQ . (5.4)At the same time, 1 − p0(ALT) 
an be regarded as the probability of reje
ting the�2++B� hypothesis, assuming that �0++B� is true: for instan
e, having p0(ALT) =
0.05 
orresponds to a 95% reje
tion probability for the JP = 2+ hypothesis. The
on�den
e level for ex
luding the alternative hypothesis in favour of the SM is eval-uated by means of a CL estimator [230℄:CLs =

p0(ALT)
1− p0(0+)

(5.5)whi
h normalizes the reje
tion power of the alternative hypothesis to the 
ompati-bility with the SM 
ase, analogously to Eq. 4.15 for the 2011 analysis.
(a) (b)Figure 5.22: S
hemati
 representation of the f(Q|0++B) and f(Q|2++B) distribu-tions and de�nition of p0(0+), p0(ALT) (labelled as P(spin0+b) and P(spin2+b) inthe �gures, respe
tively), for (a) MC expe
tation and (b) observation in real data.A di�erent de�nition of the test statisti
 
onsiders both distributions (ε = 0, 1)
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al model and �t pro
edurenormalized to the one with ε free, in the following way:
qε=0 = ln

L(ε = 0, µ̂ε=0, θ̂ε=0)

L(ε̂, µ̂ε̂, θ̂ε̂)
, qε=1 = ln

L(ε = 1, µ̂ε=1, θ̂ε=1)

L(ε̂, µ̂ε̂, θ̂ε̂)
(5.6)where in the denominators µ̂ε̂ and θ̂ε̂ are 
omputed in 
orrespondan
e with thebest �t value of ε. This is the standard LHC pres
ription for 
omputing ex
lusionlimits [230,231℄, as dis
ussed in Se
tion 4.10.4, i.e. the pro�le likelihood ratio (PLR).The drawba
k of this method is that, in prin
iple, ε̂ 
an take a 
ontinuousspe
trum of values, while the model this analysis wants to explore 
onsiders ε = 0, 1as the only two physi
al s
enarios. Nevertheless, the reje
tion powers a
hieved bythe two methods are expe
ted to be 
omparable, as long as ε is 
lose either to 0 or 1,whi
h has been veri�ed in di�erent 
on�gurations, as shown in Appendix N, wherethe residual di�eren
es are investigated.In the following, p0-values are 
omputed with the �rst method; they 
an be
onverted into signi�
an
es, Z, de�ned su
h that a Gaussian-distributed variable,found Z standard deviations above its mean, has an upper-tail probability equal to

p. That is:
Z = Φ−1(1− p) , (5.7)where Φ−1 is the Gaussian quantile, i.e. the inverse of the 
umulative distribution[239℄. In parti
ular, Z = 1.64 
orresponds to a threshold p0-value of 0.05 (95% CL).5.7.2 Choi
e of the binningAs already dis
ussed, sensitivities are 
omputed with a 2-dimensional �t in the(BDT0, BDT2) plane (or BDT1 for the JP = 1± analysis). The signal region usesa (10, 5) binning, while for the 
ontrol regions (WW and Z/γ∗+jets) only a singlebin is used. The (10, 5) binning has been 
hosen starting from two 
onsiderations:�rstly, the 2011 BDT analysis uses ten bins (and its response basi
ally 
orrespondsto BDT0 in 2012), se
ondly, BDT0 a

ounts for most of the spin dis
rimination, andas a 
onsequen
e it is more �nely binned.A s
an using �ve, seven and ten bins in ea
h dimension has been performedon a redu
ed dataset (13 fb−1), and the results are summarized in Tables 5.7 −5.11, where expe
ted sensitivities for JP = 0+ and JP = 2+ fqq̄ = 0.25 are shown,for µ = 1 and µ = µ̂, together with the �tted µ̂ values. The results do not takesystemati
 un
ertainties into a

ount. The best sensitivities are obtained in all 
asesfor ten bins in BDT0; having more than �ve bins in BDT2 does not improve theresults in a signi�
ant and 
oherent way, so that there is no 
lear gain by using a�ner binning. The �tted signal strengths are 
onstant within un
ertainties.



Study of the Spin of the Higgs Boson in the H →WW ∗ Channel 183BDT2 bins 5 7 10BDT0 bins5 0.65 0.57 0.627 0.66 0.71 0.6710 0.69 0.69 0.72Table 5.7: Expe
ted sensitiv-ities for JP = 0+ reje
tion,with µ = 1.
BDT2 bins 5 7 10BDT0 bins5 1.41 1.31 1.367 1.42 1.49 1.4810 1.49 1.54 1.58Table 5.8: Expe
ted sensitiv-ities for JP = 2+ reje
tion,with µ = 1.BDT2 bins 5 7 10BDT0 bins5 1.51 1.35 1.527 1.51 1.56 1.4110 1.57 1.59 1.57Table 5.9: Expe
ted sensitiv-ities for JP = 0+ reje
tion,with µ = µ̂.
BDT2 bins 5 7 10BDT0 bins5 1.78 1.62 1.827 1.69 1.87 1.8210 1.98 1.95 2.22Table 5.10: Expe
ted sensitiv-ities for JP = 2+ reje
tion,with µ = µ̂BDT2 bins 5 7 10BDT0 bins5 µ̂0 = 1.46 ± 0.30 µ̂0 = 1.39 ± 0.29 µ̂0 = 1.46 ± 0.34

µ̂2 = 2.19 ± 0.67 µ̂2 = 2.13 ± 0.67 µ̂2 = 2.19 ± 0.677 µ̂0 = 1.41 ± 0.40 µ̂0 = 1.40 ± 0.33 µ̂0 = 1.39 ± 0.28
µ̂2 = 2.11 ± 0.68 µ̂2 = 2.02 ± 0.67 µ̂2 = 1.96 ± 0.6710 µ̂0 = 1.51 ± 0.37 µ̂0 = 1.46 ± 0.37 µ̂0 = 1.51 ± 0.36
µ̂2 = 2.18 ± 0.68 µ̂2 = 2.04 ± 0.68 µ̂2 = 2.00 ± 0.66Table 5.11: Fitted µ̂ values for the JP = 0+ and JP = 2+signals, with di�erent binnings. All the results in Tables 5.7

− 5.11 
orrespond to an integrated luminosity of 13 fb−1 anduse no systemati
 un
ertainties.5.8 Results for the spin-2 analysisMost of the results in this Se
tion are given for fqq̄ = 0.25, more details for the otherfra
tions 
an be found in Appendix O.5.8.1 Post-�t yieldsTable 5.12 
ompares pre-�t and post-�t event yields for the ba
kgrounds and the dif-ferent signal hypotheses, for JP = 0+ and JP = 2+ �ts, in signal and 
ontrol regions.The ba
kground breakdown is the same as used in the �t. The pre-�t numbers arein prin
iple equal to those in Table 5.2, keeping into a

ount two di�eren
es: �rstly,the latter use all MC events, while those in Table 5.12 
orrespond to half of them



184 5.8. Results for the spin-2 analysis(only the odd-numbered events) s
aled to the full luminosity, se
ondly, normaliza-tion fa
tors are not applied for the WW and Z/γ∗+jets ba
kgrounds, sin
e they arere
overed in the �t from their 
ontrol regions (the normalization fa
tors are, on theother hand, applied for the top-quark ba
kgrounds).After the �t, the two signals are s
aled up by their µ̂ values. The WW ba
k-ground is in
reased of around 10%, in agreement with the pre-�t NF (1.08), morein the JP = 2+ 
ase: the redu
ed in
rease is 
ompensated, in the JP = 0+ 
ase, byan in
rease in the number of Z/γ∗+jets and W+jets events. The post-�t Z/γ∗+jetsNF is 0.91, in agreement with the pre-�t one (0.92). The W+jets ba
kground isde
reased by the �t for both signal hypotheses, more for JP = 2+.
0+ 2+ WW WZ/ZZ Wγ Wγ∗ tt̄ Single Top Z/γ∗+jets W+jetspre-�t 170 112 2028 63 83 83 171 130 309 278post-�t JP = 0+ 265 − 2223 63 76 83 169 129 334 266post-�t JP = 2+ − 265 2302 63 82 78 166 126 285 240pre-�t Z → ττ CR 4 9 93 6 5 2 4 3 3582 95post-�t JP = 0+ Z → ττ CR 6 − 101 6 4 2 4 3 3262 90post-�t JP = 2+ Z → ττ CR − 22 81 6 5 2 4 3 3252 81pre-�t WW CR 1 2 2212 56 34 42 333 192 56 153post-�t JP = 0+ WW CR 1 − 2427 55 35 48 330 191 67 148post-�t JP = 2+ WW CR − 5 2476 55 33 39 323 187 54 134Table 5.12: Pre-�t and post-�t event rounded yields for the various ba
kground
omponents (as used in the �t) and the two alternative signal hypotheses, for JP =

0+ and JP = 2+ fqq̄ = 0.25 �ts, in signal and 
ontrol regions. The statisti
al andsystemati
 un
ertainties are all taken into a

ount.
JP = 0+ �t JP = 2+ �t

µ̂ WW norm Z norm µ̂ WW norm Z norm
fqq̄ = 0.00 1.59+0.61

−0.48 1.10+0.05
−0.06 0.92+0.13

−0.08 3.05+1.23
−1.02 1.11+0.05

−0.06 0.92+0.11
−0.11

fqq̄ = 0.25 1.59+0.64
−0.50 1.09+0.05

−0.06 0.93+0.02
−0.02 2.36+1.12

−0.96 1.12+0.03
−0.03 0.92+0.11

−0.08

fqq̄ = 0.50 1.53+0.62
−0.47 1.09+0.05

−0.06 0.92+0.01
−0.08 1.99+1.06

−0.88 1.12+0.05
−0.05 0.92+0.10

−0.08

fqq̄ = 0.75 1.55+0.60
−0.49 1.10+0.05

−0.06 0.93+0.12
−0.08 1.39+0.94

−0.79 1.13+0.05
−0.05 0.92+0.10

−0.08

fqq̄ = 1.00 1.62+0.62
−0.48 1.10+0.05

−0.06 0.93+0.12
−0.08 0.88+0.82

−0.73 1.13+0.05
−0.05 0.92+0.10

−0.08Table 5.13: Best-�t values for the signal strenghts, in units of the expe
ted SM 
rossse
tion, and the ba
kground normalizations obtained from the 
ontrol regions (WWand Z → ττ), for the JP = 0+ and JP = 2+ �ts, with all systemati
 un
ertaintiesin
luded.



Study of the Spin of the Higgs Boson in the H →WW ∗ Channel 1855.8.2 Post-�t BDT distributionsFig. 5.23 shows the 2-dimensional BDT response (BDT0, BDT2) after its unrollingin 1D. All normalizations (for the signal hypotheses and for the various ba
kground
omponents) are the post-�t ones, summarized in Table 5.12. In both 
ases, theagreement between the data and the MC expe
tation is good on the whole range;the relevant signal 
ontributions are 
on
entrated in four bins, where, already visu-ally, JP = 0+ seems to mat
h better the data/MC ex
ess than JP = 2+, with asigni�
an
e that 
an be 
omputed by means of toy experiments.
remapped 1D BDT output
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(a) remapped 1D BDT output
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(b)Figure 5.23: Unrolled 1-dimensional distributions for the (a) JP = 0+ and (b)
JP = 2+ fqq̄ = 0.25 signal hypotheses, as well as the total ba
kground and thedata. The statisti
al and systemati
 un
ertainties are all taken into a

ount. Thenormalizations are the post-�t ones.The di�eren
e between the results of the two �ts 
an be better visualized by meansof the ba
kground-subtra
ted data plots, where the ex
ess (
omputed as the numberof data events after subtra
ting the post-�t ba
kground) is 
ompared with the ex-pe
ted distribution for the signal, as shown in Fig. 5.24. In this 
ase the unrolled1-dimensional distribution is used, but the bins are ordered a

ording to the (in
reas-ing) number of expe
ted signal events, and all bins with expe
ted 
ontent below 0.1are removed. After this reordering, the signal ex
ess is peaking on the righthandside, and it looks easier to be re
on
iled with the expe
ted JP = 0+ shape thanwith the JP = 2+ one.5.8.3 Pulls in nuisan
e parametersThe �t result has to be evaluated also in terms of the �tted values of the nuisan
eparameters. As explained also in Appendix I, all systemati
 NPs have pre-�t valuesof 0±1 (sin
e they represent the variation with respe
t to the nominal 
on�guration,whi
h is expe
ted to �oat inside the range de�ned by the initial pres
ription), while
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(b)Figure 5.24: Unrolled 1-dimensional BDT distributions for the (a) JP = 0+ and (b)
JP = 2+ fqq̄ = 1.00 signal hypotheses, after the ba
kground subtra
tion from data,using the post-�t normalizations for all ba
kgrounds and signals. The bins havebeen reordered a

ording to the number of expe
ted signal events, in
reasing fromleft to right. The statisti
al and systemati
 un
ertainties are all taken into a

ount.the normalizations from the 
ontrol regions (the α fa
tors) have 1±0. In the former
ase, a post-�t error mu
h smaller than 1 indi
ates that the �t is over
onstrainingthe systemati
 un
ertainty more than the initial pres
ription, possibly biassing theresult. Fig. 5.25 shows the pulls for all NPs listed in Table 5.5, after dis
arding thosethat have a negligible impa
t on the �nal result. Pulls are de�ned as the di�eren
ebetween the post- and pre-�t values of the parameter, divided by its post-�t error.Parameters are marked in red if their best �t value is more than 40% away from0 (the parameter is pulled) or if their error is less than 75% of the pre-�t one (theparameter is over
onstrained).For what 
on
erns the JP = 0+ �t, shown in Fig. 5.25 (b), the only parameterthat needs additional 
he
ks is the JES_2012_Dete
tor1 one, whi
h has a post-�tvalue of 0.60+0.79

−1.70, i.e. it is both pulled and asymmetri
ally 
onstrained. This ismost likely due to statisti
al �u
tuations in the ba
kground-enri
hed part of theBDT response, as suggested by a dedi
ated study: with referen
e to the unrolled
JP = 0+ distribution in Fig. 5.24 (a), the �rst 25 bins are 
ombined into one, threeor �ve bins, while the remaining bins, i.e. those responsible for most of the spindis
rimination, are left untou
hed. The sensitivities slightly de
rease (as expe
ted,sin
e some of the di�erential knowledge on the ba
kgrounds is lost) and at the sametime the pull on the JES NP disappears. The likelihood pro�led as a fun
tion of theparameter shows, in the standard 
on�guration, an asymmetri
 stru
ture with twominima, the absolute one being moved away from 0, in the standard 
on�guration(Fig. 5.26 (a)), while when the �rst 25 bins are 
ombined into three (b) a symmetri
minimum 
entered at zero is restored. In 
on
lusion, removing ba
kground bin-to-
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(b)Figure 5.25: Post-�t pulls in the nuisan
e parameters, for the JP = 2+ fqq̄ = 0.25analyses: (a) ε = 0 �t, (b) ε = 1 �t. The statisti
al and systemati
 un
ertainties areall taken into a

ount, but only those whi
h are non negligible appear in the plots.The CR normalizations are labelled �norm_WW0j� and �norm_Z0j�, �SigXse
Ov-erSM� is the signal strength, all other parameters follow the naming 
onvention inTable 5.5.bin �u
tuations, i.e. 
ombining bins together, 
auses the pull on the JES parameterto disappear, at the pri
e of a loss in sensitivity. On the other hand, just performingthe �t �xing the JES parameter to 0±1, does not alter the �nal results signi�
antly,proving that the JES pull is not the sour
e of any bias.For what 
on
erns the JP = 2+ �t (Fig. 5.25 (a)), on the other hand, aslight over
onstraint on the JER parameter appears (70%), and more interestinglyboth Fake Rate parameters are somewhat pulled (Fake_Rate_EL = −0.25+0.95
−0.94,Fake_Rate_MU = −0.43+0.99

−0.94). In fa
t, as already noti
ed 
ommenting Table 5.12,the W+jets ba
kground is redu
ed by the JP = 2+ �t more than by the JP = 0+�t, sin
e the former tends to a

omodate more WW events.It should be noti
ed that, for both signal hypotheses, the UEPS nuisan
e param-eters are well behaved, and the PDF one is dis
arded by the �t sin
e its impa
t is



188 5.8. Results for the spin-2 analysisnegligible.
PSfrag repla
ementsFigure 5.26: Pro�led likelihood as a fun
tion of the JES_2012_Dete
tor1 nuisan
eparameter, for the JP = 0+ �t, in the JP = 2+ fqq̄ = 0.25 analysis. In the standard
on�guration (a) an asymmetri
 stru
ture appears, 
orresponding to the pulled andasymmetri
 un
ertainty on the post-�t NP. Combining the �rst 25 bins into three(b), a symmetri
 minimum, 
entered at zero, is restored.5.8.4 Signal strength and 
ompatibility with the rate measurementEven if the spin analysis is not designed to provide a pre
ise measurement of thesignal strength, a value of µ̂ is obtained as a result of the �t, and it is used to
ompute the sensitivities, sin
e the test statisti
 qµ is a fun
tion of µ (
f. Eq. 5.3).Table 5.14 summarizes the post-�t normalizations for the signal, in the JP = 0+and JP = 2+ fqq̄ = 0.25 hypotheses, and the 
orresponding WW and Z → ττCR normalizations, for di�erent 
on�gurations of the systemati
 un
ertainties. Thelast line, in parti
ular, refers to the 
on�guration where only the main systemati
un
ertainties are 
onsidered: the UEPS, Fake Rate and theoreti
al ones and theun
ertainties due to the limited number of MC events. All values are 
ompatiblewithin un
ertainties. Moreover, the error on µ̂ in
reases 
onsistently when addingthe systemati
 un
ertainties, as expe
ted.The signal strength in the JP = 0+ hypothesis, µ̂ = 1.59+0.64

