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Summary

I performed my thesis work in Particle Physics at the laboratoire Leprince-Ringuet of

the Ecole Polytechnique. I have been involved in the analysis of the data produced in

the proton-proton collisions at the Large Hadron Collider (CERN) and collected by the

CMS experiment. Particle physics is a scientiÞc Þeld which is currently undergoing very

important breakthroughs. The discovery of the Higgs boson is a major step forward as

the mass of vector bosons are explained through their interactions with the corresponding

Þeld. I worked on the newly discovered heavy boson analysis. As its direct coupling to

fermions remained to be exhibited, I focused on the search for the Higgs boson decaying

in tau lepton pairs. The Higgs decay into tau pairs is the most promising decay channel

to measure the couplings between the Standard Model Higgs boson and the fermions.

Indeed, this decay channel beneÞts from a large expected event rate compared to the

other leptonic decay modes. The Higgs boson decaying to tau lepton analysis is partic-

ularly challenging at the trigger level because the selection of tau leptons relies on its

decay into electron and muon whose energy spectrum is relatively soft because of the two

neutrinos in the decay chain. The higher threshold on single physics objects has thus a

severe impact on the signal acceptance. I investigated this crucial aspect and I worked to

implement a cross trigger using the missing transverse energy to lower the threshold on

the single lepton. This approach allows the recovery of 41% of the signal events. Events

with large missing transverse momentum were selected in order to control the trigger

rate. My personal contribution consisted in a thorough characterization of such a trigger

and the evaluation of the associated uncertainty. The results of this approach lead to an

amelioration of 2% in the exclusion limits computed in the Higgs to taus semileptonic

channel. In the Run 2, the centre-of-mass energy of the LHC collisions has been increased

to 13 TeV and the instantaneous luminosity will reach 2á1034 cm! 2s! 1. To guarantee a
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successful and ambitious physics program under this intense environment, the CMS Trig-

ger and Data acquisition system must be consolidated. During the Þrst long shutdown

of the LHC, the L1 Calorimeter Trigger hardware and architecture have been upgraded,

beneÞting from the recent microTCA technology allowing the calorimeter granularity to

be better exploited with more advanced algorithms. Thanks to the enhanced granularity

provided by the new system, an innovative dynamic clustering technique has been devel-

oped to obtain an optimized tau selection algorithm. I took the responsibility to develop

a complete new tau trigger algorithm at Level-1 (L1, hardware based Þrst level of the

CMS trigger system). This original approach is aiming at producing the Þrst hardware

tau lepton trigger e!cient at a hadron collider. I had the opportunity to present the

results of my work at the ICHEP-2014 conference, in Valencia and the proceedings were

published in Nuclear Physics B afterwards. During my last year of PhD I focused again

on the Higgs decays into di-taus analysis, initiating the very Þrst matrix element (ME)

approach in this channel, starting with the most sensitive Þnal state: the semileptonic de-

cay mode of the Higgs boson produced through Vector Boson Fusion (VBF) mechanism.

No ME-based analysis using tau leptons has ever been published. The aim is to increase

the sensitivity of the analysis to the SM Higgs boson, with respect to the conventional

methods such as cut-based and multi-variate analyses. The novelty of my work is the

treatment of the tau decay through transfer functions. In addition to the computation of

the transfer functions, my contribution consisted also in the full characterization of the

method and its validation using Monte Carlo samples. Subsequently, I evaluated its per-

formance in the context of the CMS Higgs into di-taus search. The application of the ME

method lead to an amelioration of the analysis signiÞcance of! 8% in the semileptonic

channel (! 30% considering only the VBF-tag categories) and to an observation of the

decay H" ! ! " µ! h with a signiÞcance of 3.1" .



R«esum«e

JÕai e"ectu«e ma thèse en physique des particules au laboratoire Leprince-Ringuetà lÕ«Ecole

Polytechnique. JÕai particip«e à lÕanalyse des collisions proton-proton à 8 TeV produites

par le Large Hadron Collider (LHC) et collect«ees par le d«etecteur CMS. La d«ecouverte

du boson de Higgs a «et«e un «ev«enement majeur pour la physique des hautes «energies car

la masse des bosons vecteurs provient de leur interaction avec le champ de Higgs. Le

couplage du boson de Higgs avec les leptons nÕayant pas encore mis en «evidence, mon

travail de thèse sÕest articul«e autour du canal de d«esint«egration en pair de taus, car cÕest

le seul qui permet de mettre ce couplage en «evidence. Le dd«esintd«egration du boson de

Higgs en paires de tau constitue le canal le plus favorable pour mesurer le couplage du bo-

son de Higgs aux fermions. En e"et, ce canal bd«end«eÞcie dÕun rapport dÕembranchement

important compard«e aux autres leptons.

Cette analyse est di!cile au niveau du d«eclenchement. En e"et, lÕimportant bruit de

fond impose dÕappliquer des seuils en «energie «elev«es. Un critère de d«eclenchement util-

isant lÕ«energie transverse manquante pour abaisser le seuil sur les leptons a «et«e introduit

à la Þn de la prise de donn«ees. Cette approche permet de r«ecup«erer 41% dÕ«ev«enements

en plus. JÕai e"ectu«e une caract«erisation exhaustive de ce d«eclenchement, et en partic-

ulier «etudi«e les erreurs syst«ematiques associ«ees au niveau de lÕanalyse. Ce d«eclenchement

a permis dÕam«eliorer de 2% la limite dÕexclusion dans le canal Higgs en tau-tau semi-

leptonique. Au Run 2, lÕ«energie des collisions a «et«e port«ee à 13 TeV et la luminosit«e

va augmenter. Pour garantir un d«eclenchement e!cace pour la physique, le premier

niveau du système de d«eclenchement (L1) a «et«e remplac«e en se basant sur la technolo-

gie microTCA. Ce nouveau système permet un accès à des informations plus d«etaill«ees

en provenance du d«etecteur. JÕai d«evelopp«e, pour ce nouveau système, un algorithme de
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s«election des taus bas«e sur un algorithme dÕagr«egation dynamique exploitant au maximum

la granularit«e du calorimètre. JÕai mesur«e ses performances en terme dÕe!cacit«e et de taux

de d«eclenchement, et pour la première fois auprès dun collisionneur hadronique, CMS dis-

posera en 2016 dÕun d«eclenchement e!cace sur les taus au L1 avec un taux raisonnable.

JÕai pr«esent«e ce travail sous forme de poster à la conf«erence ICHEP 2014. Dans la dernière

partie de ma thèse, je me concentre sur la recherche du boson de Higgs se d«esint«egrant

dans une paire de leptons taus, en me concentrant sur le canal semi-leptonique et en

introduisant pour la première fois la m«ethode des «el«ements de matrice (MEM) qui per-

met dÕam«eliorer la sensibilit«e par rapport aux m«ethodes traditionnelles. Aucune analyse

utilisant la MEM avec des taus nÕa jamais «et«e publi«ee auparavant. LÕinnovation dans ce

travail consiste notamment dans le traitement de la d«esint«egration des taus. La r«eponse

du d«etecteur est quant-à-elle mod«elis«ee par des fonctions de transfert. Puis, jÕai du tenir

compte des limitations num«eriques intervenants dans lÕ«evaluation des int«egrales multidi-

mensionnelles à la base de cette m«ethode. EnÞn, jÕai mesur«e le gain en sensibilit«e apport«e

par la m«ethode sur les donn«ees à 8 TeV. JÕai «evalu«e sa performance dans le contexte de

la recherche du boson de Higgs produit par fusion de bosons vecteurs que se d«esintègre

en paires de taus. LÕapplication de la m«ethode conduit à une am«elioration de la signif-

icance de lÕanalyse dÕenviron! 8% dans le canal semileptonic (! 30% consid«erant que

les cat«egories VBF) et à une observation de la d«esint«egration H" ! ! " µ! h avec une

signiÞcation de 3.1" .
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manquer, son enthousiasme mÕa fait revenir à la memoire la raison pour laquelle jÕai choisi



7

de faire de la physique.

Many thanks also to Michal Bluj and Christian Velkeen. MichalÕs help in the very

beginning of my thesis was very precious, as also his unlimited calm and patience in ex-

plaining physics to newcomers like me. It was for me really an honour to share the o!ce

with you. Christian helped me in di"erent occasions during this three year, he represented

for me the Òtau referenceÓ and it has been thanks to him if I got more acquainted with the

analysis software. His precious helps in di"erent occasion and our discussion at CERN,

helped me (together with the precious helps of Lorenzo Bianchini, that I wish also to

thank) to deÞne the base ingredient to develop the matrix element method in the Higgs

tau tau analysis.

Vorrei inoltre ringraziare due persone che, in modo e in periodi diversi, mi sono state

molto vicine durante gli ultimi mesi della mia tesi. Grazie a Mikaela, di cui ricordo volen-

tieri la sua simpatia e solarit«a, nonch«e le sue doti culinarie! Grazie anche a Adrien, che sin

dal primo momento si «e rivelato un amico fedele su cui poter contare. Grazie per avermi

fatto scoprire Parigi e i suoi segreti, e per avermi in qualche modo ispirato a ricominciare

a suonare il pianoforte, cosa che si «e rivelata molto utile nei momenti di stress prossimi

alla discussione!

Un grazie un po particolare, va a te, Iris. Tu che hai accettato senza esitazione i miei

ritmi di lavoro serrato durante quasi due anni, tu che mi sei stata allo stesso tempo cosi
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Introduction

ÒConsiderate la vostra semenza:

fatti non foste a viver come bruti,

ma per seguir virtute e canoscenza.Ó

D. Alighieri, La Divina Commedia - Inferno, XXVI canto (vv. 118-120)

The particle physics represents our deeper, or at least our more fundamental, un-

derstanding of Nature by studying the elementary constituents of the matter and the

fundamental forces acting between them.

The story of particle physics begun with the identiÞcation of the electron by J.J. Thomson

et al. in 1897. During the last century, up to the recent discovery of the Higgs boson

in 2012, many other fundamental particles have been found with increasing masses. In

order to correctly describe very small objects moving very fast, both Quantum Mechanic

and Special Relativity are needed. This fusion has been carried out successfully by a

more general theory: the Quantum Field Theory (QFT). Within this theory a particles is

identiÞed as the local excitation of a quantized Þeld, and forces are described through the

exchanges of mediator-particles. The association of a conserved current to a symmetry of

a physical system is the important thesis of the NoetherÕs theorem, and it is largely used

to describe the interactions between the elementary particles. In particular, it turned out

that the proper geometrical symmetries were found to be local gauge symmetries.

So far, three of the four forces observed in Nature have been successfully described by

local gauge-invariant QFTs: the strong interaction described by the Quantum Chromo-
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dynamic (QCD, responsible of the strong force among the quarks, the constituents of

the protons and neutrons), the weak interaction (responsible of the decays of the atomic

nuclei) and electromagnetic interaction (QED). The gravitational force represents a story

apart, due to di!culties in the quantization of the gravitational Þeld in the context of

the General Relativity. The whole theoretical framework used to describe these forces

is called the Standard Model (SM) of Particle Physics. The SM has been developed

taking care of the main experimental discoveries performed in the last century and it is

very successful to describe the large variety of phenomena observed at the subatomic scale.

Searching for new particles often means increasing the energy at which the interactions

between the elementary particles are probed. To do so, during the last century, particles

accelerators have been invented. Such experimental devices, used to test the theoretical

predictions, have also considerably evolved, allowing to explore increasingly high energies.

The Large Hadron Collider (LHC), at CERN, enables to probe physics at unprecedented

energy scales and luminosity regimes. It is designed to collide protons at a center-of-mass

energy of 13TeV and at an instantaneous luminosity of 10# 34 cm2 ás! 1. Four exper-

iments of high complexity have been designed and installed to collect and analyse the

corresponding collision data; two of them, ATLAS and CMS, are general-purpose exper-

iments.

However, until the 2012, a mystery of Nature was how elementary particles gain their

mass which is observed but cannot easily be explained by theory. In the frame of the

SM the solution proposed by Higgs, Brout, Englert, Guralnik, Hagen and Kibble in 1964

is that elementary particles gain mass through a dynamical mechanism. This leads to

the prediction of a new elementary particle, called the Higgs boson, then accountable for

elementary particles masses. This particles has been discovered at the LHC on July 4th

2012. Therefore, given the observation of the Higgs boson, to precisely measures its prop-

erties represents one of the LHC major goal in the future. The aura of mystery around

the Higgs boson is far from being dissolved. Indeed,the Higgs boson is, up to now, the

only discovered boson that is not a gauge boson. Moreover, what triggers the spontaneous

symmetry breaking? Is the Higgs boson a fundamental particle or is it a composite one?

Is there are more than one Higgs doublet? All of these are still unanswered questions up

to these days. Recently, the observation of the direct decay of the Higgs boson into a pair

of ! -lepton, represents the Þrst observation of the coupling between the Higgs boson and

the fermions, in particular into a pair of lepton! .

The H " ! ! decay is the most promising channel to measure the couplings between
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the Standard Model (SM) Higgs boson and the fermions. During my thesis work I have

been concentrating on various keypoints of this analysis. I have carried out studies related

to both the ! lepton identiÞcation at trigger level and on theH " ! ! signal extraction.

During the shutdown of the LHC, I have worked in the context of the Run 2 CMS up-

grade. This upgrade is needed to face the new intense hadronic environment generated by

an higher luminosity (2á1034 cm! 2s! 1) and an higher collision energy (13 TeV). Indeed, a

large part of my thesis work was devoted to the development of a complete new! trigger

algorithm at L1. This project is part of the Phase-1 CMS calorimeter trigger upgrade,

which will be setup by 2015-2016. This original approach is aiming at producing the Þrst

hardware ! lepton trigger e!cient at a hadron collider. These important results were

presented at the ICHEP-2014 conference, and published afterwards in Nuclear Physics B.

The ! physics represents also an excellent testbed to probe the physics beyond the stan-

dard model. This represents one of the LHC major goals in the already started Run 2. In

this context the new ! trigger can play an important role thanks to its large dynamical

range in term of signal e!ciency for a sustainable trigger rate, allows for the usage of

multiple working points suited for di"erent possible analysis. The studies performed for

the development of the stage 2! trigger, represent, in addition, a full scale test-bench for

the upcoming HGCAL trigger.

Despite the discovery of theH " ! ! obtained combining the results from ATLAS and

CMS, no standalone observation, by none of the two collaborations, has been claimed yet.

Thus one of the next priority for CMS will be the standalone observation of the Higgs

boson coupling to! leptons during the Run 2. The vector boson fusion (VBF) Higgs

boson production mode plays a particular role in the analysis. Exploiting the kinematic

of the high energy jets allows the background to be reduced. Thus, the VBF category

contributes signiÞcantly to the sensitivity of the analysis. I therefore concentrated to the

VBF production mode and looked for improvement of the signal extraction procedure.