−0.50, appears to belarger than the one obtained by the rate analysis, 1.26 ± 0.35 [234℄ (whi
h is 
om-puted with all lepton �avours and jet bins in
luded). A study on the 
ompatibilityof the two results has been performed, generating 100 toy experiments under theassumption that the JP = 0+ hypothesis is true (with µ = 1), �tting them in twoways: on
e a

ording to the rate measurement pres
ription (�t mT after the full
utbased sele
tion, but for the eµ 0-jet 
hannel only), on
e a

ording to the spinanalysis pres
ription. The results are presented in Fig. 5.27 (a), where the distribu-tion of |µ̂spin − µ̂rate| is shown, together with the observed value. Integrating to theright of the data line, the 
ompatibility between the two measurements is found tobe 1.65σ. The expe
ted values are linearly dependent, as shown in Fig. 5.27 (b).
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JP = 0+ �t JP = 2+ �t, fqq̄ = 0.25

µ̂ WW norm Z norm µ̂ WW norm Z normAll systemati
 un
ertainties 1.59+0.64
−0.50 1.09+0.05

−0.06 0.93+0.02
−0.02 2.36+1.12

−0.96 1.12+0.03
−0.03 0.92+0.11

−0.08No systemati
 un
ertainties 1.52+0.28
−0.29 1.11+0.02

−0.02 0.91+0.02
−0.02 2.41+0.51

−0.51 1.11+0.02
−0.02 0.90+0.02

−0.02Limited number of MC events only 1.50+0.31
−0.31 1.11+0.02

−0.02 0.91+0.02
−0.02 2.41+0.57

−0.57 1.11+0.03
−0.02 0.90+0.02

−0.02Theory systemati
 un
ertainties only 1.45+0.47
−0.39 1.10+0.02

−0.02 0.91+0.04
−0.04 2.27+0.83

−0.69 1.10+0.02
−0.02 0.90+0.02

−0.02Dete
tor systemati
 un
ertainties only 1.57+0.45
−0.39 1.12+0.05

−0.05 0.88+0.07
−0.06 2.73+0.83

−0.80 1.15+0.05
−0.05 0.87+0.06

−0.05Main systemati
 un
ertainties only 1.50+0.53
−0.44 1.11+0.04

−0.04 0.91+0.04
−0.04 2.36+1.10

−0.92 1.12+0.04
−0.04 0.90+0.02

−0.02Table 5.14: Best-�t values for the signal strenghts, in units of the expe
ted SM 
rossse
tion, and normalizations for the ba
kgrounds obtained from their respe
tive 
on-trol regions (WW and Z → ττ), for the JP = 0+ and JP = 2+ fqq̄ = 0.25 �ts.Di�erent 
on�gurations of the systemati
 un
ertainties are 
onsidered, in parti
ularthe �main systemati
 un
ertainties� one uses only the UEPS, Fake Rate and theo-reti
al 
ontributions and the un
ertainty due to the limited number of MC events.
PSfrag repla
ementsFigure 5.27: Compatibility between the signal strengths measured by the spin andrate analyses, in both 
ases in the eµ 0-jet 
hannel only. Left: Distribution of

|µ̂spin − µ̂rate| obtained by means of toy experiments, generated assuming the JP =
0+ hypothesis. The observed value is also shown, see the text for further details.Right: Linear 
orrelation between the two measurements.5.8.5 SensitivitiesAs explained in Se
tion 5.7, the sensitivities are 
omputed by means of toy exper-iments, generated under the assumption that either the JP = 0+ or the JP = 2+hypotheses are true. Ea
h toy is then �tted for ea
h of the two hypotheses, 
om-puting the 
orresponding value of the test statisti
 qµ, de�ned in Eq. 5.3 as thelogarithmi
 ratio between the two likelihoods: L(ε = 1, µ̂ε=1, θ̂ε=1) = L(JP = 0+)and L(ε = 0, µ̂ε=0, θ̂ε=0) = L(JP = 2+). Then, as illustrated in Fig. 5.22, theexpe
ted sensitivities are 
omputed integrating on ea
h toy distribution startingfrom the median of the other one (for expe
ted) or from the qµ value found in data(for observed). In this way, the reje
tion probabilities are obtained in terms of p0-



190 5.9. Results for the spin-1 analysisvalues, Z signi�
an
es and �nally CLs 
on�den
e levels (
f. Eqs. 5.4, 5.7 and 5.5,respe
tively); they are shown in Tables 5.15 and 5.16 for the �ve fqq̄ fra
tions. Allvalues use the best-�t signal strengths and the best-�t nuisan
e parameters. Asexpe
ted (see Se
tion 5.5.1 and in parti
ular Fig. 5.10), the sensitivities in
reasewith in
reasing fqq̄. The expe
ted and observed sensitivities for JP = 2+ reje
tionare 
ompatible, while the observed p0-values for JP = 0+ reje
tion are larger than0.5, and negative in terms of Z signi�
an
es, be
ause the data 
annot reje
t the
JP = 0+ hypothesis. The CLs values range from 95.2% for fqq̄ = 0.00 (2.2σ for
JP = 2+ reje
tion) to 99.94% for fqq̄ = 1.00 (3.4σ).Table 5.16 also shows the numbers of �tted JP = 0+ and JP = 2+ events:almost 
onstant in the former 
ase, anti
orrelated with the in
rease in sensitivity for
JP = 2+, whi
h 
on�rms that the latter is due to a better shape dis
rimination forin
reasing fqq̄ and not to the freedom in the 
hoi
e of µ̂.Fig. 5.28 
ontains the �ve toy distributions of the test statisti
, normalized tounity. The JP = 0+ distribution (in blue) gets broader as fqq̄ in
reases, whi
h 
anbe understood in the following way: sin
e qµ = ln(L(JP = 0+)/L(JP = 2+)), as fqq̄in
reases it be
omes harder and harder to �t a JP = 2+ signal on toys generateda

ording to the JP = 0+ hypothesis (and, 
onversely, easier to �t JP = 0+ onthem), so that it be
omes more likely to obtain high qµ values. For fqq̄ = 1.00 and0.75, in parti
ular, only a few toy experiments 
ontribute to the integral: in orderto populate the tails, more toy experiments are generated for these fra
tions (seeTable 5.16), resulting in un
ertainties on the observed JP = 2+ sensitivities thatrange from 8% for fqq̄ = 0.00 to 45% for fqq̄ = 1.00 (see Appendix O for all therelative un
ertainties). The observed value is found in all 
ases 
lose to the JP = 0+expe
ted median, whi
h indi
ates again their 
ompatibility.5.9 Results for the spin-1 analysisIn the following, results for the JP = 1± analyses are given. Details are omitted ifequivalent to what dis
ussed in Se
tion 5.8 for the JP = 2+ analysis.5.9.1 Post-�t yieldsThe pre- and post-�t normalizations of the signal and ba
kground pro
esses areshown in Table 5.17 for the JP = 1+ analysis (the JP = 1− 
ase is very similarand hen
e omitted here). This is done for the signal and 
ontrol regions, with thesame ba
kground breakdown as used in the �t. In the pre-�t 
ase, the normalizationfa
tors are applied for all ba
kgrounds apart from WW and Z/γ∗+jets, whi
h are
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(e)Figure 5.28: Expe
ted distributions of the test statisti
 q =
ln(L(JP = 0+)/L(JP = 2+)) for the �ve fqq̄ fra
tions, given by toy experi-ments generated under the JP = 0+ (blue dotted) or JP = 2+ (red dashed)hypotheses. The dashed lines indi
ate the expe
ted medians, while the observedvalue is marked by a solid bla
k line. The 
oloured areas 
orrespond to the integralsused to 
ompute the observed p0-values for reje
ting ea
h hypothesis.



192 5.9. Results for the spin-1 analysis
fqq̄ exp. p0(0+) exp. p0(2+) obs. p0(0+) obs. p0(2+) 1-CLs (2+)
1.00 0.013 3.6 · 10−4 0.541 1.7 · 10−4 0.9994
0.75 0.028 0.003 0.586 0.001 0.997
0.50 0.042 0.009 0.616 0.003 0.992
0.25 0.048 0.019 0.622 0.008 0.980
0.00 0.086 0.054 0.731 0.013 0.952Table 5.15: Summary of p0-values for the �ve fqq̄ fra
tions, with all systemati
un
ertainties taken into a

ount, in terms of µ̂. The se
ond and third 
olumnsshow the expe
ted sensitivities for JP = 0+ and JP = 2+ reje
tion, respe
tively,assuming the other hypothesis to be true, while the fourth and �fth 
olumns showthe 
orresponding observed sensitivities. The last 
olumn 
ontains the 1-CLs resultsfor JP = 2+ reje
tion.normalized in their respe
tive 
ontrol regions; the signals are s
aled up by their µ̂values.As for the JP = 2+ analysis, the WW ba
kground is in
reased by the �t morein the JP = 1± than in the JP = 0+ 
ase, with Z/γ∗+jets and W+jets events
ompensating for the di�eren
e. Con
erning theW+jets ba
kground, it is de
reasedby the �t for both signal hypotheses. In general, the numbers are very similar forthe two JP = 1± analyses.5.9.2 Post-�t BDT distributionsThe 1-dimensional unrolled BDT response is shown in Fig. 5.29, with the signal andthe ba
kground distributions sta
ked on top of ea
h other, using the post-�t normal-izations. The data distribution agrees well with the MC one and, as for the JP = 2+
ase, the signal 
ontribution appears 
on
entrated in a few bins only. Moreover, Fig.5.30 shows the BDT0 variable in the data after ba
kground subtra
tion, 
omparedwith the expe
ted signal shape (in a �ner binning than the one used in the �t). Theshape looks �atter for JP = 1− than for JP = 0+ and JP = 1+, thus anti
ipatinga higher sensitivity for the JP = 1− analysis.5.9.3 Pulls in nuisan
e parametersFig. 5.31 displays the pulls for (a,b) the JP = 1+ and (
,d) the JP = 1− �ts. Theparameters marked in red (i.e. with a pull > 40% or an over
onstraint > 75%) arethe same as those already mentioned for the JP = 2+ analysis in Se
tion 5.8.3: the
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fqq̄ N�t(0+) N�t(2+) exp. Z(0+) exp. Z(2+) obs. Z(0+) obs. Z(2+) Ntoys (103)
1.00 270+100

−80 110+110
−90 2.24 3.34 -0.09 3.43 16.8

0.75 250+100
−80 170+110

−100 1.90 2.76 -0.22 3.05 18.2
0.50 250+100

−80 230+140
−100 1.72 2.37 -0.29 2.72 13.9

0.25 260+110
−80 260+130

−110 1.66 2.07 -0.31 2.42 13.5
0.00 260+100

−80 320+130
−110 1.36 1.60 -0.62 2.23 12.5Table 5.16: Summary of Z signi�
an
es (in units of standard deviations) for the �ve

fqq̄ fra
tions, 
orresponding to the p0-values in Table 5.15. Additionally, the se
ondand third 
olumns show the �tted numbers of JP = 0+ and JP = 2+ signal events,respe
tively, while the last 
olumn gives the numbers of toy experiments generatedfor ea
h fra
tion.
0+ 1+ WW WZ/ZZ Wγ Wγ∗ tt̄ Single Top Z/γ∗+jets W+jetspre-�t 170 157 2029 63 83 83 171 130 309 278post-�t JP = 0+ 260 − 2271 63 79 83 169 130 306 247post-�t JP = 1+ − 241 2340 63 81 80 167 127 286 217pre-�t Z → ττ CR 4 7 93 6 5 2 4 3 3582 95post-�t JP = 0+ Z → ττ CR 6 − 102 6 4 2 4 3 3263 86post-�t JP = 1+ Z → ττ CR − 11 103 6 5 2 4 3 3264 77pre-�t WW CR 1 2 2212 56 34 42 333 192 56 153post-�t JP = 0+ WW CR 1 − 2454 55 34 43 330 190 57 140post-�t JP = 1+ WW CR − 3 2490 55 33 39 325 187 53 126Table 5.17: Pre-�t and post-�t rounded event yields for the various ba
kground
omponents (as used in the �t) and the two alternative signal hypotheses, for JP =

0+ and JP = 1+ �ts, in the signal and 
ontrol regions. The statisti
al and systemati
un
ertainties are all taken into a

ount.
PSfrag repla
ementsFigure 5.29: Unrolled 1-dimensional distributions for the (a) JP = 0+ and the (b)

JP = 1− signal hypotheses, as well as the total ba
kground and the data. The sta-tisti
al and systemati
 un
ertainties are all taken into a

ount. The normalizationsare the post-�t ones.
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(a) (b)

(
)Figure 5.30: BDT0 distributions for the (a) JP = 1−, (b) JP = 1+ and (
) JP = 0+signal hypotheses, after the ba
kground subtra
tion from data, using the post-�tnormalizations for all ba
kgrounds and signals. The binning is �ner than the onea
tually used in the �t. The statisti
al and systemati
 un
ertainties are all takeninto a

ount.fake fa
tor un
ertainties and various JES and JER terms. The reason resides in thesame statisti
al �u
tuations as dis
ussed for the JP = 2+ 
ase, given the fa
t thatthe ba
kground-like part of BDT0 is the same for all spin analyses (
f. Fig. 5.30).Also in this 
ase, the UEPS PDF term is not signi�
ant and is therefore dis
ardedby the �t.5.9.4 Signal strengthsThe signal strengths and the ba
kground normalizations from the 
ontrol regions,shown in Table 5.18, are similar to those found for the JP = 2+ analysis in Se
tion5.8.4. For JP = 0+, in parti
ular, the values of µ̂ = 1.54+0.62
−0.48 (JP = 1+ analysis)and µ̂ = 1.57+0.65

−0.50 (JP = 1− analysis) are in ex
ellent agreement with the best-�t
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(d)Figure 5.31: Post-�t pulls in nuisan
e parameters: JP = 1+ (a,b) and JP = 1− (
,d),for the ε = 0 (a,
) and ε = 1 (b,d) hypotheses. The statisti
al and systemati
 un
er-tainties are all taken into a

ount, but only those whi
h are non negligible appearin the plots. The CR normalizations are labelled �norm_WW0j� and �norm_Z0j�,�SigXse
OverSM� is the signal strength, all other parameters follow the naming 
on-vention in Table 5.5.



196 5.9. Results for the spin-1 analysisvalue obtained in the JP = 2+ fqq̄ = 0.25 analysis, µ̂ = 1.59+0.64
−0.50. Also the relative
hanges when using only subsets of the systemati
 un
ertainties are similar andhen
e not repeated here.