It is in this context that I proposed the very Þrst matrix element (ME) approach in the

H " ! ! channel, starting with the most sensitive Þnal state: the semileptonic one. The

aim is to increase the sensitivity of the analysis to the SM Higgs boson, with respect

to the conventional methods such as cut-based and multi-variate analyses. The results

obtained are really promising and the application of such a method can be extended

to all the possible di-! decay channel considered in theH " ! ! analysis. The Run 1

saw the transition between cut-based analyses and multivariate analyses, and the Matrix

Element Method is one of them. It represents, among all the other multivariate analysis

techniques, the most promising when a search for a physical process is performed within

a deÞned theoretical model. At the same time, the Matrix Element Method is one of the

most challenging analysis approaches as it requires advanced computing techniques such
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as those I had the opportunity to use during my thesis work. During the LHC Run 2

more and more studies related to the di"erent exclusive Higgs boson production mode

will be performed. Also in this context, the Matrix Element Method can be applied to

successfully target a particular production mechanism, as it has been done in my thesis

work for the higgs produced through the vector boson fusion.
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Chapter 1
The Standard Model of Particle Physics and

the Higgs Boson

1.1 Introduction

The Standard Model (SM) of electroweak (EWK) and strong interactions is the outcome

of one century of interplay between experimental measurements and theoretical develop-

ments. Proposed by Glashow, Salam and Weinberg in the middle sixties [1] [2], it has

been later extensively tested over a wide range of energies. The discovery of the neutral

current interactions [3] [4] and the production of intermediate vector bosons (W± and

Z0) at SPS, with the expected properties, increased the conÞdence in the model. The

EWK parameters have been measured with high precision at the Large ElectronPositron

Collider (LEP), contributing to successfully test the model with sensitivity to EWK ra-

diative corrections [5]. However, a cornerstone of the model, i.e. the invariance of the

theory under gauge transformations, manifestly clashes against the experimental evidence

that some of the gauge bosons (the force-mediators) are massive. Indeed, the gauge sym-

metries of the Standard Model forced all the elementary particles to be massless. In the

Õ60 a solution was proposed to solve this apparent ambiguity, taking inspiration from

symmetry-breaking phenomena occurring in condensed matter: the gauge symmetry of

the theory is spontaneously broken by the vacuum state being no longer invariant un-

der an arbitrary gauge transformation. This mechanism has gone down in history as

the spontaneous EWK symmetry breaking mechanism, known also as theBrout-Englert-

Higgs-Hagen-Guralnik-Kibble mechanism(BEH) [6][7][8][9][10][11]. The BEH (often sim-

ply named Higgs mechanism) is a fundamental ingredient of the theory, that requires

the existence of a neutral scalar Þeld, generating all the elementary particles masses and

guaranteeing the renormalizability of the theory. The excitations of such a Þeld are inter-

17
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preted as a new elementary particle, namely the Higgs boson that has been experimentally

discovered on July 4th, 2012 by the CMS and ATLAS collaborations [12][13] conÞrming

the BEH mechanism. One of the historical plot is presented in Fig. 1.1. The study of its

properties represents now one of the main goals of the Large Hadron Collider (LHC) in

the near future, which, colliding protons at an energy in the center-of-mass of the colli-

sions of 13TeV, will have direct access to unexplored energies. Both CMS and ATLAS

are general purpose experiments and they have been designed to explore a great variety

of phenomena beyond the SM [14] [15]. The LHC schedule presents many physics goals

that have to be achieved during the machine operation time. According to our current

understanding there seems to be indications pointing towards a uniÞcation of the strong

and EWK forces. We know, however, that our picture of the observed forces and particles

is incomplete. The Higgs boson was the last missing ingredient of the SM of particle

physics. However, even if a SM-like Higgs boson has been already found, the SM cannot

be the ultimate theory [16], which is obvious already from the fact that it does not contain

gravity. Another problem in the SM is represented by the so calledhierarchy problem. It

is one of the great unsolved fundamental questions of modern physics. It arises from the

fact that there are 16 orders of magnitude between EWK uniÞcation scale (! 100 GeV)

and the PlankÕs one (1019 GeV), where the strengths of gravity and the other interactions

become comparable. In the last decades, many theories tried to solve this question, and

an ideal candidate might be a string theory. Nevertheless, no experimental evidence of

such a theory has been found up to now. Also Dark Matter represents an experimental

evidence that goes behind the SM. A very attractive possibility of new physics that sta-

bilizes the hierarchy between the EWK and the Planck scale is supersymmetry (SUSY)

[17][18][19][20]. Supersymmetric models predict the existence of superpartners; to each

fermion of the SM associates a scalar particle, to account for the degree of freedom present

in the super-symmetric lagrangian. Supersymmetric theories allow the uniÞcation of the

strong, electromagnetic and weak interactions at a scale of about 1016 GeV. In such a the-

ory, the strong, electromagnetic and weak interactions can be understood as being just

three di"erent manifestations of a single fundamental interaction. Probing SUSY scale

represent another goal of LHC [16]. In the same unifying framework lies extra-dimensions

research, that could give a test for string theory answering the question of why the grav-

itational interaction is so much weak compared to other forces. At the Planck scale, in

models that predict the existence of extra-dimensions, the gravitational force shows its

quantum nature and it can be probed at LHC by searching for black holes [21][22]. LHC

represents a unique instrument also to explore cosmological issues, such as the observed

asymmetry of matter-antimatter in the Universe, investigating beauty quark physics and

probing the existence of the quark-gluon plasma. In order to do that LHC is capable to
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collide lead ions to recreate the conditions just after the Big Bang in laboratory: ALICE

is the detector designed to analyse this type of events while LHCb performbquark physics

analysis.

Figure 1.1: Left: a candidate event forH " !! as it is shown in the CMS detector. Right:!! invariant

mass plot: to notice, the excess aroundm!! related to the Higgs boson events over the SM background

[12].

1.2 The Standard Model of particle physics

The Standard Model of particle physics (SM) is the theory that describes our current

understanding of the matter structure and the fundamental interactions occurring in

Nature. The SM is developed as a mathematical theory based on the least number of

axiomes: the principle of least action and gauge symmetries.

¥ To each physical system is associated a scalar function of its generalized coordinates

(degrees of freedom of the system): the lagrangian. The evolution of the system

will follow the trajectory in the phase-space of the generalized coordinates that

minimizes the variation of the action. The action is deÞned as the time integral of

the lagrangian.

¥ The Noether theorem[23] proves that the invariance of the lagrangian of a system

under a given transformation (symmetry) implies a conserved physical quantity.

¥ In order to describe particles, microscopic objects moving almost at the speed of

light, the simultaneous use of quantum mechanic and special relativity is mandatory.

Quantum Þeld theory successfully realizes the merging of these two theories. It
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describes particles as excitations of Þelds. Moreover, these Þelds are operators in

the sense of quantum mechanic satisfying the commutation rules.

The most relevant example of quantum Þeld theory used to describe physics phenomena is

Quantum Electrodynamic (QED). This theory successfully describes the electromagnetic

interaction that occurs between charged elementary particles. The QED lagrangian is

invariant under the Lorentz transformations and global phase transformations; this in-

variance translates into the conservation of the electric charge. The interaction between

charged particles is described as the exchange of a virtual particle that acts as mediator of

the force (a boson, since it is demonstrated to have spin integer). The possibility to infer

the electromagnetic interactions from prime principles, in addition to the huge amount of

experimental conÞrmations of QED predictions, inspired a generalization of this approach

in order to describe other interactions.

Weak interaction is the mechanism responsible for the weak force, one of the four

known fundamental interactions of nature together with the strong interaction, electro-

magnetism, and gravitation. The weak interaction is responsible for the radioactive decay

of subatomic particles, and it plays an essential role in nuclear Þssion. In the Standard

Model of particle physics, the weak interaction is described by the exchange of aW and

Z bosons. The mass of theW and Z gauge boson is such that the range of the weak

force is very short (! 10! 18 m). All known fermions interact through the weak interac-

tion. The force is termed weak because its Þeld strength over a given distance is typically

several orders of magnitude less than that of the strong nuclear force and electromagnetic

force. The model of the EWK interactions [1, 2, 24] is a quantum Þeld theory based on

the gauge symmetry groupSU(2) $ U(1) of weak left-handed isospin and hypercharge.

The gauge bosons Wµi , i = 1, 2, 3 and Bµ are associated to theSU(2) and U(1) factors

respectively, and the corresponding gauge coupling constants are namedg and g#. This

theory, together with Quantum Chromodynamics (QCD) [25, 26], the theory explaining

the strong forces between quarks, described in terms of aSU(3) gauge theory, yields to

the Standard Model of particle physics: a quantum Þeld theory having as a group of

symmetry: SU(3)
!

SU(2)
!

U(1). The SM provides a uniÞed framework to describe

three of the four fundamental forces currently known.
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Electroweak Symmetry Breaking and Higgs boson phenomenology

(a) (b)

Figure 1.1: Feynman diagrammatic representation of the electromagnetic electron-electron scat-
tering. (left) The unique diagram at leading order and (right) example of a higher order diagram
where the closed loop leads to an ultraviolet divergence.

some of their properties are shown in Þgure1.2.

Figure 1.2: Elementary particles of the Standard Model: fermions (Òparticles of matterÓ) and
bosons (Òforce carriersÓ).

There are 4 bosons in the electroweak sector. The massless photon is the mediator of the
electromagnetic interaction. The three massiveW ± ,Z 0 bosons carry the weak interaction. The
strong interaction is mediated by eight massless gluons. The existence of all these vector bosons
are direct results of the SM gauge symmetries.

6

Figure 1.2: The constituents of the SM, both for matter and forces Þelds. The SM Higgs boson is

represented. The graviton is put aside as it is not included in the SM, and has not been observed.

The SM has two kinds of Þelds. The fundamental matter Þelds are quarks and leptons.

They have spin 1/2 and appear in three generations. Gauge Þelds correspond to the spin-1

bosons that mediate the interactions (Fig. 1.2). In this section, we will go a bit more into

the details of the EWK uniÞcation. Starting from the Fermi lagrangian and taken as done

all the experimental milestone about weak interaction experienced in the last century, it

is possible to describe the weak interaction as a non-abelian gauge theory. This is also

enforced by the fact that only a non-abelian gauge theory could resolve the problem of the

non-unitarity of the scattering matrix and at the same time ensure the renormalizability

of the theory as requested by a correct quantum Þeld theory. The starting point is the

experimentally observed charged current:

J +
µ = øe#µ

"
1 %#5

2

#
' J !

µ = ø'# µ

"
1 %#5

2

#
e

After deÞning the isospin doublet in the following way:

# L =

$
'

e

%

L

(1.1)

it is possible to write the expression above in a unique way, similarly to that of electro-

magnetic current:

J ± = ø# L #µ! ± W $
µ # L (1.2)
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where ! + =

$
0 1

%1 0

%

and ! ! =

$
0 0

1 0

%

. If we want to identify the matrix ! as

the generator of the transformation of the SU(2) Lie group,! must obey the commutator

relations of the corresponding SU(2) Lie algebra:
&
! + , ! !

'
= ! 3 (1.3)

where ! 3 =

$
1 0

0 %1

%

is diagonal in this representation. If two generators of a non-

abelian group exist, the commutator of them is also a generator of the same group. The

importance of this fact is that the third matrix was not requested a priori but is a direct

consequence of imposing a description in term of a gauge theory. In addition, a conserved

current is associated to! 3: J 3 = ø' L #µ ' L W 3
µ % øeL #µeL W 3

µ . If a conserved current exists, it

implies that the spatial integral of this current over all the 3D space is also a conserved

charge. For the currentJ 3, the quantum number that is associated to the conserved

charge is deÞned as the hypercharge and its symbol isY. If the generator are written in

an Hermitian mode, the! matrices are exactly the Pauli matrices and the gauge Þelds

becomeW 1 = W + + W !
%

2
, W 2 = i W + ! W !

%
2

, W 3. The J 3 is a neutral current but could

not be identiÞed with the electromagnetic one mainly because of two reasons:

¥ The electromagnetic current couples left-handed and right-handed spinors;

¥ The electromagnetic current does not couple neutrinos.

A possible solution to recover the electromagnetic current is to extend the gauge symmetry

SU(2) %" SU(2) $ U(1), leaving the EWK lagrangian invariant. The gauge Þeld associ-

ated to new symmetry group isBµ and it must couple with the same coupling constant to

each member of the isospin doublet. Also introducing the right-handed component, the

isospin singlet:eR, ' R, the lagrangian becomes:

L EW ! free = ø# L /( # L + øeR /(eR + ø' R /(' R +
g
2

ø# L #µ! i # L W µ
i +

g
2

ø# L #µ! 3# L W µ
3 +

g#

2
B µ

&
YL

ø# L #µ# L + Y" R ø' R#µ ' R + YeR øeR#µeR
'

in this case, the indexi = 1, 2. This interaction term arises after replacement of the

derivative operator with the covariant derivative operator:

/( =& /D = #µ

(
( µ %

i
2

gWµ
i ! i %

i
2

g#Y Bµ

)
(1.4)

The lagrangian can take the more concise form:

L = ø# L /D# L + øeR /DeR + ø' R /D' R (1.5)
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It is possible to further reduce the form of the lagrangian introducing the multiplet:

) =

*

+
,

# L

' R

eR

-

.
/ (1.6)

So that:

L = ø) /D) (1.7)

To obtain the fundamental relationship of the SM, it is mandatory to consider the neutral

current interaction part of the lagrangian:

L N C =
g
2

ø)#µ! 3)W µ
3 +

g#

2
ø)#µY )Bµ. (1.8)

Since the! 3 matrix acts in a di"erent way on the Left-Handed (LH) and Right-Handed

(RH) spinors (in fact it assumes the values± 1 on the doublet elements but 0 on right

handed fermions), it is natural that also Y takes di"erent values when acting on di"erent

type of spinors. SinceY it is always coupled with g# is possible to arbitrarily Þx its

values on one Þeld. The common practice consists in Þxing Y in order to recover the

electromagnetic current. The Þrst step is to perform the Weinberg rotation (*W is called

the Weinberg angle): 0
1

2
B µ = Aµ cos*W %Z µ sin*W

W µ
3 = Aµ sin*W + Z µ cos*W

(1.9)

Making this substitution, in order to recover the electromagnetic current, one should have:

! 3

2
gsin*W +

Y
2

g#cos*W = eQ (1.10)

Thus, it is possible to Þx the hypercharge value on the left-handed electron Þeld:

Y(eL ) = %1

gsin*W = g#cos*W = e (1.11)

From Eq. 1.11 and 1.10 results an other important relation of the SM known as the

Gell-Mann-Nishijima formula, which relates the electric charge to the isospin and the

hypercharge:

T3 +
Y
2

= Q (1.12)

In Tab. 1.1 there are summarized all the relevant information in terms of the EWK

quantum numbers.