JP = 0+ �t JP = 1± �t
µ̂ WW norm Z norm µ̂ WW norm Z norm

JP = 1+ 1.54+0.62
−0.48 1.11+0.05

−0.06 0.92+0.11
−0.08 1.53+0.63

−0.56 1.12+0.05
−0.03 0.92+0.11

−0.08

JP = 1− 1.57+0.65
−0.50 1.10+0.05

−0.06 0.92+0.12
−0.08 1.74+0.92

−0.82 1.13+0.04
−0.04 0.92+0.11

−0.08Table 5.18: Best-�t values for the signal strenghts, in units of the expe
ted SM
ross se
tion, and normalizations for the ba
kgrounds obtained from their respe
tive
ontrol regions (WW and Z → ττ), for the JP = 0+ and JP = 1± �ts, with allsystemati
 un
ertainties in
luded.5.9.5 SensitivitiesThe sensitivities for the JP = 1± analysis are shown in Tables 5.19 and 5.20, interms of p0-values, Z signi�
an
es and CLs 
on�den
e levels.The sensitivities are found to be larger for JP = 1− than for JP = 1+. Theexpe
ted and observed results for JP = 1± are 
ompatible, yielding reje
tion prob-abilities of 98.3% and 92.1%, in the JP = 1− and JP = 1+ 
ases, respe
tively. Therelative un
ertainties 
an be found in Appendix O. The �tted number of JP = 0+signal events is the same for all spin analyses, 
on�rming the fa
t that it dependsmostly on BDT0.Fig. 5.32 
ontains the qµ toy distributions, normalized to unity. The observedvalue for the test statisti
 is found in both 
ases 
lose to the JP = 0+ expe
tedmedian.Dependen
e of the sensitivities on the binning of the ba
kground distri-butionsAs just dis
ussed, large sensitivities are a
hieved by the BDT analysis, in parti
ularan observed reje
tion of 2.5σ for the JP = 1− signal hypothesis. This result may notbe immediately apparent looking e.g. at the distributions in Fig. 5.30. In order toprove that sensitivities are not enhan
ed by pulls and over
onstraints in the nuisan
eparameters, or more in general by informations extra
ted by the ba
kground �u
tua-tions, an analogous study to the one dis
ussed in Se
tion 5.8.3 has been repeated forthe spin 1− analysis: the �rst 25 bins of the unrolled 1-dimensional BDT responseare 
ombined into one, three or �ve bins, and the whole �t pro
edure is performed
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(b)Figure 5.32: Expe
ted distributions of the test statisti
 q =
ln(L(JP = 0+)/L(JP = 1±)) for the two JP = 1± analyses, given by toy ex-periments generated under the JP = 0+ (blue) or JP = 1± (red) hypotheses. Thedashed lines indi
ate the expe
ted medians, while the observed value is marked bya solid bla
k line. The 
oloured areas 
orrespond to the integrals used to 
omputethe observed p0-values for reje
ting ea
h hypothesis.again. The resulting sensitivities are shown in Table 5.21, where they are 
omparedwith the standard 
on�guration in
luding all systemati
 un
ertainties. The expe
tedsensitivities are not in�uen
ed by the binning of the ba
kground-enri
hed part; a�ner binning provides, on the other hand, a more a

urate knowledge of the variousba
kground 
omponents, and hen
e an in
rease of the observed reje
tions.5.10 Spin CombinationAfter the �nalization of the individual spin analyses in the three bosoni
 
hannels −
H → WW ∗ → ℓνℓν, H → γγ, H → ZZ∗ → 4ℓ − a 
ombination has been performed,in order to fully exploit their 
orrelations. The same approa
h as des
ribed for the
H → WW ∗ analysis, is used for what 
on
erns the de�nition of the JP = 2+fra
tions, the theoreti
al models to test, most of the systemati
 un
ertainties (apartfrom those analysis-dependent), the treatment of the Higgs boson pT spe
trum andthe statisti
al approa
h.Des
riptions and results for the H → γγ and H → ZZ∗ → 4ℓ analyses aretaken, respe
tively, from Refs. [138,240℄, while the 
ombination is published in Refs.[41, 235℄.The 
ombined best-�t value obtained by the ATLAS 
ollaboration is used forthe Higgs boson mass (125.5 ± 0.6 GeV [234℄); the spin results are insensitive to



198 5.10. Spin Combinationexp. p0(0+) exp. p0(1) obs. p0(0+) obs. p0(1) 1-CLs (1)
JP = 1+ 0.106 0.076 0.698 0.024 0.921
JP = 1− 0.056 0.018 0.662 0.006 0.983Table 5.19: Summary of p0-values for the two JP = 1± analyses, with all systemati
un
ertainties taken into a

ount, in terms of µ̂. The se
ond and third 
olumnsshow the expe
ted sensitivities for reje
ting the JP = 0+ and JP = 1± hypotheses,respe
tively, assuming the other hypothesis to be true, while the fourth and �fth
olumns show the 
orresponding observed sensitivities. The last 
olumn 
ontainsthe 1-CLs results for JP = 1± reje
tion.N�t(0+) N�t(1) exp. Z(0+) exp. Z(1) obs. Z(0+) obs. Z(1) Ntoys (103)

JP = 1+ 260+100
−80 240+110

−100 1.25 1.43 -0.52 1.98 17.7
JP = 1− 260+100

−80 210+100
−90 1.56 2.10 -0.42 2.52 12.5Table 5.20: Summary of Z signi�
an
es (in units of standard deviations) for the

JP = 1± analysis, 
orresponding to the p0-values in Table 5.19. Additionally, these
ond and third 
olumns show the �tted numbers of JP = 0+ and JP = 1± signalevents, respe
tively, while the last 
olumn gives the numbers of toy experimentsgenerated for ea
h fra
tion.variations of this parameter within the 
urrent experimental a

ura
y (0.6 GeV).5.10.1 The H → γγ analysisThe de
ay into two on-shell photons is not attainable by a JP = 1± Higgs boson,due to the Landau-Yang theorem, as outlined in Se
tion 2.3.2. For this reason, the
H → γγ analysis fo
uses on the JP = 2+ hypothesis only.Analysis strategyA standard 
ut-based approa
h is used in this 
ase, with a �t to an angular variablein bins of the diphoton invariant mass. More in detail, the analysis is 
arried out inthe Collins-Soper frame [241℄, where the in
oming 
olliding partons travel along the
z axis, the Higgs boson de
ays at rest and θ∗ is the photon polar angle. This 
hoi
e isexpe
ted to minimize the impa
t of the initial state radiation and to improve the spindis
rimination with respe
t to other de�nitions. Before the 
uts, the distribution ofthe JP = 0+ de
ay produ
ts is by de�nition isotropi
 in this frame, while for JP = 2+it depends on θ∗, in a way that 
hanges with fqq̄. In parti
ular, it is dN/d cos θ∗ =



Study of the Spin of the Higgs Boson in the H →WW ∗ Channel 199exp. p0(0+) exp. p0(1−) obs. p0(0+) obs. p0(1−) 1-CLs (1−)standard 0.06 0.02 0.67 0.01 0.9835 bins 0.06 0.02 0.61 0.01 0.9693 bins 0.06 0.03 0.56 0.02 0.9581 bin 0.05 0.02 0.51 0.02 0.958Table 5.21: Signi�
an
es for the JP = 1− analysis, with all systemati
 un
ertaintiestaken into a

ount, for the standard 
on�guration and three alternative binnings:the �rst 25 bins of the unrolled 1-dimensional distribution are 
ombined into one,three or �ve bins, respe
tively.
1+ cos4 θ∗ +6cos2 θ∗ for pure gg produ
tion and dN/d cos θ∗ = 1− cos4 θ∗ for pure
qq̄ produ
tion [35℄.The obje
t de�nition and event sele
tion follow those of the 
orresponding rateanalysis [39℄, requiring events with two photons, with an invariant mass in the range105 GeV < mγγ < 160 GeV, whi
h is divided further into a 
entral SR and twosidebands serving as CRs. The 
osine of the polar angle is given by:

cos θ∗ =
sinh(ηγ1 − ηγ2)√
1 +

(
pγγT /mγγ

)2 · 2 p
γ1
T p

γ2
T

m2
γγ

. (5.8)Its distribution is shown in Fig. 5.33 (a): an hypotheti
al JP = 2+ signal pro-du
ed by gluon-fusion would imitate the ba
kground shape, peaking in the forward-ba
kward dire
tion, while JP = 0+ (not isotropi
 after the sele
tion) tends to lowervalues. It 
an be noti
ed that the JP = 2+ shape be
omes more similar to the
JP = 0+ one when in
reasing fqq̄, thus a maximum sensitivity for pure gluon-fusionprodu
tion is expe
ted.After de
orrelating mγγ and cos θ∗ by means of spe
i�
 
uts, it is possible tode�ne the likelihood as:
− lnL = (nS+nB)−

∑events ln [nS · fS(| cos θ∗|) · fS(mγγ) + nB · fB(| cos θ∗|) · fB(mγγ)](5.9)where fS,B are the PDFs for the signal and the ba
kground, respe
tively. For the sig-nal, both fS(| cos θ∗|) and fS(mγγ) are taken from MC simulation; for the invariantmass, in parti
ular, the same distribution is assumed for both spin hypotheses, sothat the polar angle is the dis
riminating variable. For the ba
kground, fB(| cos θ∗|)is obtained from a �t in the sidebands, while fB(mγγ) is modelled with a �fth-degree
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(b)Figure 5.33: (a) Expe
ted distributions of | cos θ∗| for the signal (JP = 0+ in blue,
JP = 2+ fqq̄ = 0.00 in solid red, JP = 2+ fqq̄ = 1.00 in dashed red), 
omparedwith the observed ba
kground shape, obtained from a �t in the sidebands [240℄. (b)Observed distribution of | cos θ∗| in the signal region: the data are overlaid with thepost-�t sum of JP = 0+ and of the total ba
kground [235℄.For ba
kgrounds, the most important systemati
 e�e
t 
omes from the limitednumber of events in the sidebands, and is of the order of a few per
ent.For the signal, on the other hand, the most important systemati
 un
ertaintiesare the interferen
e with the 
ontinuous gg → γγ ba
kground and the invariantmass resolution (±20% un
ertainty). For JP = 2+, the Higgs boson pT is des
ribedup to NLO when reweighting its spe
trum from JHU to POWHEG, without the needfor additional un
ertainties. For the quark-initiated pro
ess, however, the impa
t ofsu
h a reweighting is not negligible and it de
reases the γγ sensitivity by about 30%for pure qq̄ produ
tion.ResultsThe post-�t (under the JP = 0+ hypothesis) | cos θ∗| distribution is shown in Fig.5.33 (b): in the signal region, 14977 events are observed, to be 
ompared with 14300and 370 expe
ted for the total ba
kground and the JP = 0+ signal with µ = 1,respe
tively. The �tted signal strength is almost double the SM expe
tation, with
690 ± 150 �tted events (620 ± 160 for JP = 2+ fqq̄ = 0.00). Fig. 5.34 displays theba
kground-subtra
ted data, for (a) the JP = 0+ and (b) the JP = 2+ fqq̄ = 0.00signal hypotheses.Table 5.22 summarizes the sensitivities obtained in theH → γγ 
hannel, in termsof p0-values and CLs 
on�den
e levels. A JP = 2+ Higgs boson 
an be ex
ludedwith probabilities ranging between 99.3% and 66.3%; as expe
ted, the sensitivitiesde
rease with in
reasing fqq̄, as the | cos θ∗| distributions of JP = 0+ and JP = 2+
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(b)Figure 5.34: Ba
kground-subtra
ted data as a fun
tion of | cos θ∗| in the signal re-gion, for (a) the JP = 0+ �t and (b) the JP = 2+ fqq̄ = 0.00 one. The 
yan bands
orrespond to the envelope of the systemati
 un
ertainties on the ba
kground mod-elling before the �ts, in
luding also the statisti
al un
ertainty on the data sidebands.The �gures are taken from Ref. [235℄.be
ome more and more similar. The results for all fra
tions are in good agreementwith the JP = 0+ hypothesis.
fqq̄ exp. p0(0+) exp. p0(2+) obs. p0(0+) obs. p0(2+) 1-CLs (2+)
1.00 0.148 0.135 0.798 0.025 0.876
0.75 0.319 0.305 0.902 0.033 0.663
0.50 0.198 0.187 0.708 0.076 0.740
0.25 0.052 0.039 0.609 0.021 0.946
0.00 0.012 0.005 0.588 0.003 0.993Table 5.22: Summary of p0-values for the H → γγ analysis, with all systemati
un
ertainties taken into a

ount, in terms of µ̂ [235℄. The se
ond and third 
olumnsshow the expe
ted sensitivities for the JP = 0+ and JP = 2+ reje
tion, respe
tively,assuming the other hypothesis to be true, while the fourth and �fth 
olumns showthe 
orresponding observed sensitivities. The last 
olumn 
ontains the 1-CLs resultsfor JP = 2+ reje
tion.5.10.2 The H → ZZ∗ → 4ℓ analysisAs dis
ussed in Se
tion 2.3, the de
ay of a Higgs boson into ve
tor bosons, with theirsubsequent de
ay into four fermions, H → V V ∗ → (f1f̄2)(f3f̄4), 
an be des
ribed by�ve quantities, the Cabibbo-Maksymowi
z variables [139℄. These are in parti
ularthe polar and azimuthal angles of f1 and f3 in the rest frame of the ve
tor bosons,
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(θ1, 0) and (θ3, φ3), respe
tively, and the masses of the two ve
tor bosons. Thisproperty, that 
annot be used in the H → WW ∗ 
ase due to the presen
e of thetwo neutrinos, is exploited in the H → ZZ∗ → 4ℓ (shortened as H → ZZ∗ inthe following) spin analysis, whi
h tests the SM 0+ hypothesis against the JP =

0−, 1±, 2+ hypotheses, the latter in �ve fqq̄ fra
tions.Analysis strategyThe obje
t de�nition, event sele
tion and ba
kground estimation follow those of therate analysis, also do
umented in Ref. [138℄. Both 2011 and 2012 data are 
ombined(
orresponding to an integrated luminosity of 4.6 fb−1 at 7 TeV and of 20.7 fb−1at 8 TeV, respe
tively). For ea
h lepton quadriplet, all same-�avour, opposite-sign
ombinations are built, and the two are 
hosen, whose invariant mass is 
loser to the
Z boson mass; afterwards, 
uts on the invariant masses of the two pairs are applied.Four sub
hannels are 
onsidered, 4e, 4µ, 2e2µ and 2µ2e. The spin analysis usesonly the mass region 115 GeV < m4ℓ < 130 GeV, splitting it subsequently into aregion with a high signal-to-ba
kground ratio (121 GeV < m4ℓ < 127 GeV) and twosidebands (115 GeV < m4ℓ < 121 GeV and 127 GeV < m4ℓ < 130 GeV).A BDT analysis is performed on the sele
ted events, training the SM signalhypothesis against ea
h one of the others. The following variables are used fortraining: θ1, θ2, Φ, Φ1, θ∗, m12 and m34, as de�ned in Fig. 2.10. For JP = 0+versus 0−, however, Φ1 and θ∗ are removed, sin
e for a JP = 0+ Higgs boson su
hangles 
annot be de�ned.Systemati
 un
ertainties a�e
t mainly the shapes of the BDT response and thenormalizations of the high and low S/B mass regions; they are due to un
ertaintieson the lepton identi�
ation e�
ien
ies, energy s
ale and resolution (all lepton sys-temati
 un
ertainties are in fa
t in 
ommon with the H → WW ∗ analysis). Theexperimental un
ertainty on mH translates into an additional ±10% error on thenormalizations of the mass regions. The e�e
t of the Higgs boson pT reweighting isnegligible alike in the H →WW ∗ analysis and hen
e dis
arded.ResultsAt the end of the sele
tion, 43 data events are observed, to be 
ompared with 16events expe
ted from the ba
kgrounds, mainly ZZ∗, and 18 signal events predi
tedfor a SM Higgs boson. The 
orresponding BDT responses are shown in Fig. 5.35, forthe 0+ versus 0−, 0+ versus 1+ and 0+ versus 2+ (fqq̄ = 0.00) analyses. All signalsare normalized using their post-�t strengths. The shapes of the BDT responseslook most di�erent for the JP = 0+ vs 0− analysis; 
on
erning the JP = 0+ vs 2+
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e is found on the produ
tion mode, so that the results arevery similar for the �ve fra
tions.Table 5.23 
ontains a summary of the reje
tion probabilities for all JP hypothesesin the H → ZZ∗ 
hannel. A pure pseudos
alar Higgs boson 
an be ex
luded with97.8% 
on�den
e level, a JP = 1± Higgs boson with 99.8% and 94%, for the JP = 1+and JP = 1− states, respe
tively, while a JP = 2+ Higgs boson 
an be ex
ludedwith 
on�den
e levels ranging between 83% and 97.4%. As in the H → γγ and
H → WW ∗ 
ases, the observed reje
tions for the alternative hypotheses tend to belarger than the expe
ted ones, primarily due to the �tted signal strengths, whi
hare larger than the SM one in all 
ases.
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)Figure 5.35: Distributions of the BDT responses in the signal region for (a) 0+versus 0−, (b) 0+ versus 1+ and (
) 0+ versus 2+ fqq̄ = 0.00, using the 
ombined2011 and 2012 datasets. The SM signal 
orresponds to the green solid line, thealternative hypothesis to the dotted one. All signals are normalized using their post-�t strengths. The hat
hed areas represent the total ba
kground un
ertainty. The�gures are taken from Refs. [138, 235℄.5.10.3 Combined resultsIn order to perform the statisti
al 
ombination, one 
ru
ial aspe
t to take intoa

ount resides in the 
ommon systemati
 un
ertainties and their 
orrelations. Sys-temati
 un
ertainties on leptons (ele
tron and muon sele
tion e�
ien
ies, as wellas their energy and momentum resolution) are 
ommon to both the H → WW ∗and H → ZZ∗ analyses; moreover, the un
ertainties on the energy s
ale are highly
orrelated for ele
trons and photons.The overall impa
t of the systemati
 un
ertainties is evaluated by 
omparingthe baseline results, with all nuisan
e parameters pro�led on data, to those obtainedkeeping them �xed at their nominal values: the di�eren
e in the 
ombined reje
tionsigni�
an
es is at the level of 0.3σ.