As already pointed out, the electromagnetic interaction is only a part of the neutral
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Þeld Q T3 Y

' L 0 + 1
2 -1

eL -1 %1
2 -1

' R 0 0 0

eR -1 0 -2

uL + 2
3 + 1

2 + 1
3

dL %1
3 %1

2 + 1
3

uR + 2
3 0 + 4

3

dR %1
3 0 %2

3

Table 1.1: The most relevant quantum number of the SM for the matter Þelds. Note that are presents
also the quarks.

current interaction lagrangian. The missing term is made of weak neutral current:

ø)#µ

(
g

! 3

2
cos*W %g#Y

2
sin*W

)
)Z µ. (1.13)

Using again equations 1.11 and 1.12, it is possible to obtain the third important relation

of the SM, that express the strength of the coupling toZ 0 intermediate boson:

QZ =
1

sin*W cos*W

&
T3 %Q sin2 *W

'
. (1.14)

The last part concerning the electroweak uniÞcation topic regards the auto-interaction

between the gauge bosons. As a matter of fact this peculiarity is typical of non-abelian

gauge theories and directly derives from the non-vanishing commutation rules between

the vector gauge bosons present in the theory. As a consequence, the kinetic therm in the

lagrangian has got an extra term:

L B = %
1
4

Bµ" (x)B µ" (x) where Bµ" (x) = ( µB" (x) %( " Bµ(x) (1.15)

L G = %
1
4

Gi
µ" (x)Gµ"

i (x) where Gi
µ" (x) = ( µW i

" (x) %( " W i
µ(x) + g+ijk W j

µ (x)W k
" (x)

(1.16)

leads to the couplings shown in Fig. 1.3
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(  ) (  ) (  ) 

Figure 1.3: Gauge bosons autointeraction: trilinear and quadrilinear terms.

To conclude this section, the full EWK lagrangian is thus summarized:

L EW = ø# L /( # L + øeR /(eR + ø' R /(' R
g
2

ø# L #µ! i # L W µ
i +

g
2

ø# L #µ! 3# L W µ
3

+
g#

2
B µ

&
YL

ø# L #µ# L + Y" R ø' R#µ ' R + YeR øeR#µeR
'

%
1
4

Bµ" (x)B µ" (x)

%
1
4

Fiµ" (x)F µ"
i (x) + g+ijk Wiµ (x)Wj" (x)( µW "

k (x)

%
1
4

g2+ijk +i#m W µ
j (x)W "

k (x)W#µ(x)Wm" (x)

(1.17)

1.2.1 Generation of masses and Higgs mechanism

Gauge theories are incompatible with gauge boson mass terms because these will violate

the local gauge invariance and the renormalizability of the theory. The most accepted

model that can confer mass on the gauge bosons without violating the local gauge invari-

ance and at the same time preserving the renormalizability is known as Higgs Mechanism

[8]. In the SM the Higgs mechanism consists in applying the already known phenomena

of the spontaneous symmetry breaking [27] [28] to theSU(2)L
!

U(1)Y local gauge sym-

metry of the SM. A spontaneous symmetry breaking can occur if there exists a Þeld with

a degenerate vacuum state. That is, a Þeld that shows a potential having multiple ground

states (state with the minimum of the potential energy) with a vacuum expectation value

di"erent from zero (see Fig. 1.4).
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Figure 1.4: Higgs potential representation. The inÞnite-degeneracy of the vacuum state describe a circle
of local minima.

Moreover, if a symmetry exists in the theory, this state is necessary degenerate. The

existence of a quantum vacuum state is very important because it allows a perturbation

theory to be carried on. Small excitations of the Þeld can be possible in the neighbourhood

of the ground state (identiÞable with the vacuum state). Once the system is forced to

assume a ground state there exist multiple possibilities (due to the symmetry of the theory

the ground state is, indeed, degenerate). Once the system takes the state with the lowest

possible potential energy achoice is performed and the symmetry is naturally broken. As

a consequence, Goldstone bosons arise in the theory, so many as the degree of freedom

that preserve their original symmetry. The Higgs mechanism adds something more: if the

symmetry is a local gauge one, then it is possible, performing a gauge transformation, to

remove all Goldstone bosons. This particular choice of the gauge is known as the unitary

gauge. Moreover, in a lagrangian that is invariant under local gauge transformation the

covariant derivative operator replace the usual one. This peculiarity allows the mass terms

for the vector bosons occurring from the coupling between the covariant derivative and

the Higgs Þeld. In some way the Goldstone bosons degree of freedom are replaced by the

vector bosons mass terms. In particular, the Higgs mechanism in the SM should fulÞll

the following requirements:

¥ It breaks the SU(2)L
!

U(1)Y symmetry but preserves theU(1)EM one (the gauge

group of the electromagnetism);

¥ It preserves the Lorentz invariance of the Lagrangian;
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From these requirements follows that a complex isoscalar doublet with one neutral com-

ponent has to be introduced in the theory. Moreover, from Gell-MannÕs formula 1.11, two

choices are possible for the Higgs doublet hypercharge:± 1:

Y = 1 $ =

$
, +

, 0

%

L

(1.18)

Y = %1 ÷$ =

$
, 0

%, !

%

L

(1.19)

Now it is possible to insert in the EWK lagrangian the Higgs Þeld terms, kinetic| /D$ |2

and potential V($) = %-
3

" 2

2 % |$ |2
4

, and perform the choice of the vacuum state:

$ 0 =
1

'
2

$
0

'

%

(1.20)

Performing small oscillations&i (x) i = 1, 2, 3, 4 around this ground state is possible to

identify the Higgs Þeld with:

$ =
1

'
2

$
&1(x) + i&2(x)

' + h(x) + i&3(x)

%

=& $ =
1

'
2

(' + h(x)) áe
i
!

ø$áø!

$
0

1

%

(1.21)

The above equation is true for)1 = &2, )2 = &1 and )3 = %&3 and the ø! are the isospin

matrices. The next step consists in performing a local gauge transformation of the type

e! i
!

ø$áø! in order to recover the unitary gauge. In this gauge the Higgs doublet takes the

simpler form:

$ =
1

'
2

$
0

' + h(x)

%

(1.22)

Considering the covariant derivative applied to the Higgs Þeld:

Dµ! =
(
" µ %

i
2

g!W µ %
i
2

g#Y Bµ

)
*

,
0

# + h (x)
'

2

-

/ =

=
1

'
2

(
" µ %

i
2

g
5
$1W 1

µ + $2W 2
µ + $3W 3

µ

6
%

i
2

g#Y Bµ

) $
0

# + h (x)

%

=

=
1

'
2

" µ

$
0

# + h (x)

%

%
i

2
'

2

$
gW3

µ + g#Bµ g
5
W 1

µ %iW 2
µ

6

g
5
W 1

µ + iW 2
µ

6
g#Bµ %gW3

µ

% $
0

# + h (x)

%

Computing the kinetic term |Dµ|2:
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1
2

{ " µH} 2 +
1
8

7$
gW3

µ + g#Bµ g
'

2W +
µ

g
'

2W !
µ g#Bµ %gW3

µ

% $
0

# + h (x)

%82

=

1
2

{ " µH} 2 +
1
8

$ 5'
2gW+

µ

6
(# + h (x))

5
g#Bµ %gW3

µ

6
(# + h (x))

%2

=

1
2

{ " µH} 2 +
1
8

95
2g2W !

µ W +
µ

6
(# + h (x))2 +

5
g#Bµ %gW3

µ

62 (# + h (x))2
:

1
2

{ " µH} 2 +
1
4

5
g2W !

µ W + µ
6

(# + h (x))2 +
1
8

øg2ZµZ µ (# + h (x))2

Comparing the quadratic terms, the masses of the vectors bosons can be deduced:

mW + = mW ! =
#g
2

(1.23)

mZ 0 =
#

;
g2 + g#2

2
(1.24)

This quantities yield to another fundamental relation in the SM:

m2
W

m2
Z 0

= cos2(%W ) (1.25)

The Weinberg angle%W , encountered already in Eq. 1.9, is the angle that parametrises the

rotation of the original W and B vector boson plane, producing as a result the physicalZ 0

boson, and the photon! . From the potential term is obtained the mass of the Higgs boson:

mH =
'

2&#2 (1.26)

In the lagrangian other terms are present and are represented in Fig. 1.5 and 1.6 respectively:

m2
W

#2 W !
µ W µ + h2 +

m2
Z

2#2 ZµZ µh2

< => ?
quadrilinear terms

+
2m2

W

#
W !

µ W µ + h +
m2

Z

#
ZµZ µh

< => ?
trilinear terms

(1.27)

% &#h3
<=>?

trilinear autointeraction

%
&
4

h4

<=>?
quadrilinear autointeraction

(1.28)

H 
W-(Z) 

W+(Z) 

W-(Z) 

W-(Z) 
H 

H 

Figure 1.5: Higgs coupling to vector boson in trilinear and quadrilinear modes.
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Figure 1.6: Higgs autointeractions.

From the above equations, it is possible to deduce the vacuum expectation value from the

mass of the vector bosonW :

# (

@
1

'
2GF

) 246.2 GeV (1.29)

where GF = 1 .16637# 10! 5GeV! 2 is the Fermi constant. This relation does not give the mass

of the boson as& is a free parameter of the Model.

Fermions masses:

The mass of the fermions of the typem ø' R ' L + m# ø' L ' R could not appear in the lagrangian

without breaking the gauge invariance. This is due to the di"erent transformation properties

of the Left-Handed (LH) and Right-Handed (RH) spinor Þelds under gauge transformations.

Nevertheless, it is possible for the fermions to gain mass through their coupling to the Higgs

Þeld. The couplings between fermions and Higgs Þeld are known as Yukawa couplings. Starting

from the double allowed possibilities for the Higgs doublets, both shown in Eq. 1.18 and in Eq.

1.19, corresponding to the± 1 values of the hypercharge, it is possible to show that

÷! =

$
( 0

%( !

%

L

(1.30)

transforms exactly in the same way as !, thanks to the properties of the Pauli matrices. At

this point is possible to introduce the Yukawa coupling as follows:

&ø# L ! eR + &øeR!   # L + ÷&ø# L ÷! #R + ÷&ø#R ÷!   # L (1.31)

These terms are allowed in the lagrangian because they are singlets under bothSU(2)L and

U(1)Y transformations. The Þnal step is represented by the spontaneous symmetry breaking

(described in the unitary gauge) that leads to the fermion mass terms and to the fermion-Higgs

Þeld interaction terms:

&#
'

2
[øeL eR + øeReL ] +

÷&#
'

2
[ø#L #R + ø#R#L ] +

&
'

2
øeL eRh(x) +

&
'

2
øeR#L h(x) +

÷&
'

2
ø#R#L h(x) +

÷&
'

2
ø#L #Rh(x)+

(1.32)
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Thus the fermion masses are:

me =
&#
'

2
m" =

÷&#
'

2
(1.33)

Moreover, from Eq. 1.34 it is shown that also fermion couplings with the Higgs Þeld are

proportional to the fermion mass itself.

& =

'
2me

#
=&

me

#
[øeL eRh(x)] ... (1.34)

This mechanism represents one possible way to introduce neutrino masses into the SM. Other

models are able to explain theoretically the existence of non-vanishing neutrino masses [29].

Instead, another question regarding fermion masses arises from the quark sector. In fact, in the

lagrangian it is possible to include quark mass terms:

5
øuL , ødL

6
$

# + h(x)

0

%

uR
5
øuL , ødL

6
$

0

# + h(x)

%

dR (1.35)

A way to give di"erent mass to the quarks and allowing ßavour-changing through weak inter-

actions has to be found. From the equation 1.35, it is possible to infer thatmu and md can

be di"erent. The mass terms are not diagonal. Thus, it is possible to includeuL and dL in a

left-handed doublet and uR and dR in right-handed singlets, for all the quark ßavours:
$

uL

dL

%

,

$
cL

sL

%

,

$
tL

bL

%

* Qi
L

uR, cR, tR * Ui
R

dR, sR, bR * D i
R

(1.36)

Thus, the most general terms (without Majorana masses) are summarized as follow:

øUi
L M U

ij Ui
R + øD i

L M D
ij D j

R (1.37)

where the labelsD , U represents the ßavour eigenstates. Nevertheless, in the weak interactions

with the gauge bosons, the eigenstates are the left or right components of the Þelds:

øUi
L /V Ui

L
øUi

R /V Ui
R

øD i
L /V Di

L
øD i

R /V Di
R

øUi
L /W D i

L
1, (1.38)

where V denotes the Þeld associated either to the charger or neutral vector bosons, whileW

denotes the Þeld associated only to the charged vector boson. If the attention is put on the

1The ÞeldsUL and DL are independents and transform di"erently from each others.
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charged current, it is remarkable that interaction eigenstates do not coincide with mass eigen-

states. If the theory requires to diagonalize the masses matrix it is necessary to transform the

Þelds in the charged current interaction terms:

øUi
L M U

ij UR = ø(AU UL )mU (BU UR) (1.39)

where left-handed and right-handed Þelds transform in di"erent ways. A and B are unitary

matrices. DeÞning the Cabibbo-Kobayashi-Maskawa[30] matrix as:

M CKM * A  
UBD (1.40)

the charged current ßavour-changing the quark masses from the Yukawa couplings become:

mU =
A

i

øUi
L mi

uUi
R and mD =

A

i

øD i
L mi

dD i
R (1.41)

1.3 The Higgs boson of the Standard Model

Theoretical constraints on the Higgs boson mass

Comparing the prediction of the SM to the e"ective lagrangian describing the Fermi interaction,

it is possible to link the coupling constant to the Fermi constant:

From
GF'

2
=

g2
W

8m2
w

and mw =
gW #

2
& #2 =

1
'

2GF
& # ( 246 GeV (1.42)

The intensity of the couplings between the Higgs boson and the fermions (resp. vector bosons)

are given by:

gHff =
mf

#
=

3'
2GF

41/ 2
mf (1.43)

gHV V =
2M 2

V

#
= 2

3'
2GF

41/ 2
M 2

V (1.44)

Study of the vector boson scattering gives constraints on the value of the Higgs boson mass

[31]. The Feynman diagrams that describe the processesV V " V V must show at LO the

presence of the Higgs boson exchange. In that case the unitarity of the scattering matrix impose

M 2
H/ (8)# 2) < 1/ 2 & M H ! 870 GeV. In addition the renormalization group equations impose

that the parameter & that appears in the Higgs potential V (( ) evolves with the energy scale:

&(Q2) = &(#2)
(
1 %

3
4) 2 &(#2)log

Q2

#2

) ! 1

(1.45)

From this equation emerges that a Landau pole at $ = #áexp
3

2%2" 2

3M 2
H

4
must exist and represents

the limit of validity of the theory. The parameter $ is deÞned as the value of the energy scale

for which &($) " + . Thus the $ as function of the Higgs boson massM H deÞnes a region

in the $ %M H plane where the SM is valid. This condition is namedtriviality condition . The



CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS AND THE
HIGGS BOSON - Section 1.3 32

value of & at the electroweak scale must be insensitive to the corrections coming from diagrams

involving heavy fermions. This condition is namedvacuum stability because if it is not fulÞlled

the minimum of the Higgs potential could assume non-Þnite values. In Fig. 1.7 is shown the

region in the $ %M H plane where the SM is valid.1. STRUCTURE DE LA MATIéRE ET INTERACTIONS FONDAMENTALES 31

Fig. 1.2: Domaine de validitŽ du Mod•le Standard dans le plan! , MH . ! dŽsigne
lÕŽchelle dÕŽnergie au-delˆ de laquelle le Mod•le Standard nÕest plus valide.MH dŽ-
signe la masse du boson de Higgs. La limite basse correspond ˆ la condition de
stabilitŽ du vide, et la limite haute provient de la condition de trivialitŽ. Ces valeurs
sont obtenues pour une masse du quark topmt = 175 ± 6 GeV et une constante de
couplage de lÕinteraction forte! S (MZ ) = 0,118± 0,002.

canaux de recherche majeurs. Une fois la masse du boson de Higgs ÞxŽe, les largeurs
de dŽsintŽgrations ne dŽpendent que de la masse des produits de dŽsintŽgration,
bosons ou fermions. Le boson de Higgs du Mod•le Standard est un scalaire de paritŽ
et de chargeJ PC = 0++ . Cette propriŽtŽ Žtant ÞxŽe, les largeurs de dŽsintŽgrations
di! Žrentielles, en fonction de lÕŽnergie et de lÕangle, sont enti•rement dŽterminŽes.

Le couplage du boson de Higgs aux bosons de jauge massifsV = W, Z est
proportionnel ˆ leur masse au carrŽm2

V . Dans le cas des fermionsf , le couplage au
boson de Higgs est proportionnel ˆ leur massemf . Ainsi, seules les particules les
plus lourdes bŽnŽÞcient dÕun couplage signiÞcatif au boson de Higgs.

DŽsintŽgrations fermioniques

Au premier ordre, le couplage du boson de HiggsH aux fermionsf vaut [F51] :

gHf øf !
! "

2Gµ

" 1/ 2
# mf (1.22)

Figure 1.7: Region of validity of the Standard Model in the$ %M H plane. $ represents the energy scale
beyond which the Standard Model is not longer valid.M H represents the mass of the Higgs boson. The
lower limit corresponds to the vacuum stability condition, while the upper limits is Þxed by the triviality
condition. These values are obtained for a top quark mass of175± 6GeV and a strong coupling constant
equal to * S = 0 .118± 0.002 [32].

Higgs boson decays

The behaviour of the total SM Higgs boson width %H as a function of the Higgs boson mass

M H is illustrated in Fig. 1.8. Since the mass of the Higgs boson is measuredM H = 125.09 ±

0.21(stat. ) ± 0.11(scale) ± 0.01(theor.) ± 0.02(other) GeV/ c2 [33], %H is expected to be very

small (%H ! 4 MeV/ c2). Recently, constraints have been set on %H by the CMS and ATLAS

collaboration [34][35], using the o"-shell production of the Higgs boson through gluon-gluon

fusion and its decay toZZ " in the four-lepton, or two-lepton + two-neutrinos Þnal state. The

result of this analysis, performed over the whole CMS recorded luminosity, consists in an upper

limit on the Higgs boson width of %H < 22 GeV at the 95% conÞdence level [34].
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38 The Standard Model of particle physics

For mH = 1 TeV it has a total decay width ! H ! 700 GeV. The width formH = 125 GeV
is ! 4 MeV.
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Figure 1.6: Total width ! (H " anything ) = ! H of the Standard Model Higgs boson in function
of its mass M H , From Ref. [57].

The branching ratio of the channelH " X f is given by:

BR(H " X f ) =
! (H " X f )

! (H " anything )
(1.37)

In Þgure 1.7 the branching ratios of the Higgs boson decay are presented in the left
plot. Only the channels kinematically permitted and having branching ratios higher than
10! 4 are plotted. The right plot shows the branching ratio times the production cross
section for each mass, for a center-of-mass energy of 8 TeV. These are computed by the
LHC Cross Section Working Group[57Ð60].

The Òlow massÓ region, 110 GeV< M H < 130 GeV, is dominated by the decay
H " bøb having a branching ratio between 50 and 75%. Followed by the channelsH " ! !
(branching ratio between 6 and 9%),H " gg (branching ratio between 6 and 10%) and
H " cøc (branching ratio between 2 and 3%). The decaysH " "" and H " Z" are
very rare with branching ratios around the per mille level, and for the decays into muon
pair around 10! 4. The branching ratio of the channelH " WW" increases from 1% at
MH ! 100 GeV to 30% atMH ! 130 GeV, where the channelH " ZZ " reaches the
percent level.

Figure 1.8: Total SM Higgs boson width%H = %(H " anything ) as function of the Higgs boson mass
M H [36].

The branching fraction of the channel H " X f , where X f denotes any of the possible Þnal

states, is given by:

BR(H " X f ) =
%(H" X f )

%H
(1.46)

The prediction of the SM Higgs boson decay branching ratios is one of the main topics that

drive the choice of the major physics analyses performed at the LHC. In the following, the Higgs

boson decays are analysed according to the nature of the Þnal state, either in a pair of fermions

or of bosons [31].
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Figure 1.9: Left: Branching ratios for Higgs boson decays; Right: Higgs cross section times branching
ratios for pp collision at

'
s = 8 TeV.

¥ Decay into fermions

At Born level, the partial decay width of the SM Higgs boson into fermions is:

%Born (H " f øf ) =
GµNC

4
'

2)
M Hm2

f +3
f with +f =

$

1 %
4m2

f

M 2
H

%1/ 2

(1.47)

where NC is the number of colors (3 for the quarks and 1 for the leptons) and+f is the

fermion velocity evaluated in the Higgs boson frame. The decay width is proportional to

m2
f at Leading Order (L.O.) for this reason, the decay of the Higgs boson into a di-$ or

bb pair is largely enhanced respect to the H" !! or other fermionics Higgs boson decays

(for intermediate-low value of the Higgs boson mass, see Fig.1.9 ).

¥ Decay into bosons

At Born level the partial decay width of the Higgs boson into a couple of massive vector

boson (both of them on-shell) is represented by:

%Born (H " V V) =
GµM 3

H

16
'

2)
, V

'
1 %4x(1 %4x + 12x2) where x *

M 2
V

M 2
H

(1.48)

The decay width is thus proportional to the 3rd power of the Higgs boson mass.

¥ bosonic Higgs decays through a loop

The Higgs boson does not couple to massless particles such as photons and gluons. Nev-

ertheless, it is possible that processes like H" !! , H " !Z and H " gg proceed through

loops. In that case, the presence of higher orders in the coupling constant has the e"ect
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to suppress the partial decay width relative to these processes. In particular, in the case

of H " !! , the loop involves only charged particles:

%Born (H " !! ) =
GµM 3

H* 2

128
'

2) 3
|
A

f

NC Q2
f AH

1/ 2($f ) + AH
1 ($W )|2 (1.49)

The parameter $i is deÞned asM 2
H/ 4M 2

i where M i is the mass of the fermion or vector

boson involved and the functionsA1/ 2 and A1 are the form factors associated to fermions

and bosons, respectively. The shapes of the form factors are shown in Fig. 1.10 for the

W boson and the top quark. The Higgs boson decay into!Z proceeds through the same

loop as H" !! , but a factor proportional to (1 %M 2
Z /M 2

H) appears in the partial decay

width expression. Finally, the decay into gluons proceeds through quark loops (mainly

involving the top quark with a weaker contribution of the b quark):

%Born (H " gg) =
GµM 3

H* 2
S

36
'

2) 3
|
A

Q

AH
1/ 2($Q)|2 (1.50)
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(a) Facteur de forme du W (b) Facteur de forme du quark top

Fig. 1.4: Facteurs de formeAH
1 (! W ) (gauche) etAH

1/ 2 (! Q).

Nous pouvons distinguer sur ces Þgures trois intervalles de masse :[110; 130]
GeV, [130; 180] GeV, [180; 1000] GeV,

Le premier intervalle, ˆ Çbasse masseÈ, entre 110 et 130 GeV, est largement
dominŽ par le canalH ! bøb, avec un rapport dÕembranchement compris entre 50%
et 75%, suivi par les canauxH ! ! ! (BR entre 6% et 9%) etH ! gg (BR entre
6% et 10%). Les canauxH ! "" et H ! Z " sont tr•s rares (BR de quelques pour
mille). Le canalH ! WW! augmente rapidement avec la masse du boson de Higgs,
et atteint 30% ˆ 130 GeV, lˆ o• le canal H ! ZZ ! atteint seulement 3%.

LÕintervalle de Çmasse intermŽdiaireÈ, entre 130 et 180 GeV, est dominŽ par les
canaux H ! V V! et H ! bøb. Dans lÕintervalle2MW < M H < 2MZ , le processus
majeur est clairementH ! WW! , o• il atteint presque 100%. En e! et, dans cet
intervalle, les deux bosons W sont rŽels, ce qui leur procure une largeur de dŽsintŽ-
gration favorable, dans une rŽgion o• au moins un des bosons Z est virtuel, ce qui
supprime fortement le processusH ! ZZ ! .

Dans lÕintervalle de Çhaute masseÈ, entre 180 GeV et 1 TeV,MH > 2MZ : le
boson de Higgs se dŽsint•gre presque exclusivement en bosons massifs W et Z, qui
sont rŽels dans cette rŽgion. Le rapport dÕembranchement atteint environ2/ 3 pour
WW et 1/ 3 pour ZZ . Ë partir de MH > 2mt , la dŽsintŽgration du boson de Higgs
en deux quarks top devient possible. Cependant, elle reste tr•s limitŽe, avec un
rapport dÕembranchement compris entre 7% et 20%. En e! et, la largeur partielle de
dŽsintŽgration est proportionnelle ˆMH dans le cas du canaltøt et M 3

H dans le cas
des canauxV V! .

Figure 1.10: Form factor AH
1 ($W ) (Left) and AH

1/ 2($Q ) (Right).

1.4 Higgs boson searches before the LHC

1.4.1 LEP exclusion limits

The Higgs boson does not couple directly to photons, and the couplings to electrons, muons and

light quarks are very small. Hence, although it is possible to produce resonantly Higgs bosons

in reactions initiated by these particles, the production rates are very small. Nevertheless,

considering heavier particles, such gauge bosonsW ± , Z 0 or top quark, the coupling with Higgs
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bosons becomes stronger. A search based on this concept has been performed at electron-

positron collider (LEP II) accelerator at CERN. In order to obtain constraints on the mass of

the SM Higgs boson, the analysis is performed exploiting the hadronic vacuum polarization,

at the Z % pole energy [5]. Through radiative corrections evaluated in the framework of the

SM, the Z 0 resonance is also used to predict the mass of the top-quark,mt = 173+13
! 10 GeV/c2,

while the mass of the W boson has been accurately measured:mW = 80.363± 0.032 GeV/c2 [5].

These indirect constraints are compared to the direct measurements, providing a stringent test

of the SM. In fact, LEP II machine reached the maximum energy of 206 GeV, and this energy

is high enough to produce Higgs bosons with masses up to almost 120 GeV/c2 in the associated

production mechanism (Higgsstrahlung, illustrated in Fig. 1.12 (c). This mechanism, at the

LEP II energies, is the dominant one [5]. The data collected by the four LEP collaborations

prior to year 2000 gave no direct indication of the production of the SM Higgs boson [37] and

allowed a lower bound of 107.9 GeV/c2 to be set, at the 95% conÞdence level, on the mass.

During the last year of the LEP programme (the year 2000), substantial data samples were

collected at centre-of-mass energy exceeding 206 GeV, extending the search sensitivity to Higgs

boson masses of about 115 GeV/c2.

1.4.2 Tevatron exclusion limits

Higgs boson searches have also been carried out at the Tevatron, which is apøp collider with

energy of about 1T eV per beam, situated at the FNAL laboratory, near Chicago (USA). At

the Tevatron, the searches concentrate on the associated production mechanism. Relationships

between measurable EWK parameters within the SM, in conjunction with direct searches per-

formed at LEP, constrained the Higgs boson mass to be between 114 GeV/c2 and 185 GeV/c2 at

95% CL. [38]. With enough data, this entire mass range is accessible to the 1.96 TeV center-of-

mass Tevatron, for either observation or exclusion of the SM Higgs boson. The two multi-purpose

detectors at the Tevatron, CDF and D/0, are able to reconstruct all the Þnal state particles and

topologies resulting from SM Higgs boson production and decay. The Tevatron has delivered

9fb! 1 of luminosity to CDF and D /0. Data collection e&ciencies were 85% 90% for this data,

and an integrated luminosity of up to 6.7 fb! 1 has been analyzed for the Higgs boson searches.

¥ Low Mass Higgs Searches for a low mass (mH < 135 GeV/c2) SM Higgs boson are

performed for H " bb, H " $+ $! , and H " !! [39]. In this mass region the stronger

coupling of the Higgs is with the b-quarks. Given the high background event rate in

gg " H " bb, the couple ofbb is most easily identiÞed in events produced via associated

Higgs production, WH and ZH, when the W and Z decay leptonically, into Þnal states

of W H " -#bb, ZH " ##bøb, and ZH " --bb where - = e or µ. In events with a

reconstructed W or Z boson and two or more additional jets, the di-jet invariant mass is

used to search for a resonance originating fromZ H(H " bb) and W H(H " bb [39]

¥ High Mass Higgs The most sensitive channel in this mass range at the Tevatron is
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gg " H " W W " -#-#, due to the high cross section and well identiÞed Þnal state.

The high mass analysis beneÞts from separating events into categories according to the

number of jets and the number of leptons in the Þnal state, because of the di"erence in the

topology and kinematics of the signal production mechanisms and the main background

processes [39]. The exclusion limit as reported by the CDF and D/0 collaborations at the

startup of the LHC is shown in Fig. 1.11.

The results of LEP and Tevatron were of fundamental importance to constrain the mass range

of the Higgs boson. The discovery performed at the LHC shows the complete compatibility

between all experiments (even if two of them provide only an exclusion limit).

Figure 1.11: Observed and expected 95% C.L. upper limits on the ratios to the Standard Model cross
section, as functions of the Higgs boson mass for the combined CDF and D¯ analyses (2010) [40]. The
limits are expressed as a multiple of the SM prediction for test masses (every5GeV/c2). The black line
(dashed line) represents the observed (expected) limit. [40] The green and yellow bands represent the
incertitude on the expected limit: 1 sigma and 2 sigma respectively. The mass interval excluded by LEP
and Tevatron are represented by the vertical green and red bands.
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1.5 Higgs boson searches at the LHC

1.5.1 Higgs boson production

Figure 1.12: (a) Gluon-gluon fusion; (b) Vector Boson Fusion (VBF); (c) higgs-strahlung; (d) produc-
tion in association with a heavy quark-antiquark pair.