204 5.10. Spin Combinationexp. p0(0+) exp. p0(ALT) obs. p0(0+) obs. p0(ALT) CLs (ALT)Spin-0− 1.5 · 10−3 3.7 · 10−3 0.31 0.015 0.022Spin-1+ 4.6 · 10−3 1.6 · 10−3 0.55 1.0 · 10−3 2.0 · 10−3Spin-1− 0.9 · 10−3 3.8 · 10−3 0.15 0.051 0.060Spin-2+, fqq̄ = 1.00 0.102 0.082 0.962 0.001 0.026Spin-2+, fqq̄ = 0.75 0.117 0.099 0.923 0.003 0.039Spin-2+, fqq̄ = 0.50 0.129 0.113 0.943 0.002 0.035Spin-2+, fqq̄ = 0.25 0.125 0.107 0.944 0.002 0.036Spin-2+, fqq̄ = 0.00 0.099 0.092 0.532 0.079 0.169Table 5.23: Summary of p0-values for the H → ZZ∗ → 4ℓ analysis, with all sys-temati
 un
ertainties taken into a

ount, in terms of µ̂ [235℄. The se
ond and third
olumns show the expe
ted sensitivities for reje
ting one hypothesis, assuming theother to be true, while the fourth and �fth 
olumns show the 
orresponding observedsensitivities. The last 
olumn 
ontains the CLs 
on�den
e levels for reje
ting thealternative hypothesis.Con
erning the systemati
 un
ertainty on the Higgs boson pT spe
trum, as al-ready explained, only the H → γγ 
hannel is sensitive to it, espe
ially at high valuesof | cos θ∗|; however, given the fa
t that the JP = 2+ sensitivities are dominated bythe H → WW ∗ and H → ZZ∗ �nal states, the 
ombined results are impa
ted atthe level of 0.1σ.The 
ombined results are shown in Figs. 5.37, 5.38 and in Table 5.24, for the
JP = 1± and JP = 2+ analyses (sin
e only the H → ZZ∗ 
hannel tests the JP = 0−hypothesis, no 
ombination is needed for it).Con
erning JP = 2+, the dependen
e of the sensitivities on the produ
tionfra
tion is illustrated in Fig. 5.37 for the individual 
hannels and their 
ombination:as already dis
ussed, while for H →WW ∗ the sensitivities in
rease with in
reasing
fqq̄, they de
rease for H → γγ and are stable for H → ZZ∗. As a result, the
ombined values also slightly in
rease, with the observed values ni
ely followingthe expe
ted ones. The yellow and green bands in these plots 
orrespond to oneand two standard deviations from the 
entral expe
ted values (assuming the SMhypothesis) and are obtained 
omputing the quantiles of the 
orresponding toy qµdistributions (approximated as Gaussians for this purpose). Two examples of thelatter are shown in Fig. 5.36, in logarithmi
 s
ale: millions of toys are generated forea
h spin hypothesis, in order to simulate the tails properly.Moreover, Fig. 5.38 translates the 
on�den
e levels into standard deviations andshows a summary for all the JP hypotheses 
onsidered. In parti
ular, the result for
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JP = 2+m refers to the minimal hypothesis of leading-order 
ouplings, fqq̄ = 0.04,and is obtained by interpolating the results in Table 5.24.The 
ombined sensitivities rea
h 99.97% CL for JP = 1+ and 99.7% CL for
JP = 1−, and are above 99.9% CL for all JP = 2+ fra
tions. In all 
ases, theobserved values agree with the SM assignment.

(a) (b)Figure 5.36: Expe
ted distributions of the test statisti
 q =
ln(L(JP = 0+)/L(JP = 2+)), for the 
ombination of the three bosoni
 
han-nels, for the two extreme fra
tions ((a) fqq̄ = 0.00, (b) fqq̄ = 1.00). Thedistributions are obtained by means of toy experiments under the JP = 0+ (solidblue) or JP = 2+ (red dotted) hypotheses. The dashed lines indi
ate the expe
tedmedians, while the observed value is marked by a solid bla
k line. The 
olouredareas 
orrespond to the integrals used to 
ompute the observed p0-values forreje
ting ea
h hypothesis. The �gures are taken from Ref. [235℄.
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k solid line) of the test statisti

q = ln(L(JP = 0+)/L(JP = 2+)) for the �ve fqq̄ fra
tions of JP = 2+ produ
tion.The blue and red dashed lines indi
ate the expe
ted values for the medians of thesampling distributions obtained from pseudo-experiments, for the JP = 0+ and
JP = 2+ signals, respe
tively. Moreover, the green and yellow bands 
orrespond toone and two standard deviations around the JP = 0+ median. The 
hannels shownare: (a) H → γγ, (b) H → ZZ∗, (
) H →WW ∗, (d) their 
ombination. The �guresare taken from Ref. [235℄.
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(b)Figure 5.38: (a) Expe
ted (blue triangles/dashed line) and observed (bla
k 
ir-
les/solid line) 
on�den
e levels for reje
ting the JP = 2+ hypothesis as a fun
tionof the fqq̄ fra
tion. The green bands represent the 68% expe
ted ex
lusion rangeassuming a JP = 0+ signal. On the right verti
al axis, the 
orresponding standarddeviations are given. (b) The same for all spin hypotheses. The JP = 2+ valuerefers to the model with LO 
ouplings, fqq̄ = 0.04, obtained by interpolating theresults in Table 5.24. The �gures are taken from Ref. [235℄.



208 5.10. Spin Combinationexp. p0(0+) exp. p0(ALT) obs. p0(0+) obs. p0(ALT) CLs (ALT)Spin-1+: H → ZZ∗ 4.6 · 10−3 1.6 · 10−3 0.55 1.0 · 10−3 2.0 · 10−3Spin-1+: H →WW ∗ 0.11 0.08 0.70 0.02 0.08Spin-1+: Combination 2.7 · 10−3 4.7 · 10−4 0.62 1.2 · 10−4 3.0 · 10−4Spin-1−: H → ZZ∗ 0.9 · 10−3 3.8 · 10−3 0.15 0.051 0.060Spin-1−: H →WW ∗ 0.06 0.02 0.66 0.006 0.017Spin-1−: Combination 1.4 · 10−3 3.6 · 10−4 0.33 1.8 · 10−3 2.7 · 10−3Spin-2+ fqq̄ = 1.00, H → γγ 0.148 0.135 0.798 0.025 0.124Spin-2+ fqq̄ = 1.00, H → ZZ∗ 0.102 0.082 0.962 0.001 0.026Spin-2+ fqq̄ = 1.00, H →WW ∗ 0.013 3.6 · 10−4 0.541 1.7 · 10−4 3.6 · 10−4Spin-2+ fqq̄ = 1.00, Combination 3.0 · 10−3 8.8 · 10−5 0.81 1.6 · 10−6 0.8 · 10−5Spin-2+ fqq̄ = 0.75, H → γγ 0.319 0.305 0.902 0.033 0.337Spin-2+ fqq̄ = 0.75, H → ZZ∗ 0.117 0.099 0.923 0.003 0.039Spin-2+ fqq̄ = 0.75, H →WW ∗ 0.028 0.003 0.586 0.001 0.003Spin-2+ fqq̄ = 0.75, Combination 9.5 · 10−3 8.8 · 10−4 0.81 3.2 · 10−5 1.7 · 10−4Spin-2+ fqq̄ = 0.50, H → γγ 0.198 0.187 0.708 0.076 0.260Spin-2+ fqq̄ = 0.50, H → ZZ∗ 0.129 0.113 0.943 0.002 0.035Spin-2+ fqq̄ = 0.50, H → WW ∗ 0.042 0.009 0.616 0.003 0.008Spin-2+ fqq̄ = 0.50, Combination 1.3 · 10−2 2.7 · 10−3 0.84 8.6 · 10−5 5.3 · 10−4Spin-2+ fqq̄ = 0.25, H → γγ 0.052 0.039 0.609 0.021 0.054Spin-2+ fqq̄ = 0.25, H → ZZ∗ 0.125 0.107 0.944 0.002 0.036Spin-2+ fqq̄ = 0.25, H →WW ∗ 0.048 0.019 0.622 0.008 0.020Spin-2+ fqq̄ = 0.25, Combination 6.4 · 10−3 2.1 · 10−3 0.80 0.9 · 10−4 4.6 · 10−4Spin-2+ fqq̄ = 0.00, H → γγ 0.012 0.005 0.588 0.003 0.007Spin-2+ fqq̄ = 0.00, H → ZZ∗ 0.099 0.092 0.532 0.079 0.169Spin-2+ fqq̄ = 0.00, H →WW ∗ 0.086 0.054 0.731 0.013 0.048Spin-2+ fqq̄ = 0.00, Combination 2.1 · 10−3 5.5 · 10−4 0.63 1.5 · 10−4 4.2 · 10−4Table 5.24: Summary of p0-values for JP = 1± and JP = 2+ analyses, for the indi-vidual 
hannels (H → γγ, H → ZZ∗ and H →WW ∗) as well as their 
ombinations,a

ording to the fqq̄ fra
tion [235℄. Results in
lude all systemati
 un
ertainties anduse best-�t values for all nuisan
e parameters, in
luding µ̂. The se
ond and third
olumns show the expe
ted sensitivities for reje
ting one hypothesis, assuming theother to be true, while the fourth and �fth 
olumns show the 
orresponding ob-served sensitivities. The last 
olumn 
ontains the CLs probabilities for reje
ting thealternative hypothesis.



Appendix AComparison with othermultivariate te
hniquesThe 
hoi
e of BDT as the baseline multivariate method results from a 
omparisonwith other te
hniques, whi
h BDT is able to outperform. The 
omparison is basedon ROC 
urves, and se
ondarily on the expe
ted ex
lusion limits (the latter not
on
lusive, sin
e 
arried out with a preliminary and in
omplete statisti
al model,and hen
e not reported here). ROC 
urves measure the ba
kground reje
tion as afun
tion of the signal e�
ien
y: they are typi
ally used to 
ompare di�erent methodsfor a spe
i�ed signal e�
ien
y, e.g. 80%, looking for the best ba
kground reje
tion.Examples of these 
omparisons are shown in Fig. A.1, for two mass hypotheses,
mH = 130 GeV and mH = 240 GeV, and di�erent lepton �avours in the 0-jet
hannel. The te
hniques 
ompared here are 
hosen be
ause they are the fastest,most stable and best performing ones (all implemented in the TMVA pa
kage [216℄):the boosted de
ision tree BDT, the likelihood LH and two implementations of theneural network te
hnique, the multilayer per
eptron MLP and the k-nearest neighbormethod kNN. For this exer
ise, the following input variables have been used:

• BDT: mT , mℓℓ, Rℓℓ, ∆φ(ℓ2, Emiss
T ), Emiss

T,rel, pℓ1T , pℓ2T ,
• LH: mT , Rℓℓ,
• MLP: mT , mℓℓ, pT,ℓℓ, ∆φℓℓ, Rℓℓ, pℓ1T , pℓ2T , Emiss

T,rel, ∆φ(ℓ2, Emiss
T ),

• NN: pℓ1T , pℓ1z , pℓ2x , pℓ2y , pℓ2z , Emiss
x , Emiss

y .As 
an be seen in Fig. A.1, the BDT te
hnique outperforms all others, in all 
on�g-urations under study. The performan
e of the MLP neural network is the 
losest tothe BDT one, but it turns out not to be so 
ompetitive when looking at expe
tedlimits, while the simple LH method has a substantial worse performan
e for all



210the values of the signal e�
ien
y. These 
onsiderations lead to 
hoose the boostedde
ision tree as the baseline multivariate method.

(a) (b)

(
) (d)Figure A.1: ROC 
urves 
omparing di�erent multivariate te
hniques: the boostedde
ision tree BDT, the likelihood LH, the multilayer per
eptron MLP and the k-nearest neighbor kNN. Input variables are des
ribed in the text. Various 
on�gura-tions have been tested, all in the 0-jet 
hannel: (a) mH = 130 GeV in the µµ 
hannel,(b) mH = 130 GeV in the eµ 
hannel, (
) mH = 240 GeV in the µµ 
hannel, (d)
mH = 240 GeV in the eµ 
hannel.



Appendix B
Choi
e of the input variables
The 
hoi
e of the input variables for the boosted de
ision tree algorithm is basedon the separation between the signal and the ba
kground, de�ned in Eq. 4.4. Intotal, 11 variables have been used as inputs for the training, in all possible 
ombi-nations, (n1), (n2)...(nn); the best separations a
hieved for ea
h subset of n variablesare summarized in Table B.1 and in Fig. B.1. The signal mass hypothesis used hereis mH = 130 GeV, and the training is performed in the 0-jet 
hannel, after the jetveto. The variables are labelled in the following way:a) mT b) mℓℓ 
) ∆Rℓℓ d) ∆φℓℓ e) ∆φ(Emiss

T , ℓ2) f) Emiss
T,relg) pT,ℓ1 h) pT,ℓ2 i) pT,ℓ2 × sin(∆φℓℓ) j) pT,ℓℓ j) ps
alarT,tot .

Number of variables
0 2 4 6 8 10 12

S
ep

ar
at

io
n

0.4

0.45

0.5

0.55

0.6

ee
emu
mumu

GraphPSfrag repla
ementsFigure B.1: Best separation for subsets of n variables, for ea
h lepton �avour inde-pendently, in the 0-jet 
hannel with mH = 130 GeV.As 
an be seen, a saturation in the separation is rea
hed already with four variables,given the limited number of MC events and the 
orrelations among the variables



212themselves. The best performing variables are found to be:
ee : mT , mℓℓ, ∆φ(E

miss
T , ℓ2), pT,ℓℓ , eµ : mT , mℓℓ, ∆φℓℓ, pT,ℓℓ

µµ : mT , mℓℓ, pT,ℓ1 , pT,ℓℓwith three of them (mT , mℓℓ, pT,ℓℓ) being in 
ommon for all lepton �avours. Thefourth one is 
hosen to be ∆φℓℓ be
ause of two 
onsiderations: it is shared withthe 
ut-based analysis, and it pertains to the eµ 0-jet 
hannel, whi
h is the mostsensitive. In this way, 98% of the maximal separation 
an be a
hieved for the ee�nal state, and 99% for the µµ �nal state.
ee eµ µµN variables Variable set Separation Variable set Separation Variable set Separation1 
 0.530 b 0.407 
 0.4832 ab 0.627 a
 0.527 ab 0.5823 abj 0.633 abd 0.542 bjk 0.5974 abej 0.636 abdj 0.550 abgj 0.6095 b
fgj 0.632 abdej 0.553 abgij 0.6056 abegij 0.634 abdehi 0.558 abfhij 0.6037 b
de�j 0.633 abdeijk 0.558 abfghij 0.6048 b
defgij 0.630 abdeghjk 0.552 ab
eghik 0.6069 b
defghij 0.629 abdfghijk 0.551 a
efghijk 0.59910 ab
defgijk 0.629 abdefghijk 0.551 ab
defghijk 0.59011 ab
defghijk 0.624 ab
defghijk 0.549 ab
defghijk 0.588Table B.1: Best separation for ea
h subset of n variables, with the indi
ation ofwhi
h variables belong to every subset, for ea
h lepton �avour independently, in the0-jet 
hannel. The signal mass hypothesis is mH = 130 GeV.Repeating the exer
ise for mH = 200 GeV, the same saturation in performan
e isobserved, with the best variables found to be:

ee : mℓℓ, pT,ℓ2 , ∆φℓℓ, pT,ℓℓ , eµ : mℓℓ, pT,ℓ1 , pT,ℓ2 , pT,ℓℓ

µµ : mT , ∆Rℓℓ, pT,ℓ1 , pT,ℓ2whi
h are partly in 
ommon with those found formH = 130 GeV. Training themH =

200 GeV 
ase with the optimal set found for mH = 130 GeV, however, degrades theseparation only of a few per
ent (2% for ee and µµ, 6% for eµ), so that the following
on
lusion 
an be rea
hed: the four topologi
al variables (mT , mℓℓ, ∆φℓℓ, pT,ℓℓ) 
anbe used as BDT inputs for all lepton �avours and for all mass points, without anysubstantial degradation in performan
e.