The coupling between the Higgs boson and the fermions (resp. bosons) is proportional to the

mass of the fermion (resp. squared mass of the boson). Thus the most important production

modes involves heavy particles like the vector bosonsW ± , Z 0 and the top quark. In what follows,

the four main Higgs boson production processes are explained in more details:

¥ gluon-gluon fusion through a heavy quark loop :gg " H;

¥ vector boson fusion (VBF): q1q2 " V " V " " q
"

1q
"

2 + H

¥ associate production of the Higgs boson with a massive boson (Higgsstrahlung): qøq "

V " " V + H

¥ associate production of the Higgs boson with a pair of top quarks:gg " tt + H

The Higgs boson production modes that dominate at the LHC energies are shown in Fig. 1.12.

Despite a smaller (factor 1/10) production cross section with respect the gluon-gluon process,

the VBF mechanism can be very interesting because of its distinctive topology (more details on

the VBF caracteristic are given in 1.5.1). There exist other minor production modes, like the

double Higgs bosons production.
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Figure 1.13: Higgs boson cross section production as a function of the Higgs boson mass for
;

(s) =
8T eV [36].

Gluon-gluon fusion

For mH = 125 GeV/ c2, the dominant production mechanism at the LHC consists in the gluon-

gluon fusion processgg " H (see Fig. 1.13). The cross section of this particular Higgs boson

production mechanism is enhanced by the high Yukawa coupling between the Higgs boson and

the heavy quarks present in the loop and by the gluon distribution inside the protons. At leading

order (LO) the gluon-gluon fusion is a QCD process with a cross section proportional to* 2
S [41]

ö. LO (gg " H) = . H
0 M 2

H, (ös %M 2
H) (1.51)

with:

. H
0 =

Gµ* 2
S

5
M 2

H

6

288)
'

2
|
3
4

A

q

AH
1/ 2 ($q)|2 (1.52)

where the function AH
1/ 2 ($q) is the form factor reported in Fig. 1.10 with $q = M 2

H/ 4m2
q. The

variable
'

ös =
'

x1x2s corresponds to the center-of-mass energy of the interacting partons. The

Dirac delta , (ös %M 2
H) represents the energy conservation between the incoming gluons and the

produced Higgs boson.

As visible in Fig.1.13, the Higgs boson production cross section through gluon-gluon fusion

decreases rapidly with the Higgs boson mass because of the partonic distribution function for

the gluon which decreases hyperbolically for increasing Bjorken fraction, x. The cross section is

computed at the next-to-next-to-leading order (NNLO) accuracy in QCD, using the approxima-
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tion for the inÞnite top quark mass [42][43][44]. The calculation of the production cross section

takes the QCD radiative corrections at higher orders in the perturbation expansion into account:

the next-to-leading order (NLO) and NNLO evaluated with a re-summation of the logarithmic

divergences appearing with the soft-gluons emissions (NNLL) [45]. Additional improvements in

the calculation include NLO EWK corrections [46][47]. While the QCD radiative corrections

are independent on the mass of the Higgs boson (they mostly depend on the mass of the heavy

quarks), the EWK ones strongly depend on the Higgs boson mass. The major source of theoret-

ical error in the gg " H production cross section computation arises from the QCD correction

terms not included in the calculation itself and for the missing of the higher orders terms. The

level of incertitude corresponds to a value of! 10% for 100 GeV/c2 < M 2
H < 300 GeV/c2 and

! 7% for M H > 300 GeV/c2 [48].

Vector Bosons Fusion

For very large Higgs masses (! 800 GeV/c2 Fig. 1.13), the VBF q1q2 " V " V " " q
"

1q
"

2 + H cross

section and thegg " H one have the same order of magnitude. For this reason, Þrst calculations

of the VBF Higgs boson production cross section have been carried out in the context of searches

for a very massive Higgs boson [49]. The VBF process, illustrated in Fig. 1.12, involves the

radiation of a heavy vector boson from each incoming parton. Subsequently, the two vector

bosons ÓfuseÓ to produce a Higgs boson. The partonic cross section evaluated at LO, assuming

that the incoming quarks give a small fraction of their energy to the vector bosons, is:

ö. LO (ös) =
1

16M 2
W

"
*

sin 2%W

# 3 ("
1 +

M 2
H

ös

#
log

"
ös

M 2
H

#
%2 + 2

M 2
H

ös

)
(1.53)

The VBF cross section increases as the energy in the center-of-mass increases thanks to the con-

tribution from the longitudinally polarized WÕs. The behaviour of the cross section as function

of the Higgs boson mass, on the contrary, decreases as the Higgs boson mass achieves higher

values. This feature is, however, less pronounced than in the gluon-gluon-gluon fusion process.

The VBF production is also of major interest in the region of medium Higgs boson masses

because of its relative high cross section (second only to the gluons fusion production one) and

of the special signatures it can provide for the identiÞcation of the Higgs boson. Indeed, the

VBF mechanism presents a very particular topology that can be used as handle to optimize

the background rejection. A very important role is taken by the quarks. After the radiation

of an heavy boson, the quarks participating to the interaction scatter with a small angle with

respect to the incident direction of the colliding beams. This fact translates into the presence

of a forward/backward jet pair. As a result, technique exploiting the forward/backward jet

tagging is used to drastically suppress the background. Another important feature typical of

the VBF Higgs boson produced events, is the lack of color exchange between the initial state

quarks. This color coherence between initial and Þnal state quarks leads to a suppression of the

hadronic activity in the central rapidity region and it opens the possibility to use Central Jet
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Veto to select the signal events. In Fig. 1.14 the distributions of the invariant mass of the two

VBF quarks as well as their pseudorapidity are shown.
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Figure 1.14: Distribution of the pseudorapidity of the two outgoing VBF quark (Left) and the distribu-
tion of their invariant mass (Right) obtained from MC simulated VBF H " $$ events.

The cross section in Eq. 1.53 is evaluated at Þrst order in the EWK coupling constant

expansion. In order to increase the precision in the prediction of the VBF cross section, QCD

and EWK corrections have been considered. The NLO corrections in QCD and EWK are

applied to the inclusive VBF cross section, leading to modiÞcations between 5% and 10%.

Finally, QCD NNLO corrections reduce the uncertainty coming from the renormalization and

factorization scale to below 1% [50]. However, from an experimental point of view, the search

for the Higgs boson produced through a VBF mechanism is restricted to a subset of the phace

space. In particular, it is possible to imagine that the application of cuts based on the transverse

momenta of the forward-tagging jets could be subject to important NNLO corrections that are

otherwise non-visible in the fully inclusive cross section [51]. Recently, an important achievement

was reached in the understanding of the NNLO correction in the VBF fully di"erential cross

section. This was possible thanks to a new technique calledprojection-to-Born that combines

an inclusive NNLO calculation (using the structure function method) and, an exclusive NLO

order calculation based on the VBF Higgs + 3 Jet process. The results achieved in term of

di"erential cross section as function of the transverse momenta of the two forward-tagging jets

and the rapidity di"erence between the same jets can be seen in Fig. 1.15.
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4

FIG. 2: From left to right, di ! erential cross sections for the transverse momentum distributions for the two leading jets, pt,j 1

and pt,j 2 , for the Higgs boson, pt,H , and the distribution for the rapidity separation between the two leading jets, " yj 1 ,j 2 .

interpretation is that since NNLO e! ects redistribute jets
from higher to lower pt Õs (cf. the plots forpt,j 1 and pt,j 2 ),
they reduce the cross section for any observable deÞned
with VBF cuts. As pt,H grows larger, the forward jets
tend naturally to get harder and so automatically pass
the pt thresholds, reducing the impact of NNLO terms.

As observed above for the total cross section with VBF
cuts, the NNLO di ! erential corrections are sizeable and
often outside the uncertainty band suggested by NLO
scale variation. One reason for this might be that NLO
is the Þrst order where the non-inclusiveness of the jet
deÞnition matters, e.g. radiation outside the cone modi-
Þes the cross section. Thus NLO is, in e! ect, a leading-
order calculation for the exclusive corrections, with all
associated limitations.

To further understand the size of the NNLO correc-
tions, it is instructive to examine a NLO plus parton
shower (NLOPS) calculation, since the parton shower
will include some approximation of the NNLO correc-
tions. For this purpose we have used thePOWHEGVBF
H +2-jet calculation [20], showered with PYTHIAversion
6.428 with the Perugia 2012 tune [35]. ThePOWHEGpart
of this NLOPS calculation uses the same PDF, scale
choices and electroweak parameters as our full NNLO
calculation. The NLOPS results are included in Fig. 2,
at parton level, with multi-parton interactions (MPI)
switched o! . They di! er from the NLO by an amount
that is of a similar order of magnitude to the NNLO
e! ects. This lends support to our interpretation that Þ-
nal (and initial)-state radiation from the hard partons
is responsible for a substantial part of the NNLO correc-
tions. However, while the NLOPS calculation reproduces
the shape of the NNLO corrections for some observables

(especially pt,H ), there are others for which this is not
the case, the most striking being perhaps" yj 1 ,j 2 . Par-
ton shower e! ects were also studied in Ref. [36], using
the MC@NLO approach [37]. Various parton showers
di! ered there by up to about 10%.

In addition to the NNLO contributions, precise phe-
nomenological studies require the inclusion of EW con-
tributions and non-perturbative hadronisation and MPI
corrections. The former are of the same order of magni-
tude as our NNLO corrections [13]. Using Pythia 6.428
and Pythia 8.185 we Þnd that hadronisation corrections
are between! 2 and 0%, while MPI brings up to +5%
at low pt Õs. The small hadronisation corrections appear
to be due to a partial cancellation between shifts inpt
and rapidity. We leave a combined study of all e! ects
to future work. The code for our calculation will also be
made public.

With the calculation presented in this letter, di ! er-
ential VBF Higgs production has been brought to the
same NNLO level of accuracy that has been available for
some time now for the ggH [38, 39] and VH [40] pro-
duction channels. This constitutes the Þrst fully di! er-
ential NNLO 2 " 3 hadron-collider calculation, an ad-
vance made possible thanks to the factorisable nature of
the process. The NNLO corrections are non-negligible,
5Ð10%, i.e. an order of magnitude larger than the cor-
rections to the inclusive cross section. Their size might
even motivate a calculation one order higher, to N3LO,
to match the precision achieved recently for the ggH to-
tal cross section [41]. With the new Òprojection-to-BornÓ
approach introduced here, we believe that this is within
reach. It would also be of interest to obtain NNLO plus
parton shower predictions, again matching the accuracy

Figure 1.15: Di!erential cross section distribution for the VBF higgs boson production evaluated at the
NNLO as function of the variables: pT,j 1 , pT,j 2 , pT,H , ' / j 1 ,j 2 [51].

With these recent results, the VBF Higgs production beneÞts from a precision on the di"er-

ential cross-section similar to that achieved for the other production modes [51].

Associate production with a heavy vector boson

This production mode is based on the annihilation of a quark couple into a virtual vector boson

(o"-shell) and the subsequent emission of an Higgs boson and of a real vector boson. The

partonic cross section is thus factorizable and it can be written as:

ö. (ös) =
B ös

0
dp2

V # .
5
p2

V 2

6 d% (V " " V H)
dp2

V #

(1.54)

This production mode proceeds through the s-channel. The energy in the centre of mass of the

interacting partons must fulÞl
'

ös , M V + M H. As a consequence, the cross section as function

of M H decreases much more rapidly than in the gluon-gluon fusion or VBF cases. Despite

the smaller cross section compared to other production mechanism, theHiggsstrahlung can be

exploited in the searches for the Higgs boson thanks to its clear signature. Indeed, the vector

boson present in the Þnal state can decay into leptons that are reconstructed very e&ciently.

Associate production with a heavy quarks pair

The measure of the production cross section of an Higgs boson in association to a couple of heavy

quarks (mainly with the top quark) can represent en excellent test of the Yukawa couplings. At

LO this mechanism proceeds through a quark-antiquark annihilation into a couple of top-antitop

quarks (or heavy quark-antiquark pair), where the Higgs boson is radiated from a top quark in
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the Þnal state. As the energy in the center-of-mass increases, the gluon-gluon fusion mechanism

(through a t-channel) becomes also signiÞcant.

1.5.2 The Higgs boson discovery

The Higgs boson production cross section as a function of the hypothesized SM Higgs boson

mass for a Þxed energy in the center-of-mass of the collisions equal to 8T eV is illustrated in Fig.

1.13. At high mass, the relative fraction of the vector boson fusion mechanism is increasing.

Before the discovery of the Higgs boson, a wide range of possible decay modes has been taken

into consideration, since the decay modes of the SM Higgs boson strongly depend on its mass

mH. For a low mass Higgs boson (110 GeV/c2 < m H < 150 GeV/c2) its natural width is only few

MeV/ c2. In this context, the main channels that play an important role are H " ZZ " " 4-,

H " !! , H " W W " " 2-2#, H " bb and H " $+ $! . For a given hypothesis for a Higgs boson

mass, the sensitivity of the search depends on the Higgs boson production cross section (reported

in Fig. 1.13), its decay branching ratios into the chosen Þnal state, the signal selection e&cien-

cies, the reconstructed mass resolution, and the level of SM backgrounds in the Þnal state [12].

The H " ZZ " 4- and H " !! channels, providing an excellent mass resolution for the recon-

structed 4-lepton and di-photon Þnal states, played a crucial role in the Higgs boson discovery.

Also H " W W " 2-2# is characterized by a high sensitivity [12], but also by a poor mass

resolution due to the presence of neutrinos in the Þnal state. Finally, thebb and $+ $! channels

provide a lower signiÞcance than the channels mentioned previously because of the presence of

large backgrounds and a worse energy resolution [12]. The results presented in July 2012 were

obtained with data collected by CMS corresponding to an integrated luminosity of 5.1fb! 1

at 7 T eV and 5.3fb! 1 at 8 T eV. The individual results for the Þve decay modes mentioned

above are combined. The combination assumes the relative branching fractions predicted by the

SM and takes into account the experimental statistical and systematic uncertainties as well as

the theoretical ones. The 95% conÞdence level exclusion limits and the corresponding p-value

obtained in the Þnal combination are illustrated in two historical plots in Fig. 1.16.
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7 Combined results

The individual results for the channels analysed for the Þve decay modes, summarised in Ta-
ble 1, are combined using the methods outlined in Section 4. The combination assumes the
relative branching fractions predicted by the SM and takes into account the experimental statis-
tical and systematic uncertainties as well as the theoretical uncertainties, which are dominated
by the imperfect knowledge of the QCD scale and parton distribution functions. The CL s is
shown in Fig. 13 as a function of the Higgs boson mass hypothesis. The observed values are
shown by the solid points. The dashed line indicates the median of the expected results for
the background-only hypothesis, with the green (dark) and yellow (light) bands indicating the
ranges in which the CL s values are expected to lie in 68% and 95% of the experiments under the
background-only hypothesis. The probabilities for an observation, in the absence of a signal, to
lie above or below the 68% (95%) band are 16% (2.5%) each. The thick horizontal lines indicate
CLs values of 0.05, 0.01, and 0.001. The mass regions where the observed CLs values are below
these lines are excluded with the corresponding (1 ! CLs) conÞdence levels. Our previously
published results exclude the SM Higgs boson from 127 to 600 GeV [21]. In the search described
here, the SM Higgs boson is excluded at 95% CL in the range 110< mH < 121.5GeV. In the
range 121.5 < mH < 128GeV a signiÞcant excess is seen and the SM Higgs boson cannot be
excluded at 95% CL.
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Figure 13: The CLs values for the SM Higgs boson hypothesis as a function of the Higgs boson
mass in the range 110Ð145 GeV. The background-only expectations are represented by their
median (dashed line) and by the 68% and 95% CL bands.