Appendix CInput variables for the individuallepton �avoursThe distributions of the four input variables in ea
h lepton 
hannel are shown here,
orresponding to Figs. 4.15 and 4.17 for the 
ombined 
ase, in the 0- and 1-jetbins, respe
tively. A good agreement is found in all 
ases, inside the statisti
al andsystemati
 un
ertainties.
 [GeV]llm

0 50 100 150 200 250 300

E
ve

nt
s/

20
 G

eV

0

50

100

150

200

250

300

350
 Data  stat)⊕SM (sys 
 WW  γ WZ/ZZ/W

t t  Single Top
 Z+jets  W+jets
 H [125 GeV]

 InternalATLAS
-1

 L dt = 4.7 fb∫ = 7 TeV,  s

 + 0 jetνµν e→ (*)
 WW→H 

(a) (ll) [GeV]
T

p
0 20 40 60 80 100 120 140 160 180 200

E
ve

nt
s/

10
 G

eV

0

50

100

150

200

250

300

350

400

450  Data  stat)⊕SM (sys 
 WW  γ WZ/ZZ/W

t t  Single Top
 Z+jets  W+jets
 H [125 GeV]

 InternalATLAS
-1

 L dt = 4.7 fb∫ = 7 TeV,  s

 + 0 jetνµν e→ (*)
 WW→H 

(b)
(ll)[rad]φ∆

0 0.5 1 1.5 2 2.5 3 3.5

E
ve

nt
s/

0.
25

0

50

100

150

200

250  Data  stat)⊕SM (sys 
 WW  γ WZ/ZZ/W

t t  Single Top
 Z+jets  W+jets
 H [125 GeV]

 InternalATLAS
-1

 L dt = 4.7 fb∫ = 7 TeV,  s

 + 0 jetνµν e→ (*)
 WW→H 

(
)  [GeV]Tm
50 100 150 200 250 300 350 400

E
ve

nt
s/

10
 G

eV

0

20

40

60

80

100

120

140

160

180

200
 Data  stat)⊕SM (sys 
 WW  γ WZ/ZZ/W

t t  Single Top
 Z+jets  W+jets
 H [125 GeV]

 InternalATLAS
-1

 L dt = 4.7 fb∫ = 7 TeV,  s

 + 0 jetνµν e→ (*)
 WW→H 

(d)Figure C.1: Distributions of the four input variables, after the pT,ℓℓ requirement,as used for the BDT training, in the 0-jet eµ 
hannel: (a) mℓℓ, (b) pT,ℓℓ, (
) ∆φℓℓ,(d) mT . The shaded bands indi
ate the total normalization systemati
 un
ertainty.The �nal bin in
ludes the over�ow. All ba
kgrounds are normalized as in Table 4.2.
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(h)Figure C.2: Distributions of the four input variables, after the pT,ℓℓ requirement, asused for the BDT training, in the 0-jet same-�avour 
hannels: (a) mℓℓ, (b) pT,ℓℓ,(
) ∆φℓℓ, (d) mT . The shaded bands indi
ate the total normalization systemati
un
ertainty. The �nal bin in
ludes the over�ow. All ba
kgrounds are normalized asin Table 4.2.
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(d)Figure C.3: Distributions of the four input variables, after the b-tag veto, the pT,TOTrequirement and the Zττ veto, in the 1-jet eµ 
hannel: (a) mℓℓ, (b) pT,ℓℓ, (
) ∆φℓℓ,(d) mT . The shaded bands indi
ate the total normalization systemati
 un
ertainty.The �nal bin in
ludes the over�ow. All ba
kgrounds are normalized as in Table 4.2.
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(h)Figure C.4: Distributions of the four input variables, after the b-tag veto, the pT,TOTrequirement and the Zττ veto, in the 1-jet same-�avour 
hannels: (a) mℓℓ, (b) pT,ℓℓ,(
) ∆φℓℓ, (d) mT . The shaded bands indi
ate the total normalization systemati
un
ertainty. The �nal bin in
ludes the over�ow. All ba
kgrounds are normalized asin Table 4.2.



Appendix D
BDT with two variables
A 
ross-
he
k has been performed using only two variables to train the boostedde
ision tree, namely the transverse mass mT and the azimuthal opening angle
∆φℓℓ, keeping the rest of the analysis un
hanged. This test is meant to demonstratethat the sensitivities 
omputed with two variables are in between those obtained bythe 
ut-based analysis (whi
h uses only mT ) and the standard BDT analysis withfour variables. For this study, �ve mass hypotheses have been 
onsidered: 125 GeV,145 GeV, 165 GeV, 200 GeV and 240 GeV.BDT 2vars BDT 4vars Cut-based BDT4/BDT2 Cut-based/BDT2

mH = 125 GeV 1.10 1.05 1.15 0.95 1.05
mH = 145 GeV 0.35 0.33 0.37 0.94 1.06
mH = 165 GeV 0.18 0.16 0.18 0.89 1.00
mH = 200 GeV 0.62 0.53 0.72 0.85 1.16
mH = 240 GeV 1.22 1.06 1.10 0.87 1.11Table D.1: Expe
ted ex
lusion limits for �ve mass points in three 
on�gurations:BDT trained with two variables, standard BDT trained with four variables, 
ut-based analysis. The ratios of the latter two to the two-variable BDT are also shown.

Figs. D.1 and D.2 show the distributions of the BDT response in the 0- and 1-jetbins, respe
tively; their 
harateristi
s are the same as those already 
ommented forthe baseline analysis in Se
tion 4.7. Table D.1 presents a 
omparison of the 
ombinedex
lusion limits, σmeas/σSM at 95% CL, in three di�erent 
on�gurations: the BDT



218trained with two variables, the standard BDT trained with four variables(1) andthe 
ut-based analysis. The four-variable BDT is always performing better thanthe two-variable BDT, while the 
ut-based analysis is always performing worse (orequally good at mH = 165 GeV), demonstrating, on one hand, that the usage of
∆φℓℓ brings additional information with respe
t to mT , on the other hand that thedis
rimination improves further adding pT,ℓℓ and mℓℓ.
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(d)Figure D.1: Distributions of the BDT response in the data and in the MC simulation,after all sele
tion 
uts, in the 0-jet 
hannel, obtained from a two-variable BDTtraining. Shown are the (a) ℓℓ, (b) ee, (
) µµ and (d) eµ �nal states, respe
tively.The signal 
ontribution, shown for mH = 125 GeV, has been multiplied by a fa
torten for better visibility.1It should be noti
ed that the numbers for the standard four-variable BDT 
annot be dire
tly
ompared with those given in Table 4.12 be
ause this study has been performed with a previousanalysis version (small di�eren
es in re
ommendations for obje
t de�nitions, and in MC samples).
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(d)Figure D.2: Distributions of the BDT responses in the data and in the MC simula-tion, after all sele
tion 
uts, in the 1-jet 
hannel, obtained from a two-variable BDTtraining. Shown are the (a) ℓℓ, (b) ee, (
) µµ and (d) eµ �nal states, respe
tively.The signal 
ontribution, shown for mH = 125 GeV, has been multiplied by a fa
torten for better visibility.



Appendix EBDT with the WW ba
kground assignalA 
ross-
he
k has been performed substituting the Higgs boson signal with the non-resonant WW ba
kground for training the BDT in the 0-jet 
hannel. This study ismeant to investigate the quality of the ba
kground modelling by the BDT algorithm,and espe
ially of the WW ba
kground. All sele
tion 
riteria are the standard ones,apart from the 
ut on pT,ℓℓ, whi
h has been removed to in
rease the number of the
Z/γ∗+jets events in the training. The Higgs boson signal is not present at all, whileba
kgrounds used for training are Z/γ∗+jets, top- and single top-quark pro
esses,
WZ and ZZ. Fig. E.1 shows the BDT response in the individual lepton �avoursand their 
ombination. In all 
ases, the WW events appear to be 
orre
tly 
lassi�edas signal-like, with a large separation from the rest of the ba
kground events. In the
eµ 
hannel, where less Z/γ∗+jets events are present, hen
e more �u
tuations arepossible, some ba
kground 
ontaminates the rightmost BDT bins, but overall thedata/MC agreement is good, suggesting that the BDT analysis is able to understandand properly reprodu
e the ba
kground modelling.
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(d)Figure E.1: Distributions of the BDT responses in the data and in the MC simulation,after all sele
tion 
uts, in the 0-jet 
hannel, obtained training all ba
kgrounds apartfrom WW versus WW (no Higgs boson signal is present). Shown are the (a) ℓℓ, (b)
ee, (
) µµ and (d) eµ �nal states, respe
tively. The shaded areas indi
ate the totalun
ertainty on the ba
kground predi
tion.



Appendix FTopology of signal-like andba
kground-like eventsThe topology of the signal-like and the ba
kground-like events has been 
he
kedimposing a 
ut on the BDT response: BDT > 0 de�nes the signal-like region, whileBDT ≤ 0 de�nes the ba
kground-like region. The resulting shapes of the fourtopologi
al variables, ∆φℓℓ, mℓℓ, pT,ℓℓ, and mT , are shown in Figs. F.1, F.2, F.3 andF.4, respe
tively, in the 0- and 1-jet bins, 
ombining all lepton �avours together. Asexpe
ted, the ∆φℓℓ distribution is shifted towards low (high) values in the signal-like (ba
kground-like) region, while the other variables have narrower distributionsin the signal-like 
ase than in the ba
kground-like 
ase, as expe
ted for the signal.It should be noti
ed that the Higgs boson signal (in the hypothesis mH = 125 GeV)has to be magni�ed ten times in the ba
kground-like 
ase in order to be visible,while there is no s
ale fa
tor required in the signal-like region.
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(d)Figure F.1: Distributions of the azimuthal opening angle, ∆φℓℓ, after all sele
tion
riteria, with an additional 
ut on the BDT response: (a,b) BDT > 0, (
,d) BDT ≤ 0.The 0-jet 
hannel is shown on the left, the 1-jet 
hannel on the right; all lepton�avours have been 
ombined. The shaded areas indi
ate the total un
ertainty onthe ba
kground predi
tion.
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(d)Figure F.2: Distributions of the dilepton invariant mass, mℓℓ, after all sele
tion
riteria, with an additional 
ut on the BDT response: (a,b) BDT > 0, (
,d) BDT
≤ 0. The 0-jet 
hannel is shown on the left, the 1-jet 
hannel on the right; all lepton�avours have been 
ombined. The shaded areas indi
ate the total un
ertainty onthe ba
kground predi
tion.
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(d)Figure F.3: Distributions of the dilepton transverse momentum, pT,ℓℓ, after all se-le
tion 
riteria, with an additional 
ut on the BDT response: (a,b) BDT > 0, (
,d)BDT ≤ 0. The 0-jet 
hannel is shown on the left, the 1-jet 
hannel on the right; alllepton �avours have been 
ombined. The shaded areas indi
ate the total un
ertaintyon the ba
kground predi
tion.
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(d)Figure F.4: Distributions of the transverse mass, mT , after all sele
tion 
riteria, withan additional 
ut on the BDT response: (a,b) BDT > 0, (
,d) BDT ≤ 0. The 0-jet
hannel is shown on the left, the 1-jet 
hannel on the right; all lepton �avours havebeen 
ombined. The shaded areas indi
ate the total un
ertainty on the ba
kgroundpredi
tion.



Appendix GBDT response for the 
ut-based
andidatesReversing the argument of Appendix F, it is interesting to look at the BDT responsefor the 
ut-based 
andidates, i.e. the events that ful�ll all the standard sele
tion
riteria in the 0- and 1-jet 
hannels, i.e. mℓℓ < 50 GeV and ∆φℓℓ < 1.8 (
f. Table4.4), with an additional 
ut on the transverse mass like in the 
ut-and-
ount analysis,
0.75mH < mT < mH with mH = 125 GeV. After these requirements, all but threeevents have BDT > 0. Their distribution is shown in Fig. G.1, in the 0- and 1-jetbins. As expe
ted, the 
ut-based 
andidates are 
lassi�ed by the BDT as signal-like,
lustering at high BDT values.
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(b)Figure G.1: Distributions of the BDT response for the 
ut-based 
andidates, se-le
ted applying the full sele
tion of the standard 
ut-based analysis. The distribu-tions are shown for (a) the 0-jet bin and (b) the 1-jet bin; all lepton �avours havebeen 
ombined. The shaded areas indi
ate the total un
ertainty on the ba
kgroundpredi
tion.



Appendix HAdditional details on limitsIn the following, additional plots and tables are shown, detailing the results presentedin Se
tion 4.11:
• Fig. H.1: limits broken down into lepton �avours and jet 
ategories, in thefull mass range (110 < mH < 600 GeV),
• Fig. H.2: limits broken down into lepton �avours and jet 
ategories, in thelow mass range (110 < mH < 150 GeV),
• Fig. H.3: 
ombined limits for the BK and the LM data-taking periods, in thefull, intermediate and low mass ranges,
• Fig. H.4: 
omparison between BDT and 
ut-based limits, broken down intolepton �avours and jet 
ategories,
• Fig. H.5: lo
al p0-values as a fun
tion of mH in the full mass range, brokendown into lepton �avours and jet 
ategories,
• Table H.1: a
tual values for the 
omparison between BDT and 
ut-based limits,in the 0-jet 
hannel,
• Table H.2: a
tual values for the 
omparison between BDT and 
ut-based limits,in the 1-jet 
hannel.
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ted (dashed) and observed (solid) 95% CL upper limits on theHiggs boson produ
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ross se
tion, normalized to the SM 
ross se
tion, in the fullmass range (110 < mH < 600 GeV). The left and right 
olumns 
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hannels, respe
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ted (dashed) and observed (solid) 95% CL upper limits on theHiggs boson produ
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ross se
tion, normalized to the SM 
ross se
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mH (GeV) BDT Cut-based Ratio of expe
ted limits

mT shape �t (BDT/
ut-based)Observed Expe
ted Observed Expe
ted110 8.04 9.42 8.93 9.36 1.01115 3.93 4.14 3.81 4.14 1.00120 1.83 2.23 2.05 2.19 1.02125 1.24 1.36 1.29 1.33 1.02130 1.00 0.95 0.9 0.89 1.06135 0.66 0.71 0.71 0.66 1.08140 0.56 0.55 0.58 0.52 1.06145 0.45 0.44 0.48 0.43 1.03150 0.4 0.35 0.41 0.36 0.98155 0.25 0.28 0.32 0.29 0.96160 0.21 0.20 0.23 0.22 0.92165 - - 0.2 0.21 -170 0.22 0.22 0.23 0.23 0.94175 0.32 0.29 0.27 0.28 1.05180 0.30 0.31 0.32 0.34 0.94185 0.42 0.40 0.43 0.45 0.88190 0.49 0.49 0.57 0.6 0.83195 0.48 0.59 0.72 0.77 0.76200 0.64 0.69 0.81 0.89 0.78220 0.65 0.96 1.07 1.26 0.76240 0.87 1.28 1.31 1.54 0.83260 1.31 1.43 1.64 1.89 0.76280 1.54 1.56 2.08 2.15 0.73300 2.01 1.53 2.32 2.33 0.66320 2.38 1.57 2.7 2.37 0.66340 - - 2.56 2.16 -360 2.04 1.43 2.3 1.97 0.73380 2.14 1.51 2.55 2.08 0.72400 2.22 1.66 2.79 2.32 0.71420 2.11 1.95 3.27 2.73 0.71440 2.63 2.16 3.83 3.17 0.68460 2.77 2.64 4.81 3.94 0.67480 - - 5.74 4.7 -500 3.82 3.63 7.15 5.84 0.62520 4.16 4.45 8.75 7.14 0.62540 6.59 5.11 10.98 8.79 0.58560 5.71 6.10 13.65 10.81 0.56580 6.66 7.36 17.7 13.73 0.54600 5.53 9.14 21.38 16.42 0.56Table H.1: Comparison of observed and expe
ted limits from the BDT analysis withthose from the 
ut-based mT �t analysis in the 0-jet bin. The last 
olumn 
ontainsthe ratio. Some of the numbers are missing due to �t failures.
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mH (GeV) BDT Cut-based Ratio of expe
ted limits

mT shape �t (BDT/
ut-based)Observed Expe
ted Observed Expe
ted110 31.43 16.48 37.68 20.27 0.81115 15.56 8.15 19.26 9.89 0.82120 9.88 4.58 11.14 5.41 0.85125 5.33 2.88 6.69 3.23 0.89130 3.54 2.01 4.51 2.17 0.92135 2.67 1.64 3.24 1.56 1.05140 2.40 1.34 2.35 1.21 1.11145 2.01 1.11 1.82 0.99 1.12150 1.53 0.80 1.4 0.83 0.97155 0.95 0.64 1.07 0.68 0.94160 0.83 0.49 0.73 0.52 0.93165 0.75 0.46 0.62 0.49 0.93170 0.67 0.52 0.65 0.56 0.92175 0.79 0.61 0.73 0.64 0.95180 1.01 0.74 0.82 0.78 0.95185 1.38 0.98 1.12 1.06 0.92190 1.83 1.25 1.39 1.35 0.92195 2.19 1.47 1.57 1.73 0.85200 2.72 1.56 2.66 2.04 0.76220 2.92 2.33 3.24 2.72 0.86240 2.49 2.70 3.47 3.21 0.84260 2.48 2.80 4.11 4.12 0.68280 2.91 2.94 4.02 4.82 0.61300 2.64 2.72 3.6 4.65 0.59320 3.53 2.76 3.14 4.02 0.69340 2.49 2.82 2.96 3.78 0.74360 2.16 2.30 2.67 3.29 0.70380 2.25 2.55 2.83 3.58 0.71400 2.26 2.57 3.07 3.96 0.65420 2.38 2.85 3.52 4.4 0.65440 2.13 3.11 4.03 5.19 0.60460 2.85 3.54 4.96 6.03 0.59480 - - 5.72 7.14 0500 3.71 4.65 6.64 8.51 0.55520 4.67 5.18 8.09 9.78 0.53540 4.89 5.87 9.49 11.68 0.50560 4.78 6.45 11.25 14.05 0.46580 6.15 7.92 13.84 16.64 0.48600 7.90 9.34 16.28 19.78 0.47Table H.2: Comparison of observed and expe
ted limits from the BDT analysis withthose from the 
ut-based mT �t analysis in the 1-jet bin. The last 
olumn 
ontainsthe ratio. Some of the numbers are missing due to �t failures.



Appendix IPost-�t nuisan
e parametersThe best �t values for the nuisan
e parameters in the 
ombined √
s = 7 TeV �t areshown in Table I.1, as well as their relative un
ertainties.The �rst four parameters are the α fa
tors for 
ontrol regions normalizations,with a pre-�t value of 1±0, while the others represent the systemati
 variation withrespe
t to the nominal and their pre-�t value is 0± 1. In the latter 
ase, a post-�terror mu
h smaller than 1 indi
ates an over
onstraint, i.e. the �t is 
onstrainingthat systemati
 more than the initial pres
ription. This situation is undesirable and
ould lead to fakely large sensitivities; it happens only for a few parameters in thisanalysis, su
h as E_SCALE and PILEUP.The parameters appearing in Table 4.10 but not in Table I.1 have been dis
ardedautomati
ally by the �t be
ause their variation with respe
t to nominal is underthreshold, as detailed in Se
tion 4.10.3.



Post-�t nuisan
e parameters 237Parameter Best Fit Error Up Error Down0 norm Top1j 1.03 0.0644 -0.06441 norm Top2j 1.02 0.0272 -0.02722 norm WW0j 1.01 0.0397 -0.03973 norm WW1j 1.19 0.218 -0.2184 B EFF 0.697 0.636 -0.6365 CLUSTER 0.31 0.48 -0.486 C EFF -0.0115 0.966 -0.9667 E EFF 0.663 0.736 -0.7368 E RES -0.253 0.388 -0.3889 E SCALE 0.000113 0.00804 -0.0080410 ID RES -0.112 0.487 -0.48711 JER 0.00101 0.0115 -0.011512 JES -0.104 0.208 -0.20813 L EFF 0.0216 0.896 -0.89614 MS RES -0.541 0.437 -0.43715 M EFF -0.0133 0.987 -0.98716 M SCALE -0.0012 0.0407 -0.040717 PILEUP -5.96e-05 0.00642 -0.0064218 TOP SCALEF 0j 0.576 0.73 -0.7319 TOP SCALEF 0j hpt 0.165 0.944 -0.94420 TRIGGER SF -0.196 0.956 -0.95621 Z SCALEF EE0j -0.00511 0.978 -0.97822 Z SCALEF EE1j -0.226 0.93 -0.9323 Z SCALEF MUMU0j 0.0798 0.943 -0.94324 Z SCALEF MUMU1j 0.172 0.966 -0.96625 top TH1j 0.215 0.891 -0.89126 top TH2j -0.0172 0.992 -0.99227 ww model 0.256 0.796 -0.79628 Fake Rate -0.574 0.442 -0.44229 LUMI 0.209 0.837 -0.83730 QCDs
ale V -0.0105 0.988 -0.98831 QCDs
ale VV 0.0937 0.982 -0.98232 QCDs
ale VV2in -0.0823 0.975 -0.97533 QCDs
ale VV ACCEPT 0.226 0.857 -0.85734 QCDs
ale ggH -0.0459 0.255 -0.25535 QCDs
ale ggH1in 0.127 1.03 -1.0336 QCDs
ale ggH2in -0.0825 1.02 -1.0237 QCDs
ale ggH ACCEPT 0.00063 0.989 -0.98938 QCDs
ale qqH -0.000225 0.993 -0.99339 QCDs
ale qqH ACCEPT -0.00294 0.993 -0.99340 QCDs
ale ttbar 0.0665 0.178 -0.17841 UEPS 0.0439 0.875 -0.87542 ZJETS 2j -0.159 0.938 -0.93843 pdf gg 0.29 0.859 -0.85944 pdf qqbar 0.0311 0.928 -0.92845 pdf qqbar ACCEPT 0.187 0.865 -0.865Table I.1: Best �t values and relative un
ertainties for the nuisan
e parameters inthe 
ombined �t, for the 2011 √
s = 7 TeV analysis.



Appendix JChoi
e of the training
on�guration for the spin analysisAs introdu
ed in Se
tion 5.4, the optimization of the BDT 
on�guration starts fromthe observation that using only one of the signals for training, namely JP = 0+, withspin-dependent variables as inputs, 
ould introdu
e biasses in the algorithm response.Hen
e, several alternative training 
on�gurations have been explored, whi
h:
• use spin-independent variables for training JP = 0+ against the total ba
k-ground,
• 
ut on the BDT response,
• �t one of the spin-dependent variables (e.g. ∆φℓℓ).An example is shown in Fig. J.1, where the performan
e of the standard fourtopologi
al variables is 
ompared with those of alternative sets. The 
omparison usesROC 
urves, whi
h measure ba
kground reje
tion as a fun
tion of signal e�
ien
y(see also Appendix A). The variables 
onsidered are pT,ℓ1 , pT,ℓ2 , ∆φ(Emiss

T , ℓ1), ∆yℓℓand mz(1), where the latter two are invariant for boosts in the z dire
tion (thusthey are supposed to preserve the spin dis
rimination as in the Higgs boson restframe). Out of the four 
on�gurations 
onsidered here, the best signal e�
ien
y,for a �xed ba
kground reje
tion, is a
hieved with the four topologi
al variables; the
on�gurations whi
h use only spin-independent variables, labelled as �BDT0� and�BDT2� in the �gure, have a worse performan
e but this 
an be possibly improvedafter a 
ut on the BDT response.Fig. J.2 (b) shows the BDT response after presele
tion, in 5.8 fb−1 of integratedluminosity. The training uses in this 
ase the following variables: ∆yℓℓ, mz, mℓℓ,1The longitudinal dilepton mass, mZ , is de�ned as:
mz =

√

(~pℓ1 + ~pℓ2)
2
− (pz, ℓ1 + pz, ℓ2)

2 =
√

m2
ℓℓ − (px, ℓ1 + px, ℓ2)

2
− (py, ℓ1 + py, ℓ2)

2.
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mT and pT, ℓ1 − pT, ℓ2 . The aim is to �t ∆φℓℓ, depi
ted in Fig. J.2 (a), after a 
ut onthe BDT response. As shown in the �gure, there is a sizeable amount of Z/γ∗+jetsevents peaking at high ∆φℓℓ values, and hen
e at low BDT values, whi
h 
an beremoved requiring BDT > −0.6. However, su
h a 
ut greatly redu
es the shapedi�eren
e in the azimuthal angle to be �tted, as 
an be seen 
omparing the plots inFig. J.2 (
) and (d), whi
h show the ∆φℓℓ shapes for the JP = 0+ and JP = 2+signals before and after the 
ut on BDT, respe
tively. Consequently, the expe
tedsensitivities are signi�
antly worse for this 
on�guration (and for all those featuringspin-independent variables) than for the standard four-variables one.

PSfrag repla
ementsFigure J.1: Ba
kground reje
tion versus signal e�
ien
y when training BDT (JP =
0+ against the total ba
kground) with di�erent sets of input variables.One additional approa
h explored pro
eeds on a di�erent path:1. �rstly, redu
e the ba
kground applying tight 
uts or training a dedi
ated BDTand 
utting on it,2. train a se
ond BDT to separate JP = 0+ from JP = 2+, using spin-dependentvariables,3. �t the latter BDT response.This approa
h su�ers from various limitations: after redu
ing the ba
kground witha 
ut on the BDT response, only a few hundreds of raw MC events are left forthe signal samples, whi
h makes a new training not straightforward, and besides,the shape of spin-sensitive variables has been distorted, so that again separation isredu
ed.At an advan
ed stage of the analysis, it has been found out that an alternative
on�guration does exist, whi
h seems promising in terms of expe
ted sensitivities.
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(a) (b)

(
) (d)Figure J.2: (a) Distribution of the BDT response after the presele
tion, obtainedtraining the JP = 0+ signal against the total ba
kground, using the following vari-ables: ∆yℓℓ, mz, mℓℓ, mT and pT, ℓ1 − pT, ℓ2 . The ∆φℓℓ variable, shown in (b), hasbeen removed from the inputs so that it 
an be �tted after a 
ut the BDT responseitself. The dataset used for this study 
orresponds to an integrated luminosity of5.8 fb−1. (
,d) Comparison of the ∆φℓℓ shape between the JP = 0+ and JP = 2+

fqq̄ = 0.25 signal samples, before (
) and after (d) a 
ut on the BDT response,BDT> −0.6.



Choi
e of the training 
on�guration for the spin analysis 241It requires to train JP = 0+ against the sum of the JP = 2+ signal and the totalba
kground, and JP = 2+ against the sum of the JP = 0+ signal and the totalba
kground, resulting in signal shapes whi
h are more di�erent from ea
h other, as
an be seen in Fig. J.3. Preliminary results (based on an integrated luminosityof 13 fb−1, and a treatment of systemati
 un
ertainties whi
h is not the �nal one)show that improvements in expe
ted sensitivities up to 25% are in fa
t a
hievable.However, due to la
k of time, this alternative has not been pursued further.
PSfrag repla
ementsFigure J.3: Comparison between BDT0 responses: standard (JP = 0+ againstba
kground) on the left, improved (JP = 0+ against ba
kground plus JP = 2+

fqq̄ = 0.25 on the right). In both 
ases, the standard four variables are used. Onlystatisti
al un
ertainties are shown. The dataset used for this study 
orresponds toan integrated luminosity of 13 fb−1.



Appendix KThe theoreti
al systemati
un
ertainty on the shape of the
WW ba
kgroundThis Appendix provides additional details on the shape un
ertainty of the WWba
kground, following what dis
ussed in Se
tion 5.6.4. Three e�e
ts are 
onsidered:PDFs, QCD s
ales and underlying event/parton shower model, 
orresponding tothree independent nuisan
e parameters.For ea
h variation, new samples ofWW events have been produ
ed at generator-level:

• for un
ertainties on PDFs, reweighted events for CTEQ (CT10) error sets,MSTW (2008) and NNPDF (2.0) 
entral sets,
• for QCD s
ales, events with (µR, µF = mH/2, 2mH ),
• for UE/PS, POWHEG+HERWIG events to be 
ompared with the nominal usingPYTHIA6.After smearing the neutrino momenta, in order to simulate the Emiss

T resolution,the four topologi
al variables have been 
omputed and used for the standard train-ing, obtaining a BDT response for ea
h one of the up and down variations, whi
henvelopes the nominal one. An example of the varied BDT responses is shown inFig. K.1 (a,b) for the QCD s
ale variations, whi
h also 
ompares the distributionsof fully simulated MC samples with those of generator-level ones. From the �gure,a few observations 
an be made: �rst, events generated with POWHEG+PYTHIA6 orwith MC�NLO+HERWIG give rise to very similar BDT responses (dashed green and redlines), thus the relative di�eren
e found between MC�NLO samples with varying s
ales
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an be applied to the nominal POWHEG events. Moreover, the di�eren
e between fully-and non fully-simulated samples 
orresponds to the di�eren
e between the dashedgreen line and the solid bla
k line (µR, µF = (mH ,mH)), respe
tively; it is visibleonly in the leftmost bin, not in the signal-like region. The plots on the bottom lineof Fig. K.1 show the ratio of the s
ale-varying 
on�gurations with respe
t to thenominal: they �oat inside a few per
ent in all 
ases.
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(d)Figure K.1: (a,b) Distributions of the BDT response for di�erent 
hoi
es of µF and
µR at generator-level, for the JP = 2+ fqq̄ = 0.25 analysis. The dashed lines indi
atefully simulated MC samples (POWHEG in green, MC�NLO in red), while the solid linesindi
ate the MC�NLO samples at generation-level. (
,d) Ratios of the 
on�gurationswith varying s
ales with respe
t to the nominal one; the 
olour 
oding is the sameas in the upper plots.For what 
on
erns the UE/PS variations, POWHEG+HERWIG has been 
ompared tothe nominal POWHEG+PYTHIA6, and the result is shown in Fig. K.2 for BDT0 andBDT2(1): the ratio lies inside a few per
ent, whi
h is the 
ase also for the JP = 1±1In the 
ase of the JP = 2+ analysis, the 
omputations are performed for fqq̄ = 0.25 and appliedto all the other fra
tions.



244analysis. Finally, the PDF un
ertainties are 
omputed with the re
ommended masterformula (Eq. 1.53), whi
h sums the largest positive and negative deviations fromthe nominal. As shown in Fig. K.3 for BDT0, di�eren
es are of the order of afew per
ent for all the PDF pres
riptions 
onsidered: in parti
ular the HERA andNNPDF variations are very similar to ea
h other, and the MSTW one is negligible,so the total PDF un
ertainty is 
omputed as the sum in quadrature of the CTEQand NNPDF ones, the former being a �at ±1%.

(a) (b)Figure K.2: Ratios of POWHEG+HERWIG WW events with respe
t to the nominalPOWHEG+PYTHIA6 
on�guration, for the (a) BDT0 and (b) BDT2 (fqq̄ = 0.25) distri-butions.
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(b)Figure K.3: Variations indu
ed by di�erent PDF pres
riptions on the BDT0 distri-bution. The PDFs 
onsidered here are the CT10 error set and the 
entral values ofMSTW2008, HERA6.5 and NNPDF2.0 PDFs. The 
urved bla
k lines represent the�t to the largest deviations ((a) HERA, (b) NNPDF).For �tting purposes, the envelope indu
ed by ea
h one of the above mentioned
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kground 245variations is 
omputed in 1D, after a rotation of BDT0 and BDT2 (or BDT1) alongthe dire
tion of maximal 
orrelation. Thus, two un
orrelated dire
tions are de�ned,BDTx and BDTy (
f. Eq. 5.1), using the following values for the 
orrelation angles:
θ
orr = 0.740 (JP = 2+) , 0.735 (JP = 1+) , 0.708 (JP = 1−) .An example of the 2D 
orrelations before and after the rotation is shown for the

JP = 1+ analysis in Fig. K.4 (a) and (b), respe
tively. The 
orrelation between thetwo dire
tions de
reases from 0.9 to 0.1, with the latter being 
on
entrated in the xdire
tion.
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 = 0.4ρ (d)Figure K.4: 2-dimensional BDT distributions, with a label indi
ating the 
orrespond-ing 
orrelation 
oe�
ient. (a) BDT1 as a fun
tion of BDT0 for the JP = 1+ analysisbefore the rotation, (b) the same but after the rotation in Eq. (5.1). Bottom line:distributions after the rotation, for the (
) JP = 1− and (d) JP = 2+ analyses.The same rotation is applied to all systemati
 samples, and envelopes are 
onstru
tedby means of polynomial fun
tions, using the largest variation in ea
h 
ase. More indetails, the following envelopes are used:
• PDFs: δ =√δ2CTEQ + δ2NNPDF:



246 � δ
(1+,1−,2)CTEQ = 0.01 ∗ BDTy,� δ
(2)NNPDF = (−0.0227) ∗ BDTy + (0.0149) ∗ BDT2

y,� δ
(1+)NNPDF = (−0.0157) ∗ BDTy + (−0.0117) ∗ BDT2

y,� δ
(1−)NNPDF = (−0.0106) ∗ BDTy + (−0.0238) ∗ BDT2

y,
• UE/PS:� δ

(2)UE/PS = |(0.019) ∗ BDTx + (−0.03) ∗ BDTy|,� δ
(1+)UE/PS = (0.0145) ∗ BDTx + (0.009) ∗ BDTy,� δ
(1−)UE/PS = |(0.05) ∗ BDTx + (−0.01) ∗ BDTy|,

• QCD s
ales:� δ
(2)s
ale = |(−0.0025) + (−0.015) ∗ BDTx + (0.05) ∗ BDT2

x| + |(0.016) +
(−0.017) ∗ BDTy + (−0.035) ∗ BDT2

y + (0.01) ∗ BDT3
y|,� δ

(1+)s
ale = |(−0.00165) + (−0.00485) ∗ BDTx + (0.05) ∗ BDT2
x| + |(0.018) +

(−0.0135) ∗ BDTy + (−0.04) ∗ BDT2
y + (0.004) ∗ BDT3

y|,� δ
(1−)s
ale = |(−0.0018)+(0.05)∗BDTx+(−0.05)∗BDT2

x|+|(0.019)+(−0.025)∗BDTy + (0.043) ∗ BDT2
y + (0.018) ∗ BDT3

y|.The variation δ is added to the event weight, asweightup, down = weightnominal ∗ (1± δ)only if both BDT0 and BDT2 (or BDT1) are > −0.2, i.e. only in the signal-likeregion. This is be
ause, otherwise, the �t would 
onstrain the WW shape morestrongly in the ba
kground-like region and then for
e it to follow the same trend alsoin the signal-like region, possibly a�e
ting the post-�t NPs and the �nal sensitivities.These envelopes are shown in Figs. K.5 and K.6 for the QCD s
ales and UE/PSun
ertainties, respe
tively; the �t uses in ea
h 
ase the largest envelope.
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(f)Figure K.5: Total up and down envelopes for the QCD s
ale un
ertainties, for the(a,b) JP = 2+, (
,d) JP = 1+ and (e,f) JP = 1− analyses. The �t uses in ea
h 
asethe largest envelope.
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(f)Figure K.6: Total up and down envelopes for the UE/PS un
ertainties, for the (a,b)
JP = 2+, (
,d) JP = 1+ and (e,f) JP = 1− analyses. The �t uses in ea
h 
ase thelargest envelope.