7.1 SigniÞcance of the observed excess

The consistency of the observed excess with the background-only hypothesis may be judged
from Fig. 14, which shows a scan of the local p-value for the 7 and 8 TeV data sets and their
combination. The 7 and 8 TeV data sets exhibit an excess of 3.2! and 3.8! signiÞcance, re-
spectively, for a Higgs boson mass of approximately 125 GeV. In the overall combination the
signiÞcance is 5.0! for mH = 125.5 GeV. Figure 15 gives the localp-value for the Þve decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combination are the "" and ZZ decay
modes. They both have very good mass resolution, allowing good localization of the invariant
mass of a putative resonance responsible for the excess. Their combined signiÞcance reaches
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5.0! (Fig. 16). The WW decay mode has an exclusion sensitivity comparable to the "" and ZZ
decay modes but does not have a good mass resolution. It has an excess with local signiÞcance
1.6! for mH ! 125 GeV. When added to the "" and ZZ decay modes, the combined signiÞ-
cance becomes 5.1! . Adding the ## and bb channels in the combination, the Þnal signiÞcance
becomes 5.0! . Table 6 summarises the expected and observed localp-values for a SM Higgs
boson mass hypothesis of 125.5 GeV for the various combinations of channels.

Table 6: The expected and observed localp-values, expressed as the corresponding number of
standard deviations of the observed excess from the background-only hypothesis, for mH =
125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (! ) Observed (! )

"" 2.8 4.1
ZZ 3.8 3.2
## + bb 2.4 0.5
"" + ZZ 4.7 5.0
"" + ZZ + WW 5.2 5.1
"" + ZZ + WW + ## + bb 5.8 5.0
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The global p-value for the search range 115Ð130 (110Ð145) GeV is calculated using the method
suggested in Ref. [115], and corresponds to 4.6! (4.5! ). These results conÞrm the very low
probability for an excess as large as or larger than that observed to arise from a statistical ßuc-
tuation of the background. The excess constitutes the observation of a new particle with a mass
near 125 GeV, manifesting itself in decays to two photons or to ZZ. These two decay modes
indicate that the new particle is a boson; the two-photon decay implies that its spin is different
from one [135, 136].

7.2 Mass of the observed boson

The mass mX of the observed boson is determined using the "" and ZZ decay modes, with
the former dominating the precision of the measurement. The calibration of the energy scale

Figure 1.16: The expected and observed 95% CL exclusion limits for the SM Higgs boson hypothesis as
a function of the Higgs boson mass (mH ) in the range [110, 145]GeV/c2, obtained combining all the decay
channel analysed (Left). The expected (black dashed line) and observed (continuous lines) local p-value
as a function of the Higgs boson mass (mH ). The observed p-value are shown for the7T eV data (red),
8T eV data (blue) and the their combination (black). These plots have been o"cially shown on the July
4th , 2012. [12]

Even if the discovery of the Higgs boson has been announced, the CMS experiment continued

to record pp collision data until the end of the LHC Run 1, in the beginning of 2013. The total

integrated luminosity collected by CMS amounts to ! 20fb! 1. In what follows, a general

overview concerning the state of the art of the analyses carried out by the CMS collaboration

in the Þve main Higgs boson decay channels is provided.

1.5.3 H " ZZ -

¥ H " ZZ (" ) " 4- [52]: In this golden channel, a search has been performed for a four-

lepton mass peak over a small continuum background. To further distinguish signal from

background, a particular kinematic discriminant based on Matrix-Elements has been de-

veloped. It is used to disentangle the signal from the main ZZ continuum background.

Five observables are su&cient to describe the kinematics of the decay: the masses of

di-lepton pairs and Þves angles that completely deÞne their conÞguration in the center-

of-mass frame. The 4e, 4µ, and the 2e2µ sub-channel are analysed separately since the

4--mass resolution for each sub-channel is di"erent [12].

¥ H " ZZ " 2-2# [53]: the events selection consists in requiring events with a lepton

pair (ee, µµ), with invariant mass consistent with that of the Z boson, and large missing

transverse energy.

¥ H " ZZ (" ) " 2-2q [54]: The basic request for selecting signal events is the presence of

2- and two jets. The jets are required to form an invariant mass consistent with that of
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the Z boson. The purpose is to search for a peak in the invariant mass distribution of the

di-lepton + di-jet system. The background is estimated using data-driven techniques.

¥ H " ZZ " 2-2$ [52]: One of the twoZ bosons is required to be on-shell and to decay to

a lepton pair (eeor µµ). The other Z boson is required to decay through a$$ pair to one

of the four Þnal state eµ, µµ, e$h, µ$h. In this channel analysis, the goal is to search for

an excess in the distribution of the di-lepton + di-tau mass. The dominant background

originates from non-resonantZZ production [12]

In order to further discriminate the Higgs boson signal lfrom the dominant non-resonantZZ "

background, CMS implied a likelihood approach based on the matrix element method [55]. The

CMS experiment observe an excess atmH = 125.8 GeV/c2 with a observed (expected) signiÞcance

of 6.7. (7.2. ) [56]. The four-lepton invariant mass distribution obtained only for the 4- Þnal

state is illustrated in Fig. 1.17.

9

6 Results

The reconstructed four-lepton invariant-mass distribution for the 4 ! , combining the 4e, 4µ, and
2e2µ channels, is shown in Fig. 2 and compared with the expectation from SM background
processes. The observed distribution is in good agreement with the expectation. The Z !
4! resonance peak atm4! = mZ is observed with normalization and shape as expected. The
measured distribution at higher mass is dominated by the irreducible ZZ background. A clear
peak around m4! = 126 GeV is seen, conÞrming the results reported in [10].
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Figure 2: Distribution of the four-lepton reconstructed mass in the full mass range for the sum
of the 4e, 4µ, and 2e2µ channels. Points represent the data, shaded histograms represent the
background and the unshaded histogram the signal expectation. The expected distributions
are presented as stacked histograms. The measurements are presented for the sum of the data
collected at

"
s = 7 TeV and

"
s = 8 TeV. No event is observed for m4! > 800 GeV.

The reconstructed visible mass distribution after Z 2 scaling for the 2! 2! selection, combining
all the ! + ! # ! + ! # Þnal states, is shown in Fig. 3. The measured distribution is well described
by the SM background expectation.

The number of candidates observed as well as the estimated background are reported in Ta-
ble 1, for the selection in the full mass measurement range for the SM-like Higgs boson search,
100 < m4! , m2! 2! < 1000 GeV. The expected number of signal events is also given for several
SM-like Higgs boson mass hypotheses. The observed event rates for the various channels are
compatible with SM background expectation.

The distributions of the kinematic discriminant KD versus the four-lepton reconstructed mass
m4! are shown for the selected events and compared to SM background expectation in Fig. 4.
The distribution of events in the (m4! , KD) plane is seen to agree well with the SM expectation

Figure 1.17:Distribution of the four-lepton reconstructed mass in the full mass range for the sum of the
4e, 4µ, and 2e2µ channels. Points represent the data, shaded histograms represent the background and the
unshaded histogram the signal expectation. The expected distributions are presented as stacked histograms.
The measurements are presented for the sum of the data collected at

'
s = 7 T eV and

'
s = 8 T eV [56].

1.5.4 H " ##

The H " !! analysis [57] is focused on the search for a narrow peak in the invariant mass

distribution of two high pT photons. The main background in this channel originates from

prompt !! , ! +jet and di-jet processes. In order to increase the sensitivity of the analysis, the

event sample is split into several mutually exclusive categories [58]:

¥ di-! events with high pT leptons, di-jet, missing transverse energy compatible with theW

or Z bosons decay enters in the VH production category;
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¥ di-! events with two energetic jets separated by a high pseudorapidity gap enter in the

VBF production category;

¥ all the remaining events (! 99% of the total) are grouped in the gluon-gluon production

category.

The events remaining untagged are further subdivided into classes based on the output of a

multivariate (MVA) discriminant that assigns a high score to signal-like events. The MVA is

trained using the following discriminating variables:

1. an event-by-event estimate of the di-photon mass resolution;

2. a photon identiÞcation score for each photon;

3. kinematic information about the photons and the di-photon system

The photon identiÞcation also follows a multivariate approach that uses shower information in

order to discriminate prompt photons from those coming from a jet. The functional form of the

background has been estimated through a Þt to the full di-photon invariant mass distribution

(m&&) in each category. The signal extraction has been performed through a simultaneous Þt

to m&& in all the categories. The CMS experiment observed an excess atmH = 124.70 GeV/c2

with an observed (expected) signiÞcance of 5.7. (5.2. ) [59]. The distribution of m&& for the

combination of all the categories is illustrated in Fig. 1.18.
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Table 5: Values of the best-Þt signal strength, öµ, when mH is treated as an unconstrained pa-
rameter, for the 7 TeV, 8 TeV, and combined datasets. The corresponding best-Þt value ofmH ,
!mH , is also given.

öµ !mH (GeV)

7 TeV 2.22+ 0.62
! 0.55 124.2

8 TeV 0.90+ 0.26
! 0.23 124.9

Combined 1.14+ 0.26
! 0.23 124.7

section times the relevant branching fractions, relative to the SM expectation. In Fig. 20 the
combined best-Þt signal strength, öµ, is shown as a function of the Higgs boson mass hypothesis,
both for the standard analysis (left) and for the cut-based analysis (right). The two analyses
agree well across the entire mass range. In addition to the signal around 125 GeV, both analyses
see a small upward ßuctuation at 150 GeV, which is found to have a maximum local signiÞcance
of just over 2 ! at mH = 151 GeVÑslightly beyond the mass range of our analysis.

The best-Þt signal strength for the main analysis, when the value of mH is treated as an un-
constrained parameter in the Þt, is öµ = 1.14+ 0.26

! 0.23, with the corresponding best-Þt mass being
!mH = 124.7 GeV. The expected uncertainties in the best-Þt signal strength, at this mass, are
+0.24 and ! 0.22. The values of the best-Þt signal strength, derived separately for the 7 and
8 TeV datasets, are listed in Table 5. For the cut-based analysis the corresponding value is
öµ = 1.29+ 0.29

! 0.26 at !mH = 124.6 GeV, and for the sideband background model analysis the value
measured is öµ = 1.06+ 0.26

! 0.23 at !mH = 124.7 GeV. These values are shown in Table 6 together with
the expected uncertainty, and the corresponding values for the main analysis.

The uncertainty in the signal strength may be separated into statistical and systematic con-
tributions, with the latter further divided into those having, or not, a theoretical origin: öµ =

Figure 1.18:The diphoton mass spectrum weighted by the ratio S/(S + B) in each event class, together
with the background subtracted weighted mass spectrum. The black dots represent the data, the red dashed
line represent the background and the continuous line represent the Þt performed in the signal + back-
ground hypothesis. The measurements are presented for the sum of the data collected at

'
s = 7 T eV and

'
s = 8 T eV [59].

1.5.5 H " WW-

This channel o"ers the possibility to study directly the Higgs boson couplings to theW vector

bosons. The study of the angular distributions are good handles to measure the spin and

CP quantum numbers of the Higgs boson. Even if the branching fraction for this SM Higgs

boson decay channel is large, due to the large mass of theW vector boson, the search for the

H " W + W ! is complicated by the presence of neutrinos in the W decay products. For this

reason the mass resolution is quite poor, and the search is reduced to a counting experiment of

the event yield in broad bins of mH

¥ H " W W " " -#-# [60]: This analysis searches for an excess of events with two leptons of

opposite charge, large/E T and up to two jets. For events without jets, the main background

arises from non-resonantW W production; for events with 1 jet, the dominant background

comes fromW W and top-quark production. The 2-jets category is optimized to exploit the

clearer signature of VBF production and the main background for this channel originates

from the top quark production. All background rates are estimated using data-driven

techniques, with the exception of the small contributions from W Z , ZZ , and W ! .
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¥ H " W W " " -#2q [61] [62]: This analysis searches for an excess of events with one

electron (or muon), /ET and two or three jets. The dominant background is fromW + jets

events and has been estimated from data. Because only one neutrino is produced in

this channel, both W bosons can be fully reconstructed, and a four-body mass peak can

be reconstructed for W W and W Z pairs. A kinematic Þt is performed to improve the

resolution. In this Þt procedure, the /ET of the lepton is constrained to the W on-shell

mass [12].

¥ W H " W W W " " 3-3#[63]: In this channel, a search for an excess of events with three

leptons, electrons or muons, large missing transverse energy, and low hadronic activity, is

performed. The main background is fromW Z " 3-3# production. This can be reduced

requiring that all same-ßavour oppositely charged lepton pairs have a di-lepton mass away

from mZ [12], and oppositely charged leptons are required not to be back-to-back.

¥ V H " W W " 2-2#2q: The research for this type of events produced in association with

a vector boson (V ) decaying into a couple of jets [64] is carried out by selecting events with

two oppositely charged leptons, large /ET and two jets with an invariant mass around the

W/Z pole. The most important backgrounds are the top quark andZ + Jets production

[12].

Thanks to the spin quantum number conservation in the H " W W " decays, the angular cor-

relation between the two leptons direction and the direction of the missing transverse energy

can be exploited as handle to improve the signal to background separation. In addition, di"er-

ent categories are deÞned in function of the number of reconstructed jets in the event in order

to further increase the sensitivity of the analysis: 0-jet, 1-jets and 2-jets. In particular, the

analysis performed by the CMS collaboration in the 0-jet and 1-jet categories, using all ßavour

leptons combinations, brought evidence of an excess atmH = 125.4 GeV/c2 with an observed (ex-

pected) signiÞcance of 4. (5.2. ) [60]. The transverse mass distributionmT for data, simulated

background and simulated signal events is illustrated in Fig. 1.19.
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different-ßavor Þnal state for a mH = 125 GeV SM Higgs boson and for the main backgrounds.
The cut-based H ! W+ W" selection, except for the requirement on the transverse mass itself,
is applied.

in data using the events passing all selection requirements, except that here the two leptons
must have the same charge; this sample is dominated by W + jets and W! events.

The number of events observed and the expected number of events from all processes after the
W+ W" selection, taking into account the data driven estimates, are summarized in Table 2.

The templates for the two-dimensional analysis are mainly taken from the simulation and
cross-checked in control samples in data. For the W+ jets background the nominal shape is
derived from the same control sample used to determine the normalization.

7 EfÞciencies and systematic uncertainties

The signal efÞciency is estimated using simulations. All Higgs production mechanisms are
considered: the gluon fusion process, the associated production of the Higgs boson with a W
or Z boson, and the VBF process. Early phenomenological work on Higgs boson production
and decay can be found in Refs. [45Ð47]. The SM Higgs boson production cross sections are
taken from [32, 48Ð70].

Residual discrepancies in the lepton reconstruction and identiÞcation efÞciencies between data
and simulation are corrected for by data-to-simulation scale factors measured using Z/ ! #! ! + ! "

events in the Z peak region [71], recorded with dedicated unbiased triggers. These factors de-
pend on the lepton pT and |" |, and are typically in the range (0.9-1.0).

Experimental effects, theoretical predictions, and the choice of Monte Carlo event generators
are considered as sources of uncertainty and their impact on the signal efÞciency is assessed.
The impact on the kinematic distributions is also considered for the shape analysis. The experi-

Figure 1.19: The transverse mass (mT ) distribution in the 1-jet category summed over all lepton
ßavours for all the simulated SM background and Higgs boson signal withmH = 125 GeV/c2, as well as
for the data (black dots). The bottom plot shows the agreement between the data and the simulation [60].

1.5.6 H " bb

This channel is the only one that gives direct access to the Higgs boson coupling to down-type

quarks. The dominant Higgs boson production modegg " H and its decay into a bb pair is

overwhelmed by the inclusive production ofpøp " bb+ X via the strong interaction. The Higgs

boson associate production allows use of the leptonic decays of the vector bosons to reject the

QCD background and, thus, purify the signal. For this reason, the H" bb search concentrates

on Higgs boson production in association with aW or a Z boson. Attention is put, in particular,

on the following decay modes:W " e# and Z " ee/µµ/## . In order to improve the sensitivity,

the events are categorized in function of thepT of the Higgs boson candidate(low- and high-

boost topologies). The presence of missing transverse energy and/or leptons in the Þnal state is

used to select the events. In particular,Z " ## is identiÞed by requiring large /E T . The Higgs

boson candidate is reconstructed by requiring two b-tagged jets [65] and the search is divided

into events where the vector bosons have medium or large transverse momentum and recoil away

from the candidate Higgs boson. Events with higher transverse momentum bosons have smaller

backgrounds and a better di-jet mass resolution. A multivariate analysis technique, based on

Boosted Decision Trees (BDTs), trained on simulated signal and background events for several

di"erent values of the Higgs boson mass, is used to separate signal and background events. The

main background consists ofW/Z + jets and top-quark events. Results are obtained through a
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binned likelihood Þt to the shapes of the BDT discriminants. An example of such a distribution

is given in Fig. 1.20, where the distribution of the BDT output is shown in the case of the

Z " µµ decay channel. The CMS experiment observed an excess of events above the expected

background with a signiÞcance of 2.6. [65].

32 A Post-Þt BDT distributions
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Figure 13: Post-Þt BDT output distributions for Z (!! )H in the low-boost region (left) and high-
boost region (right), for 8 TeV data (points with error bars), all backgrounds, and signal, after
all selection criteria have been applied. Top: Z (µµ)H, bottom: Z (ee)H. The bottom inset in
each Þgure shows the ratio of the number of events observed in data to that of the Monte Carlo
prediction for signal and backgrounds.

Figure 1.20: Post-Þt BDT output distribution for Z " µµ events in the high-boost region for
'

s =
8T eV data [65].

1.5.7 H " ! + ! %

The results provided by the ATLAS and CMS experiments strongly suggest that there is at least

one isospin doublet Higgs Þeld. Even if this fact can be explained in the context of the SM, there

still a number of open questions regarding the Higgs Þeld. In particular, the structure of the

Higgs sector is not completely understood. The recent observation of the coupling between the

Higgs boson and the$ leptons [66], obtained through the combination of the ATLAS and CMS

results in the H " $$ searches, constitutes another step forward in the understanding of the

nature of the Higgs boson. However, at the present time, there are not independent observations

by either of the two experiments. Thus, the H " $$ search will continue to play a leading role

in the future.

Once observed that the Higgs boson decays into fermions, precise measurements of the Higgs-

fermions couplings must be carried out in order to verify that they are proportional to the

fermion masses, as predicted by the SM. An hint in this direction is provided by the fact that

no excesses have been observed in the H" µµ and H " ee decay channels [67]. Indeed, any

deviation of the Higgs-fermions couplings from the values predicted by the SM could represent

an hint of new physics. In addition, a complete characterization of the tensor structure of the
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trilinear coupling [68][69] still to be performed. In particular, among the various analyses that

can have access to the spin-parity properties of the Higgs boson, there is the possibility to probe

these quantum numbers via the jet kinematics in the vector boson fusion Higgs production pro-

cesses [69]. Also in this case the H" $$ will play a central role, since the VBF categories

largely drive the H " $$ analysis sensitivity. For the reasons mentioned above, the H" decay

channel represents a major testbed to investigate the properties of the Higgs sector.

A Higgs boson with a mass of 125 GeV/c2 decays almost entirely to bb pairs (see Fig. 1.9)

and, secondly, to$+ $! pairs. Much of the phenomenology of the low mass Higgs boson search

is focused on identifying b quarks and $ lepton. Moreover, an advantage of the H" $+ $!

channel, in particular if compared to the dominant H " bb mode, is the lower background from

QCD processes. In fact, the H" $+ $! channel o"ers the best prospects for a direct measure-

ment of the Higgs bosonÕs couplings to fermions [70], and the fact that an excess have been

seen in this channel [71], increases the importance of the results coming from the analyses on

this decay mode. As already pointed out in the previous subsection, the most important Higgs

boson production modes aregg " H, qq " qqV V " qqH, and V H. The Þrst one has the

largest cross section by almost one order of magnitude, there are substantial QCD backgrounds

but few handles to distinguish them from the signal. Events coming fromV BF produced Higgs

contain additional information in the observable jets. In fact these jets are separated by a big

pseudorapidity gap [72]. Techniques like forward jet tagging can then be exploited to reduce

the backgrounds. Another feature of theV BF signal is the lack of color exchange between the

initial-state quarks. Color coherence between initial- and Þnal-state gluon bremsstrahlung leads

to suppressed hadron production in the central region, between the two tagging-jet candidates of

the signal [73]. This is in contrast with most of background process that contain large hadronic

activity in the central region.

Also topics beyond the SM could be investigated with$ probe. In fact some attention has been

given to A/ H " $+ $! searches at the LHC in the framework of the Minimal Supersymmetric

Standard Model (MSSM), where the increased couplings of A/H to$ predicted for tan + > 1

lead to higher production rates. However, the great variety of$ decay modes represent, surely,

a challenge for the correct reconstruction of the$ object in the CMS expertiment but at the

same time allow a good compromise between trigger e&ciencies and background rejection since

also leptonic decay mode are allowed. For all these reasons the analysis of the H" $+ $! decay

channel is one of the most promising to determine the Higgs properties and couplings and ei-

ther to discover if the new particle seen by LHC experiments [12] is a SM particle or a MSSM one.

In this context $ object characterization and identiÞcation plays a key rule and the improv-

ing of this represent a very challenge. Moreover,$ is the only lepton that could decay into

hadrons because of its mass. The branching ratio for the$ " hadrons is 64% [74] (for more
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details see Tab. 3.1) and overcome that for all the other decay mode. Indeed, a study of the

H " $$ " $h$h decay mode, in addition to the other di-$ Þnal states initially exploited by

CMS in the H " $$ search, i.e.ee, µµ, eµ, e$h and µ$h, further increased the sensibility in the

H " $$ analysis. At the same time, it is a challenging path to follow by an experimental point

of view because of both the variety of the di"erent hadronic decay modes and the considerable

QCD background activity present at LHC that could a"ect $ identiÞcation (see section 3.4.1).

Finally, the fact that the $ is the only lepton decaying into hadrons (as already pointed out)

could be exploited in order to discriminate Higgs boson signal events from those coming from

the main background (Z " $$) using the $ polarization [75]. Moreover, this information may be

used to identify charged and neutral Higgs bosons and can also provide information about the

spin of the new particle [75]. In order to reach this goals the$ hadronic decay modes play a key

role. In fact the decay of the tau involving hadronic Þnal states allows an e&cient measurement

of its polarization [75].

In the H " $$ search [71]$ lepton can decay into electrons, muons and hadrons$h. The

di-$ invariant mass m!! is reconstructed through a kinematic Þt of the visible decay products

and the missing transverse energy measured in the event. Due to the presence of neutrinos in

the Þnal state the di-$ invariant mass resolution is quite poor, of the order of 10%%20%. The

analysis is performed searching for an excess of events over the expected SM background in

the m!! distribution. The main sources of background in the H " $$ analysis arise from the

Drell-Yan Z " $$, Z " ee, QCD multijet production, W+jets, di-boson and tt production. In

all the channels analysed, a complex categorization, based on the number of energetic jets in

the event and the pT of the di-$ system, is exploited to improve the analysis sensitivity.

The most sensitive category is the VBF one, in which the topology of the VBF Higgs bo-

son production mechanism is exploited to separate the Higgs boson signal from the various

background, in particular the Drell-Yan Z " $$. In the VBF categories at least two energetic

jets with a large pseudorapidity gap and a high di-jet invariant mass are required. The observed

boost of the Higgs boson candidate is used to improve the mass resolution, especially in the 1-jet

categories. The 0-jet categories are used to constrain the background normalization and to mea-

sure the energy scales. The major background contributions are estimated through data-driven

techniques. The Þnal signal extraction is obtained performing a simultaneous binned maximum

likelihood Þt to the m!! distribution in all the categories and channels analysed (more details

in Section 3.4). The search for H decays produced in association with a W or Z boson [76]

is conducted in events with three or four leptons in the Þnal state. TheW H analysis selects

events which have two electrons or muons with the same sign and a hadronically decaying$

(e± e± $$
h and µ± µ± $$

h ). The ZH analysis is performed in events with an identiÞedZ " ee

or Z " µµ decay and a Higgs boson candidate with one of the following Þnal states:eµ, µµ,
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e$h, µ$h. The main irreducible backgrounds to the W H and ZH searches areW Z and ZZ

di-boson events, respectively [12]. The irreducible backgrounds are estimated using simulation,

corrected by control samples in data. Them!! distribution combining all the non-VH categories

is illustrated in Fig. 1.21. The CMS collaboration observed an excess of with a signiÞcance of

3.2. at mH = 125 GeV/ c2 [71]. 25
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Figure 11: Combined observed and predicted m!! distributions for the µ! h, e! h, ! h! h, and eµ
channels. The normalization of the predicted background distributions corresponds to the re-
sult of the global Þt. The signal distribution, on the other hand, is normalized to the SM pre-
diction ( µ = 1). The distributions obtained in each category of each channel are weighted
by the ratio between the expected signal and signal-plus-background yields in the category,
obtained in the central m!! interval containing 68% of the signal events. The inset shows the
corresponding difference between the observed data and expected background distributions,
together with the signal distribution for a SM Higgs boson at mH = 125 GeV. The distribution
from SM Higgs boson events in the WW decay channel does not signiÞcantly contribute to this
plot.

95% CL upper limit obtained using the modiÞed frequentist construction CL s [90, 91] together
with the expected limit obtained for the background-only hypothesis for Higgs boson mass hy-
potheses ranging from 90 to 145 GeV. The background-only hypothesis includes the expected
contribution from H ! WW decays for mH = 125 GeV. The difference between evaluating
this contribution at mH = 125 GeV or at the corresponding mH value for mH "= 125 GeV is
less than 5%. An excess is visible in the observed limit with respect to the limit expected for
the background-only hypothesis. The observed limit is compatible with the expected limit ob-
tained in the signal-plus-background hypothesis for a SM Higgs boson with mH = 125 GeV
(Þgure 14 right). The excess is quantiÞed in Þgure 15 which shows the local p-value as a func-
tion of mH . For mH = 125 GeV, the expectedp-value is smallest, corresponding to a signiÞcance
of 3.7 standard deviations. The expected p-value is slightly smaller when including the ! + L! h

Figure 1.21: Combined observed and predicted m distributions for theµ$h , e$h , $h $h , and eµ channels.
The normalization of the predicted background distributions corresponds to the result of the global Þt. The
signal distribution, on the other hand, is normalized to the SM prediction. The distributions obtained
in each category of each channel are weighted by the ratio between the expected signal and signal-plus-
background yields in the category, obtained in the centralm"" interval containing 68% of the signal
events. The inset shows the corresponding di!erence between the observed data and expected background
distributions, together with the signal distribution for a SM Higgs boson atmH = 125 GeV/c2 [71].



Chapter 2
Experimental apparatus

The Compact Muon Solenoid (CMS) experiment is a general purpose detector operating at

the Large Hadron Collider (LHC) at the Organisation Europ«eenne pour la Recherche Nucl«eaire

(CERN). The LHC project was approved by the CERN Council in December 1994 and in

December 1996 the same council approved the construction of a proton-proton collider capable

to reach the centre-of-mass energy of 14 TeV. The decision to build the LHC at CERN was

mostly inßuenced by the possibility to re-use the tunnel and the injection chain already built for

the LEP. It was decided to equip four of the eight possible interaction regions. Out of the four

chosen to host the experiments, two were equipped with new underground caverns, where the

ATLAS and CMS experiments were placed [14]. In this chapter I give a brief description of the

collider machine and a summary of its performance showed during the Þrst period of data taking

(LHC Run 1). In section 2.2, I present the CMS apparatus focussing on some subdetectors. In

the Þnal part of the chapter a brief description of the CMS data acquisition system is given.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a two-ring-superconductive-hadron accelerator and collider

installed at the European Organization for Nuclear Research - CERN (Geneve) and located!