Appendix LAdditional studies on the shape ofthe WW ba
kgroundBefore the implementation of the baseline treatment for the UEPS un
ertainty de-s
ribed in Se
tion 5.6.4 and Appendix K, the spin analysis used a de�nition dire
tlyinherited from the 2011 analysis. This re
ipe 
onsisted in letting the shape of the
WW ba
kground free to �oat from its nominal 
on�guration (the POWHEG one) tothe MC�NLO one, using the net di�eren
e between the two generators as an envelope.This simple approa
h, known to be 
onservative, 
auses over
onstraints and pullsin the 
orresponding nuisan
e parameters (see Fig. L.1 for an example), a situationwhi
h is not desirable, espe
ially given the fa
t that this systemati
 is, togetherwith the Fake Rate un
ertainty, the most important of the whole analysis. Morespe
i�
ally, Table L.1 shows the e�e
t of turning o� one systemati
 sour
e at a time,on the �tted values of the signal strengths and ε, with the old UEPS de�nition.Referring in parti
ular to the JP = 0+ signal strength, its best-�t value goes downfrom 1.45σSM to 1.35σSM when removing the UEPS un
ertainty, and even lowerif only the shape 
omponent is removed. This means that the �t substitutes thesignal 
omponent with an additional WW one, when it is not given the freedom ofadjusting the WW shape in the signal-like region. This also shows how 
ru
ial a
orre
t treatment of this systemati
 is, in order to measure the presen
e of the signalin data and to distinguish among di�erent spin hypotheses.L.1 Compatibility of the MC�NLO and POWHEG predi
tionswith the dataApart from being 
onservative, the old re
ipe is also possibly wrong. In fa
t, in aprevious study based on an integrated luminosity of 10.6 fb−1, it has been shown
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PSfrag repla
ementsFigure L.1: Pull distribution for a preliminary version of the JP = 2+ fqq̄ = 0.25analysis (the �t assumes ε = 0), exemplifying the pathologi
al behaviour of theUEPS shape nuisan
e parameter (marked in red) in 
ase the 
orre
t treatment isnot performed.
µ̂0 µ̂2 ε̂All systemati
 un
ertainties 1.45+0.69
−0.58 1.99+1.28

−1.17 1−0.502All systemati
 un
ertainties - Fake Rate 1.41+0.68
−0.56 1.59+1.14

−1.00 1−0.438All systemati
 un
ertainties - UEPS (shape + norm) 1.35+0.66
−0.54 1.97+1.20

−1.11 1−0.541All systemati
 un
ertainties - UEPS (shape) 1.31+0.67
−0.55 1.86+1.22

−1.14 1−0.538All systemati
 un
ertainties - UEPS (norm) 1.47+0.71
−0.56 2.11+1.25

−1.13 1−0.506All systemati
 un
ertainties - MC stats 1.50+0.66
−0.54 2.20+1.22

−1.08 1−0.463All systemati
 un
ertainties - JES 1.44+0.68
−0.57 2.01+1.25

−1.16 1−0.515Table L.1: Best �t values for a preliminary version of the JP = 2+ analysis, showingthe e�e
t on the �tted signal strengths and ε of turning o� one systemati
 sour
eat a time. Only the most important e�e
ts are shown. �MC stats� refers to theun
ertainty due to the limited number of MC events, �shape� and �norm� to theshape and normalization 
omponents of the UEPS un
ertainty.that the data rule out the MC�NLO 
on�guration with a signi�
an
e 
lose to 3σ. Thisstudy 
ombined information from more kinemati
al variables (mT , mℓℓ and ∆φℓℓ)and used the tighter rate analysis sele
tion. It is interesting to repeat this studywith in
reased luminosity (13 fb−1) and with the looser spin 
uts.The model to be tested is indeed similar to the one used in this analysis, butrepla
ing the spin hypotheses with the two di�erent MC simulations for the WWba
kground:
ε× POWHEG+ (1− ε)× MC�NLO . (L.1)



Additional studies on the shape of the WW ba
kground 251The analysis is performed in the WW 
ontrol region (de�ned in Se
tion 5.5.2); the�t is done on ea
h of the input and output variables (mT , mℓℓ, pT,ℓℓ, ∆φℓℓ, BDT0and BDT2), without systemati
 un
ertainties. Pseudo-experiments are generatedlike in the standard spin analysis, without any signal 
omponent; no 
ontrol regionis used in the �t, and the WW normalization is left free to �oat. Also the POI isleft free to �oat, like in the standard LHC pres
ription (whi
h is di�erent from theone used for the spin analysis, 
f. Se
tion 5.7.1), in the range −10 < ε < 10, so thatthe boundaries are not hit.Fig. L.2 shows the toy distributions obtained from the various �ts, for thetwo hypotheses under 
onsideration (POWHEG in red, MC�NLO in blue) and for realdata (bla
k line). The expe
ted and observed sensitivities are reported on the plotsthemselves, and summarized in Table L.2 for observed, whi
h also 
ontains the �tted
ε values. The data seem to prefer the POWHEG 
on�guration in the mT and mℓℓ 
ases(with signi�
an
es of 1.76 and 2.99 standard deviations, respe
tively, for MC�NLOreje
tion), but the MC�NLO 
on�guration when �tting pT,ℓℓ, ∆φℓℓ or BDT2 (withsigni�
an
es of 1.60, 1.55 and 1.81 standard deviations, respe
tively, for POWHEGreje
tion). The �t to BDT0 lies in between the two hypotheses, and so does the2-dimensional �t to (BDT0, BDT2). The same 
on
lusions are 
on�rmed whenapplying the tighter rate analysis 
uts for de�ning theWW 
ontrol region (
f. Table5.4), the salient di�eren
e being that in this 
ase also BDT0 favours POWHEG.In 
on
lusion, sin
e BDT0 and BDT2 tend to di�erent dire
tions, the 2-dimensional�t slightly prefers POWHEG, but with less than 1σ signi�
an
e, so no one of the twogenerators 
an be dis
arded based on these studies.Reje
tion of POWHEG Reje
tion of MC�NLO

1− p0 Z 1− p0 Z ε̂

mT 0.25 -0.66 0.96 1.76 1−0.02
−0.02

mll 0.15 -1.04 0.999 2.99 1+0.75
−0.75

∆φll 0.94 1.55 0.36 -0.37 −0.33+0.85
−0.97

pT,ll 0.95 1.60 0.26 -0.66 0+0.02
−0.02BDT0 0.83 0.94 0.62 0.31 0.31+0.71
−0.80BDT2 0.96 1.81 0.36 -0.35 −0.19+0.67
−0.69(BDT0, BDT2) 0.66 0.41 0.71 0.55 0.52+0.48Table L.2: Sensitivities for reje
ting the POWHEG and MC�NLO hypotheses, with thespin analysis sele
tion, in the WW 
ontrol region. Only statisti
al un
ertainties areused, and the POI is �tted in the range −10 < ε < 10 (apart from the last line,where it is 0 ≤ ε ≤ 1).
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) ∆φℓℓ and (d) mT ,the lower row shows (e) BDT0 and (f) BDT2 (fqq̄ = 0.25). See the text for furtherdetails. Reje
tion of POWHEG Reje
tion of MC�NLO
1− p0 Z 1− p0 Z ε̂

mT 0.21 -0.82 0.98 2.05 1−0.64

mll 0.16 -1.00 1.00 2.70 1−0.22

∆φll 0.65 0.39 0.86 1.10 0.74+0.26
−0.68

pT,ll 0.96 1.80 0.13 -1.14 0+0.56BDT0 0.02 -1.95 1.00 2.89 1−0.27BDT2 0.95 1.68 0.45 -0.14 0.09+0.54(BDT0, BDT2) 0.32 -0.46 0.76 0.71 1−1Table L.3: Sensitivities for reje
ting the POWHEG and MC�NLO hypotheses, with therate analysis sele
tion, in the WW 
ontrol region. Only statisti
al un
ertainties areused, and the POI is �tted in the range 0 ≤ ε ≤ 1.
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kground 253L.2 Constraint to UEPS from the signal-like region only
PSfrag repla
ementsFigure L.3: S
hemati
 illustration of the signal region splitting for the UEPS studiesdo
umented in the text.In order to understand how mu
h of the pull and over
onstraint to the UEPSnuisan
e parameters (in the old approa
h) is 
oming from the signal-like region, i.e.from the rightmost part of the BDT response, the SR is split into di�erent regions,as illustrated in Fig. L.3: the same 
ut is applied on BDT0 and BDT2, de�ning�SRB� and �SRC�, whi
h are used as two single-bin measurements in the �t, while theremaining phase spa
e, �SR�, is binned in (10, 5) bins like in the standard 
ase, thusretaining the whole shape information. The 2-dimensional phase spa
e is s
annedas a fun
tion of the 
ut, as shown in Table L.4, for the �tted values of the UEPSnuisan
e parameters (in the ε = 1 hypothesis) and the JP = 0+ signal strength.Starting from the standard 
on�guration (no splitting applied) and in
reasing thevalue of the 
ut up to 0.2, the over
onstraint on UEPS_SHAPE de
reases (from24% to 51%), while the pull on UEPS_norm improves (from 42% to 15% in absolutevalues); at the same time, the �tted signal strength in
reases, resulting in 19% moresignal with respe
t to the standard 
ase when de�ning the SR with BDT0 > 0.2 andBDT2 > 0.2.These numbers show that the ba
kground-like part of the signal region is in fa
t
onstraining the UEPS parameters in the old approa
h, a situation whi
h is notoptimal sin
e it limits the freedom of the �t to adjust the shape and normalizationof the WW ba
kground in the signal-like region, and has a dire
t 
onsequen
e onthe signal yield 
omputed by the �t. The baseline treatment of the UEPS system-ati
 un
ertainty, on the other hand, over
omes these issues thanks to its additionaldegrees of freedom.



254 L.2. Constraint to UEPS from the signal-like region onlyUEPS_SHAPE UEPS_norm µ̂(JP = 0+)standard 0 ± 0.24 0.42 ± 0.93 1.43+0.53
−0.44
ut -0.9 0 ± 0.24 0.40 ± 0.94 1.39+0.52
−0.45
ut -0.7 0 ± 0.25 0.28 ± 0.95 1.42+0.53
−0.46
ut -0.5 0 ± 0.35 0.28 ± 0.96 1.43+0.55
−0.46
ut -0.2 0 ± 0.40 -0.08 ± 0.97 1.58+0.58
−0.48
ut 0.0 0 ± 0.39 -0.17 ± 0.98 1.59+0.58
−0.49
ut 0.2 0 ± 0.51 -0.15 ± 0.99 1.70+0.60
−0.52Table L.4: Fitted values for the UEPS nuisan
e parameters (shape and normaliza-tion, in the old pres
ription) and for the JP = 0+ signal strength, as a fun
tionof the 
ut whi
h de�nes the splitting between SR, SRB and SRC (see Fig. L.3).The �standard� 
on�guration has no splitting applied. Only the main systemati
un
ertainties are used for this study (the theoreti
al, UEPS and Fake Rate un
er-tainties, plus the error asso
iated with the limited number of MC events). All values
orrespond to the ε = 1 �t.



Appendix MTraining on ba
kgroundsSimilarly to what shown in Appendix E for the WW ba
kground, trained as signalversus the remaining ba
kgrounds, in the 
ontext of the 2012 analysis, also for thespin analysis ea
h one of the main ba
kgrounds is trained versus all the others, oneat a time. This allows to validate the BDT modelling of shapes and 
orrelationsin the input variables, and to gain 
on�den
e in the algorithm itself. Ba
kgroundsunder 
onsideration are WW , tt̄ and Z/γ∗+jets. The phase spa
e used in ea
h 
aseis similar to that of the standard sele
tion, but targetting the sele
ted ba
kgroundmore spe
i�
ally. This study uses a redu
ed dataset 
orresponding to an integratedluminosity of 5.8 fb−1 and no systemati
 un
ertainties.M.1 WW ba
kgroundWhen training the WW ba
kground against the others, no mℓℓ 
ut is applied, sin
ethe latter is meant to fo
us on the signal (
f. Se
tion 5.4.1). Moreover, the minimumnumber of events per leaf is not spe
i�ed manually; all the rest follows the standardtraining. The resulting BDT response is shown in Fig. M.1 (a): an ex
ellent separa-tion between the signal and the ba
kground is a
hieved, and no sign of overtrainingis visible, thanks to the high number of raw MC events for the signal (around tentimes that of the Higgs boson samples). Fig. M.1 (b) shows the BDT response inthe data, with all ba
kgrounds normalized by means of their pre-�t s
ale fa
tors,after an additional 
ut on mℓℓ, mℓℓ > 50 GeV. A ∼ 10% disagreement between thedata and the MC expe
tation is observed in a few 
entral bins, re
overed by the �t;the shapes look similar, with a 66% 
ompatibility assessed by the KS test.M.2 tt̄ ba
kgroundSimilarly to the WW 
ase, no mℓℓ 
ut is applied when training the tt̄ ba
kgroundagainst the others; moreover, the b-tag veto is removed and the minimum number



256 M.3. Z/γ∗+jets ba
kground
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(b)Figure M.1: Distributions of the BDT response obtained training the WW ba
k-ground against the others. This study uses a redu
ed dataset 
orresponding to anintegrated luminosity of 5.8 fb−1 and no systemati
 un
ertainties. (a) Overtraining
he
k, showing the 
ompatibility of the BDT responses for the training (dots) andtesting (full areas) samples. (b) BDT response in data and MC, with the JP = 0+signal (normalized by an approximate post-�t strength, µ̂ = 1.45σSM) sta
ked ontop of the total ba
kground.of events per leaf is 
hosen so that no overtraining appears (the number of MC tt̄events used for training, whi
h is around 6000, is divided by 400). Fig. M.2 showsthe resulting BDT response distribution, for (a) the overtraining 
he
k and (b) the
omparison between the data and the MC expe
tation. Due to the low number ofMC events for the tt̄ ba
kground in the 0-jet 
hannel, and the usage of the fourstandard topologi
al variables, the separation a
hieved is not ideal, but still most ofthe signal is peaking on the righthand side. A good agreement is rea
hed betweenthe data and the MC predi
tion, with a 
ompatibility 
lose to 80%.M.3 Z/γ∗+jets ba
kgroundIn this 
ase, both the mℓℓ and pT,ℓℓ 
uts are dropped in training, and the minimumnumber of events per leaf is 
hosen to be equal to the number of MC Z/γ∗+jetsevents used for training, i.e. around 21600, divided by 50. Fig. M.3 shows theresulting BDT response: the overtraining 
he
k (a) exhibits an ex
ellent separationbetween the signal and the ba
kground, as also visible in the data/MC 
omparison(b).
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(a) (b)Figure M.2: Distributions of the BDT response obtained training the tt̄ ba
kgroundagainst the others, with 5.8 fb−1 and no systemati
 un
ertainties. (a) Overtraining
he
k, showing the 
ompatibility of the BDT responses for the training (dots) andtesting (full areas) samples. (b) BDT response in data and MC, with the JP = 0+signal (µ = 1.45σSM) sta
ked on top of the total ba
kground.
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(b)Figure M.3: Distributions of the BDT response obtained training the Z/γ∗+jetsba
kground against the others, with 5.8 fb−1 and no systemati
 un
ertainties. (a)Overtraining 
he
k, showing the 
ompatibility of the BDT responses for the training(dots) and testing (full areas) samples. (b) BDT response in data and MC, with the
JP = 0+ signal (µ = 1.45σSM) sta
ked on top of the total ba
kground.



Appendix NDe�nition of the test statisti
:
omparison to the PLR methodTwo approa
hes 
an be used to de�ne the test statisti
 for spin reje
tion, as anti
i-pated in Se
tion 5.7.1: the one adopted in this analysis 
ompares the likelihoods forthe ε = 0 and ε = 1 hypotheses:
q = ln

L(ε = 1, µ̂ε=1, θ̂ε=1)

L(ε = 0, µ̂ε=0, θ̂ε=0)
,while the alternative one 
ompares both of them with the ε-free 
ase (PLR) [230,231℄:

qε=0 = ln
L(ε = 0, µ̂ε=0, θ̂ε=0)

L(ε̂, µ̂ε̂, θ̂ε̂)
, qε=1 = ln

L(ε = 1, µ̂ε=1, θ̂ε=1)

L(ε̂, µ̂ε̂, θ̂ε̂)
.The two approa
hes are expe
ted to yield 
ompatible results, but a few 
aveatsshould be 
onsidered:1. �rstly, the H → WW analysis in
ludes more than 100 nuisan
e parameters,so that pathologi
al situations may easily trigger instabilities in the �t,2. se
ondly, the physi
al meaning of letting ε free is not well de�ned: the modelunder investigation does not take into a

ount a mixing between di�erent

JP hypotheses, so that only the two extreme 
ases, ε = 0 or 1, should be
onsidered,3. �nally, the interplay between the �t to ε and the �t to µ 
an lead to problemati
situations, espe
ially when one of them hits the boundaries.A �rst look at the results 
omputed with the two approa
hes, in fa
t, does not
on�rm a full 
ompatibility, as 
an be seen in Table N.1, where the expe
ted sensi-
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omparison to the PLR method 259tivities, using only statisti
al un
ertainties, are shown for three di�erent fra
tions.PLR standard |PLR-standard|/PLR (%)
fqq̄ = 0.00 Z(0+) 1.50 1.52 1.7
fqq̄ = 0.00 Z(2+) 1.73 1.68 2.7
fqq̄ = 0.25 Z(0+) 1.63 1.74 6.7
fqq̄ = 0.25 Z(2+) 2.02 1.99 1.3
fqq̄ = 1.00 Z(0+) 1.81 2.18 20.4
fqq̄ = 1.00 Z(2+) 3.16 2.99 5.3Table N.1: Expe
ted sensitivities for JP = 0+ and JP = 2+ reje
tion, with the PLRand the standard test statisti
s. The numbers are shown for di�erent fqq̄ fra
tions,without systemati
 un
ertainties. Z(0+) and Z(2+) are the sensitivities (in termsof standard deviations) for JP = 0+ and JP = 2+ reje
tion.While numbers agree well for pure gg produ
tion, and in general for JP = 2+reje
tion sensitivities, the same is not true for JP = 0+ reje
tion as the fqq̄ fra
tionin
reases, with a dis
repan
y between the two methods up to 20%. Adding thesystemati
 un
ertainties, the disagreement is further enhan
ed. In order to tra
kdown this e�e
t, di�erent 
on�gurations have been explored, as summarized in TableN.2. The �rst line 
orresponds to the standard 
ase already shown in Table N.1.In the se
ond line, ε and µ are not for
ed to be positive in the �t, so that theminimization pro
edure does not hit the boundaries; the dis
repan
y in Z(0+) forpure qq̄ produ
tion diminishes from 20% to 11% (even if the dis
repan
y for pure

gg produ
tion in
reases). The third and fourth lines exhibit the largest deviations,and are both 
omputed for
ing µ = 1 when generating the toy distributions (butstill allowing it to �oat in the �nal �t). Finally, the �fth line shows almost nodisagreement, for both fra
tions, and 
orresponds to the 
ase of µ = 1 both in toygeneration and �tting. standard fqq̄ = 0.00 standard fqq̄ = 1.00 PLR fqq̄ = 0.00 PLR fqq̄ = 1.00 fqq̄ = 0.00 fqq̄ = 1.00di� to PLR (%) di� to PLR (%)
ε[0, 1], µ[0, 10] Z0 : 1.52

Z2 : 1.68
Z0 : 2.18
Z2 : 2.99

Z0 : 1.50
Z2 : 1.73

Z0 : 1.81
Z2 : 3.16

Z0 : 1.7
Z2 : 2.7

Z0 : 20
Z2 : 5.3

ε[−5, 5], µ[−10, 10]
Z0 : 1.48
Z2 : 1.74

Z0 : 2.13
Z2 : 2.85

Z0 : 1.60
Z2 : 1.77

Z0 : 1.92
Z2 : 3.09

Z0 : 7.5
Z2 : 1.6

Z0 : 11
Z2 : 7.8

ε[0, 1], µGEN = 1, µTEST free Z0 : 0.70
Z2 : 1.26

Z0 : 1.41
Z2 : 1.94

Z0 : 0.51
Z2 : 1.29

Z0 : 1.19
Z2 : 1.95

Z0 : 38
Z2 : 2.7

Z0 : 18
Z2 : 0.5

ε[−5, 5], µGEN = 1, µTEST free Z0 : 0.70
Z2 : 1.26

Z0 : 1.30
Z2 : 1.66

Z0 : 0.63
Z2 : 1.26

Z0 : 1.31
Z2 : 1.95

Z0 : 11
Z2 : 0.3

Z0 : 33
Z2 : 26

ε[−5, 5], µGEN = µTEST = 1
Z0 : 1.56
Z2 : 1.58

Z0 : 1.97
Z2 : 1.98

Z0 : 1.53
Z2 : 1.56

Z0 : 1.99
Z2 : 1.93

Z0 : 1.5
Z2 : 1.3

Z0 : 0.6
Z2 : 2Table N.2: Expe
ted sensitivities in di�erent 
on�gurations, in
luding only statisti-
al un
ertainties. For brevity's sake, the signi�
an
es Z(0+) and Z(2+) are labelledas Z0 and Z2.These results seem to indi
ate the presen
e of a 
orrelation between the dis-
repan
y and the �t to the signal strength; in parti
ular, sin
e the basi
 di�eren
e
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(d)Figure N.1: Toy distributions of qµ(ε) for µGEN = µTEST = 1 with εGEN = 0 andthen �tted under the assumption (a) ε = 0 (
orresponding to the �fth line in TableN.2) and (b) with µTEST free (fourth line). (
,d) Distributions of µ̂(ε) in the same
on�gurations.between the two methods resides in the �t to ε, the issue may emerge when �tting
ε and µ at the same time. More spe
i�
ally, Fig. N.1 (a) shows the distribution ofthe test statisti
 qµ as a fun
tion of ε in 
ase µGEN = µTEST = 1 (�fth line in TableN.2), with εGEN = 0 and then �tted under the assumption that ε = 0 is true: thereis a biunivo
al 
orrespondan
e between qµ and ε. On the other hand, Fig. N.1 (b)shows the same but with µTEST free (fourth line in Table N.2): the biunivo
al 
orre-spondan
e (qµ, ε) is broken, and the di�eren
e between the two methods is maximal.The asso
iated distributions of µ̂ as a fun
tion of ε are shown in Fig. N.1 (
,d):it appears evident that, in the µTEST-free 
ase, the distribution gets broader as µ̂approa
hes to zero, 
ausing those toys to lose dis
rimination on ε. The smaller thebest �t value for µ̂, the more toys are 
lose to zero, i.e. in the degenerate region,whi
h also explains why the e�e
t under study gets more pronoun
ed for smaller qq̄fra
tions.In 
on
lusion, the two methods yield the same results when �xing the signalstrength in the �t. When pro�ling it on data, on the other hand, a dis
repan
yappears, whi
h is a fun
tion of the JP = 2+ fra
tion, being maximal for fqq̄ = 1.00:



De�nition of the test statisti
: 
omparison to the PLR method 261this is due to the fa
t that, through the pro�ling, qµ(ε) be
omes degenerate, thus theglobal minimum of the likelihood is not well-de�ned anymore. This also means that,having broken the asymptoti
 approximation, the two methods are not supposed to
onverge asymptoti
ally to the same result. Finally, when the mean value of the�tted µ is far enough from zero, less toys end up in the degenerate region, so thatthe biunivo
al 
orrespondan
e is restored, and the PLR method 
onverges better tothe standard one.



Appendix OResults for all the JP = 2+fra
tionsThis Appendix presents additional results for all the JP = 2+ fra
tions.Table O.1 summarizes the relative un
ertainties on expe
ted and observed p0-values, given by the limited toy statisti
s. As fqq̄ in
reases, less toys populate thetails, so the errors be
ome larger. Fig. O.1 
ompares the shapes of the input variablesfor the �ve fra
tions: the biggest di�eren
e is visible in ∆φℓℓ, where fqq̄ = 1.00 peaksto larger values, thus being maximally di�erent from JP = 0+. Figs. O.2 and O.3show the input variables, in the signal region, for the JP = 0+ and the JP = 2+hypotheses. Already visually, a SM Higgs boson seems easier to re
on
ile with theex
ess found in data than the alternative JP = 2+ hypotheses under 
onsideration.Finally, Figs. O.4 and O.5 show the post-�t pulls of the NPs. The parametersexhibiting over
onstraints and pulls (and thus marked in red) are the same dis
ussedfor fqq̄ = 0.25 (primarily Fake Rate, JES and JER). An ex
eption is EL_RES,that is over
onstrained in the fqq̄ = 0.75 �t with ε = 1; it has been 
he
ked thatthis over
onstraint is due to statisti
al �u
tuations in data. For what 
on
erns the
JP = 2+ �t, it be
omes more and more di�
ult to re
on
ile the data with thealternative hypothesis as fqq̄ in
reases: for fqq̄ = 1.00, in parti
ular, various NPsshow a pathologi
al behaviour.



produ
tion fra
tion exp. p0(0+) exp. p0(2+) obs. p0(0+) obs. p0(2+)
fqq̄ = 1.00 0.013 (6.9%) 3.6 · 10−4 (37.8%) 0.541 (1.0%) 1.7 · 10−4 (44.7%)

fqq̄ = 0.75 0.028 (4.4%) 0.003 (13.9%) 0.586 (1.0%) 0.001 (21.8%)

fqq̄ = 0.50 0.042 (4.1%) 0.009 (9.0%) 0.616 (1.1%) 0.003 (14.9%)

fqq̄ = 0.25 0.048 (3.9%) 0.019 (6.2%) 0.622 (1.1%) 0.008 (9.8%)

fqq̄ = 0.00 0.086 (3.0%) 0.054 (3.8%) 0.731 (1.0%) 0.013 (7.8%)Table O.1: Summary of p0-values for the �ve fqq̄ fra
tions (as given in Table 5.15),with their relative un
ertainties, due to limited toy statisti
s.
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(d)Figure O.1: Shape distributions, normalized to unity, 
omparing the �ve JP = 2+fra
tions, for the four input variables: (a) ∆φℓℓ, (b) mℓℓ, (
) mT , (d) pT,ℓℓ).
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(a) (b)

(
) (d)Figure O.2: Distributions of the four input variables in the 0-jet signal region, 
om-paring the JP = 0+ and the JP = 2+ signal expe
tations (shown on the left and onthe right, respe
tively): (a,b) ∆φℓℓ, (
,d) mℓℓ. All ba
kgrounds are normalized as inTable 5.2. The shaded bands indi
ate the total normalization systemati
 un
ertainty.
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(a) (b)

(
) (d)Figure O.3: Distributions of the four input variables in the 0-jet signal region, 
om-paring the JP = 0+ and the JP = 2+ signal expe
tations (shown on the left and onthe right, respe
tively): (a,b) pT,ℓℓ, (
,d) mT . All ba
kgrounds are normalized as inTable 5.2. The shaded bands indi
ate the total normalization systemati
 un
ertainty.
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(d)Figure O.4: Post-�t pulls in nuisan
e parameters for two JP = 2+ fra
tions: (a,b)
fqq̄ = 0.00, (
,d) fqq̄ = 0.50, for the ε = 0 (on the left) and ε = 1 (on the right)hypotheses. The statisti
al and systemati
 un
ertainties are all taken into a

ount,but only those whi
h are non negligible appear in the plots. The CR normaliza-tions are labelled �norm_WW0j� and �norm_Z0j�, �SigXse
OverSM� is the signalstrength, all other parameters follow the naming 
onvention in Table 5.5.
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e parameters for two JP = 2+ fra
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OverSM� is the signalstrength, all other parameters follow the naming 
onvention in Table 5.5.
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lusions
The work des
ribed in this thesis has been devoted to the study of the WW (∗) →
ℓ+νℓ−ν de
ay 
hannel for a Standard Model Higgs boson, with proton-proton 
olli-sion data 
olle
ted in 2011 and 2012 with the ATLAS experiment at the LHC. Thisstudy 
an be divided into two parts. First, a multivariate sear
h has been developed,over the mass range 110 GeV < mH ≤ 600 GeV, and applied to data 
orrespondingto an integrated luminosity of 4.7 fb−1 at √

s = 7 TeV. Later, after the dis
overyby the ATLAS and the CMS 
ollaborations of a new resonan
e at a mass 
lose to125 GeV [119, 233℄, its properties have been explored, again using a multivariateapproa
h, based on data 
orresponding to an integrated luminosity of 20.7 fb−1 at
√
s = 8 TeV.As dis
ussed in Chapter 4, the sear
h 
arried out in 2011 uses boosted de
isiontrees to improve the ex
lusion power of the 
orresponding 
ut-based analysis, exploit-ing the 
orrelations among the variables whi
h 
hara
terize the �nal-state parti
les.The �rst attempt of designing a multivariate sear
h in this 
hannel dates ba
k to thebeginning of 2011, and, as also do
umented in this thesis, it exploited a Neural Net-work dis
riminant. Sin
e then, several multivariate te
hniques have been 
onsidered,all of whi
h the BDT was able to outperform; for this reason, a de
ision has beenmade, to 
onvey all the e�orts of the H →WW ATLAS working group into develop-ing it further. The analysis presented in this thesis 
onstitutes a major 
ontributionin this dire
tion. All the salient parts of the analysis have been developed, from the
hoi
e of the input variables, to the optimization of the BDT settings, to the de�-nition of the signal and 
ontrol regions, to the treatment and impa
t of the varioustheoreti
al and experimental un
ertainties, to the statisti
al model used for the �t,up to the �nal results and their 
omparison with the 
ut-based ones. Before thepubli
ation of the results of this analysis in Ref. [27℄, the most stringent 
onstraintson the mass of a Standard Model Higgs boson 
ame from dire
t sear
hes, whi
hex
luded the high-mass range and set a lower threshold of mH > 114.4 GeV [18,19℄.The BDT analysis presented in this thesis substantially improves these results, ex-
luding the ranges 130 GeV ≤ mH ≤ 281 GeV at 95% CL, to be 
ompared with



270 Con
lusionsan expe
ted ex
lusion in the range 127 GeV ≤ mH ≤ 254 GeV. The results of the
ut-based analysis in the same �nal state are 
omparable or worse, being limited tothe range 133 GeV ≤ mH ≤ 258 GeV at 95% CL. Besides 
on�rming the 
ut-basedresults at low mass, the BDT analysis is able to signi�
antly improve the sensitiv-ity in the high-mass range, lowering the expe
ted CLs limits of more than 20% for
mH & 250 GeV. This analysis has been the �rst multivariate sear
h approved by theATLAS Higgs working group, requiring many months of deep s
rutiny, validationand additional 
ross-
he
ks.In summer 2012, the same analysis, run on a dataset 
orresponding to 13.0 fb−1at √

s = 8 TeV (the same used in the γγ and ZZ∗ → 4ℓ �nal states for the �rstobservation in July 2012 [29, 30℄), has been able to dete
t the presen
e of an ex
essof events at a mass 
lose to 125 GeV, 
ompatible with the long-sought StandardModel Higgs boson, again 
on�rming what measured by the H → WW ∗ 
ut-basedanalysis, namely a signal strength of µ = 1.5 ± 0.6 for mH = 125 GeV, in units ofthe Standard Model 
ross se
tion [32℄. Rather than fo
using on the measurementof the rate, for whi
h the 
ut-based analysis seems to be good enough, the BDTanalysis has been demonstrated, also thanks to the e�orts reported in this thesis, tobe the best suited for exploring the quantum numbers of the new resonan
e, and inparti
ular its spin and parity assignments. This, together with the measurement ofits 
ouplings to bosons and fermions [242℄, is 
ru
ial to allow its identi�
ation withthe Higgs boson as predi
ted in the Standard Model.As des
ribed in Chapter 5, a new BDT analysis has been developed, startingfrom the experien
e gained in 2011, to test the SM value of JP = 0+ against thebest motivated alternative hypotheses, namely 1+, 1−, 2+. A possible JP = 0− termis not investigated, due to the redu
ed sensitivity of the H → WW ∗ �nal state forthis hypothesis, in parti
ular 
ompared to the H → ZZ∗ → 4ℓ one. The JP = 2+model follows the minimal model for Kaluza-Klein-like gravitons, 2+m [33�36℄, andhas been investigated in �ve 
on�gurations for the 
ouplings to quarks and gluons(from pure gg produ
tion to pure qq). From the experimental point of view, it isworthwhile to explore in this �nal state ..,also the JP = 1± hypothesis, despite thefa
t that a spin-1 Higgs boson 
annot de
ay into two on-shell photons, due to theLandau-Yang theorem, thus 
ontradi
ting the observation in the γγ �nal state [39℄.This thesis 
overs all aspe
ts of the H → WW ∗ spin analysis, from its �rst
on
eption to the �nal results, dis
ussing also several of the additional studies whi
hhave been performed in order to validate, 
onsolidate and optimize the analysis. Theresults have been published individually [40℄, and later as a basi
 part of the spin
ombination performed by the ATLAS 
ollaboration [41℄. The H →WW ∗ analysisalone reje
ts the JP = 2+ hypothesis with probabilities ranging from 95.2% for pure



Con
lusions 271
gg produ
tion to 99.7% for pure qq produ
tion, and reje
ts the JP = 1± hypotheseswith probabilities equal to 92.1% for JP = 1+ and 98.3% for JP = 1−.Combining them with the H → γγ and H → ZZ∗ → 4ℓ ones, the JP = 2+hypothesis is ex
luded with a 
on�den
e level larger than 99.9% for all produ
tionmodes, while the JP = 1± hypothesis is ex
luded with a CL above 99.7%. Hen
e,these results 
an be regarded as the �rst eviden
e for the spin-0 nature of the newparti
le, and thus its 
ompatibility with the Standard Model hypothesis, a statementwhi
h motivates the award of the 2013 Nobel Prize in Physi
s to Peter Higgs andFrançois Englert [42℄, whi
h �rst predi
ted its existen
e forty years ago.
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