100 m underground inside a tunnel 27 km long. The main physics motivation for the develop-

ment of the LHC project was the investigation of the fundamental interactions at the TeV scale

and this requirement drove the LHC design. The target centre-of-mass energy of the collisions

is reachable only through circular accelerators. This choice has a direct impact on the type

of particles to be accelerated. Indeed, particles bended in a circular trajectory loose energy

through synchrotron radiation. Since the power emitted by synchrotron radiation is propor-

tional to ! 1/m 4 (where m is the mass of the accelerated particle), the choice to accelerate

protons (or heavy ions) instead of electrons follows as a natural consequence. The LHC uses

1232 superconductive dipole magnets (14 m long and about! 35 t) in order to bend the particle

54
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trajectory and keep it in the 27 km circular orbit. Quadrupole magnets (392 along the whole

accelerator ring) are used to collimate the beams and more than 7000 magnets of di"erent na-

ture are used to apply Þne tuning corrections to the beam parameters. To bend ultra relativistic

protons with a kinetic energy of ! 7 TeV and keep them along the LHC circular trajectory, a

magnetic Þeld of 8.33T is required. The LHC dipoles magnets work at a temperature of 1.9K

and are supplied through superconductive cables made of a particular alloy of NbTi [14] able to

support a current intensity of 11850A [14]. The di&culties in producing antiprotons lead to the

choice to build a pp collider instead of apøp one. For this reason, two distinct beams pipes are

required to accelerate beams in opposite directions. Because of the space limitation inside the

tunnel, the two proton beam pipes with the corresponding magnets are hosted together in the

same cryostat as it is shown in Fig.2.1. One of the major di&culties in the conception of the

LHC magnets structure relies, indeed, in the fact that the magnetic ßux circulate in opposite

side in the two beam channels.

Figure 2.1: LHC dipole section.

The LHC parameters

The LHC beam is made of up to 2808 bunches. Each bunch contains! 1.15á1011 protons [14].

The LHC is designed to accept protons with an energy of 450 GeV and accelerate them up to the

nominal collision energy. After a Þrst operational period with a beam energy of 3.5/ 4 TeV, the

LHC undertook a Þrst long shut-down. Recently beams are back in the LHC with an energy that

already reached the new record of 6.5 TeV. Bunches are spaced by 50ns and, at the interaction

point, their longitudinal length is 7 .55cm while their transversal size is designed to be 70.9µm
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[14]. One of the most important features of a collider is its instantaneous luminosity. This

physical quantity is completely determined by the parameters of the machine:

L inst =
!fN B N 2

p

4)0 T +" F (2.1)

where, in the nominal proton beam operation conditions,0T = 3 .75µm is the transverse emit-

tance, +" = 0 .55m is the betatron function evaluated at the interaction point, ! = Ebeam/m p

is the Lorentz factor for the accelerated particle,f is the revolution frequency andF = 0 .8361

is a reduction factor that takes into account the crossing angle at the interaction point between

the two beams. A summary of the main LHC parameters is provided in Tab. 2.1.

Parameter Symbol Nominal

Energy per nucleon E ( TeV) 7

Luminosity L (cm! 2s! 1) 1 # 1034

Bunch separation (ns) - 25

Number of bunches kB 2808

Number of particles per bunch Np 1.15# 1011

. " at IP . " (m) 0.55

Number of collision per bunch crossing nc 19

Table 2.1: Summary of the most relevant LHC parameters.

CERN acceleration chain

The acceleration up to such high energies could not be performed in one go. Protons are actually

accelerated up to 6.5 TeV in di"erent steps, accomplished in di"erent accelerators, as it is shown

in Fig. 2.2. Protons are Þrstly obtained from hydrogen atoms ionisation and accelerated linearly

by the LINAC-2 until they reach an energy of 50MeV . The beam is then injected into the

Proton Synchrotron Booster (PSB), which accelerates the protons up to 1.4 GeV, followed by

the Proton Synchrotron (PS), which pushes the beam to 25 GeV. Protons are then sent to the

Super Proton Synchrotron (SPS) where they are accelerated up to 450 GeV. The protons are

Þnally transferred to the two beam pipes of the LHC, where they are accelerated to the maximal

energy. The LHC makes use of 8 radio-frequency cavities operating at a frequency of 400MHz

to accelerate protons in the Þnal stage. The gradient of the electric Þeld delivered is of the

order of 5MV/m . LHC is designed to collide protons versus protons (or protons versus ions or

1The geometric luminosity reduction factor depends on the total crossing angle at the interaction

point: F = 1 /
C

1 +
5#c $z

2$ !

6
. The quoted number in assumes a total crossing angle of 285µrad as it is

used in experimental insertion region (IR) 1 and 5.
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Figure 2.2: The CERN accelerator complex.

ions versus ions) with a maximum energy in the centre-of-mass of the collision equal to 14 TeV

(2.76 TeV per nucleon [14]) and with a design luminosity of 1á1034cm! 2s! 1. As a matter of facts,

CERN changed the LHC machine operation parameters di"erent times since its Þrst collisions.

In the very beginning of the LHC operations, the centre-of-mass energy of the collisions has

increased from 900 GeV to 2.36 TeV in 2009. Subsequently it reaches
'

s = 7 TeV in 2010 and
'

s = 8 TeV in 2012. The instantaneous luminosity L inst has also continuously increased over

the running period. Indeed, L inst passed from 1029 cm! 2s! 1 in 2009 to 3á1033 cm! 2s! 1 at the

end of 2011 and to a peak of 7á1033 cm! 2s! 1 during 2012. During the whole LHC Run 1 the

total integrated luminosity delivered by the machine is about 30 fb! 1.

In April 2015, the LHC, after its Þrst long shut-down, started the Run 2 operations, cir-

culating beams at the energy of 6.5 TeV with a bunch spacing of 25ns. Beams collided at the

record-breaking energy of 13 TeV for the Þrst time on the 21st of May 2015.
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2.2 The CMS detector

The prime motivation for the LHC is to elucidate the nature of the electroweak symmetry-

breaking. The LHC physics programme is really wide and extends from the study of the property

of b-mesons, to the search of new physics signals like supersymmetry, extra dimensions, Dark

Matter particles [14]. Several detectors are positioned along the accelerator ring to exploit the

LHC collisions and the Compact Muon Solenoid(CMS) is one of them. The CMS detector is a

multi-purpose apparatus: it is a cylindrical, 21.6m long detector, with a diameter of 15m and

weights about 14000t. CMS is composed by di"erent subdetector units disposed in a radially

cylindrical geometry. The central part, called barrel, is completed by two endcaps that make

the detector almost hermetic. A sketch of the CMS detector is illustrated in Fig. 2.3.

Figure 2.3: Section of the CMS detector.

The di"erent CMS subdetectors provide complementary measurements as to identify and

measure the momenta of di"erent types of stable particles (as illustrated in Fig. 2.4):

¥ Tracker : identiÞes the charged particles, measure their momenta and their charge exploit-

ing the bending of the trajectory in the magnetic Þeld

¥ Electromagnetic calorimeter: measures the energy, the direction of the electrons and pho-

tons and provide information for their identiÞcation
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Figure 2.4: A slice of the CMS detector. The di!erent subdetectors can be seen. The typical behaviour

of di!erent particles in the various subdetectors is also represented.

¥ Hadronic calorimeter : measures the energy of the hadrons

¥ Muon detectors: identiÞes muons, measure their momenta and their charge exploiting the

bending of the trajectory in the magnetic Þeld

One of the experimental challenge imposed by the LHC collisions lies in the event complexity

generated by hadron collisions that can result in hundreds of particles propagating through the

detector. Moreover, in the same bunch crossing, additional inelastic collisions may occur giving

rise to pile-up interactions. Therefore, the detector and the reconstruction algorithms have the

di&cult task to detect, reconstruct and disentangle the particles produced in the hard process.

In addition, this process should already be partially carried out online, in the trigger system.

The detector requirements for CMS to meet the goals of LHC physics programme can be

summarized as follows:

¥ Good muon momentum identiÞcation and resolution (1% for muons up to 100 GeV in

transverse momentum), and identiÞcation of themuon charge until muon pt < 1 TeV [15]

¥ Excellent charged particlemomentum resolution and reconstruction e&ciency in the inner

tracker [15]. E&cient triggering and o#ine tagging of b-jets impose a pixel detector close

to the interaction point [15]

¥ Excellent electromagnetic energy resolution, gooddi-photon and di-electron mass resolu-

tion ( ) 1% at 100 GeV), wide geometric coverage, e&cientlepton and photon isolation at

high luminosity [15]

¥ Good /E T and di-jet mass resolution. This last requirement impose anhadron calorimeter

with a wide geometric coverage [15]
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One of the main performance criteria for CMS is to optimize the resolution for charged parti-

cles. The magnetic Þeld bends the trajectory of charged particles: the curvature radius provides

a value of the particles momenta. The bending, moreover, increases with the magnetic Þeld

intensity, allowing a larger separation between the di"erent charged particles and an improved

precision on their momentum measurement. The CMS detector is equipped with a powerful

magnet. The presence of a magnet between the tracker and the calorimeters would mean a con-

sequent layer of inactive material budget where particles could interact. Particles could interact

with this material loosing part of their energy before reach the calorimeters. For this reason,

CMS opted for a compact detector design, placing the calorimeters inside the magnet. This

choice presented, however, big challenges because of the requirements that the magnet must

satisfy. Indeed, the magnet should be big enough to host the tracker system and the calorime-

ters but at the same time must produce a very intense magnetic Þeld both in the center of the

detector as well as outside the magnet. Indeed the muon detectors are placed inside the return

yoke of the magnet. The solution was to make use of the superconductive technology.

2.2.1 The solenoid magnet

The CMS magnet is a superconducting solenoid of cylindrical shape: 12.9m long with a diameter

of 5.9m. It is able to produce a magnetic Þeld of 3.8T in the middle of the detector. This feature

make the CMS solenoid the biggest solenoid in the world. It is capable to produce an axial

magnetic Þeld of 3.8T inside its volume [14]. The magnet is composed of a superconducting coil

housed in a vacuum tank and of areturn yoke. Such an intense magnetic Þeld has the function

to allow a good measure of the momentum of the charged particles until|/ | = 2 .4. Moreover the

high magnetic Þeld does not allow low energy charged particles to reach the ECAL detector, and,

in some way, contribute to reduce the e"ect of thepile-up. In particular, given the magnetic Þeld

of 3.8T, all particles with pT ! 0.75 GeV do not reach the ECAL surface. The superconducting

coil is cooled down by liquid helium. It is supported by a steel structure that plays the role

of a return yoke and simultaneously host the muon chambers. Thereturn yoke magnetic Þeld

reaches! 2T, and is used to reconstruct the muon track momentum in dedicated detectors.

Some of the most important operation parameters of the CMS solenoid are summarized in the

Tab. 2.2.

Magnet parameters

Magnetic Þeld in the interaction point 3.8T (4T nominal)

Coil length 12.48 m

Stored energy 2.70# 109 J

Circulating current 20000 A

Table 2.2: Main properties of the CMS solenoid.
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2.2.2 The CMS coordinate system

The coordinate system of CMS is chosen with thez axis in the direction of the tangent to the

ideal LHC circumference and the beam direction, with they axis perpendicular to z one and

pointing to the center of the ring, and the x axis perpendicular to both z and y and directed

to the surface. Nevertheless, since the detector has a cylindrical geometry, it is more convenient

to use the coordinate system (r, (, / ). Where r is the distance from z (beam axis), ( is the

azimuthal angle and / is the pseudorapidity, which is the ultra-relativistic approximation of the

rapidity and can be written as:

/ = %ln
"

tan
%
2

#
(2.2)

where %is the polar angle with respect the beam directionz. Using / instead of %is justiÞed

by the two reasons:

¥ the production of particles is ßat in pseudorapidity

¥ the di"erences of rapidity is invariant in a boost along z

A more detailed description of the CMS coordinate system can be found in [77]

2.3 The CMS subdetector

2.3.1 The tracking system

The tracker [14] [78] is the sub-detector nearest to the interaction point, positioned inside the

3.8T magnetic Þeld generated by the superconductive solenoid. At the LHC luminosity of 1034

cm! 2s! 1 there will be on average! 1000 particles from more that 20 overlapping proton-proton

interactions traversing the tracker for each bunch crossing (every 25%50 ns). Therefore a detector

featuring high granularity and fast response is required, such that trajectories can be identiÞed

reliably and attributed to the correct vertex. Searching for dilepton resonances requires good

momentum resolution for transverse momenta (pT ) of up to 1 TeV. At the same time, e&cient

reconstruction of tracks with very low pT of order 300MeV is needed to obtain optimal jet

energy resolution with the particle ßow reconstruction (see Section 3.1). In addition, the hard

radiation environment will also cause severe damage to the tracking system. The main challenge

in the design of the tracking system was to develop detector components able to operate in this

harsh environment for an expected lifetime of 10 years. These requirements, together with the

attempt to keep the amount of material minimal as to limit the particle interactions, lead to

a tracker design entirely based on silicon detector technology. The tracking system is further

divided into three main regions according to incident particle ßux and to the distance to the

beam axisr .



CHAPTER 2. EXPERIMENTAL APPARATUS - Section 2.3 62

¥ The pixel detector: The pixel detector lies in the high ßux region (! 107neutrons

s! 1, r ! 10 cm) and is composed by 3 concentric layers positioned at distancesr = 4 .4

cm, r = 7 .3 cm, r = 10.2 cm respectively from the interaction point (red modulus in

Fig.2.5). Each barrel layer is 53 cm long. This region is complemented by two endcaps

made of two disks positioned respectively at|z| = 34.5 cm and |z| = 46.5 cm from the

interaction point and having a 6 cm < r < 15 cm radius. These elements, made of silicon

pixel detectors with dimensions: 100µm # 150 µm # 250 µm, compose theinner pixel

detector. This region of the tracking system allows the detection from two to three hits

per track inside the geometrical region|/ | < 2.2 for particles coming from a region inside

2. z from the interaction point ( . z represents the bunch longitudinal dimension at the

interaction point).

3

2 The CMS tracker

The CMS collaboration uses a right-handed coordinate system, with the origin at the centre
of the detector, the x-axis pointing to the centre of the LHC ring, the y-axis pointing up (per-
pendicular to the plane of the LHC ring), and with the z-axis along the anticlockwise-beam
direction. The polar angle ! is deÞned relative to the positive z-axis and the azimuthal an-
gle " is deÞned relative to the x-axis in the x-y plane. Particle pseudorapidity # is deÞned as
! ln[tan(! /2 )].

The CMS tracker [5] occupies a cylindrical volume 5.8 m in length and 2.5 m in diameter, with
its axis closely aligned to the LHC beam line. The tracker is immersed in a co-axial magnetic
Þeld of 3.8 T provided by the CMS solenoid. A schematic drawing of the CMS tracker is shown
in Fig. 1. The tracker comprises a large silicon strip tracker with a small silicon pixel tracker
inside it. In the central pseudorapidity region, the pixel tracker consists of three co-axial barrel
layers at radii between 4.4 cm and 10.2 cm and the strip tracker consists of ten co-axial barrel
layers extending outwards to a radius of 110 cm. Both subdetectors are completed by endcaps
on either side of the barrel, each consisting of two disks in the pixel tracker, and three small
plus nine large disks in the strip tracker. The endcaps extend the acceptance of the tracker up
to a pseudorapidity of |#| < 2.5.
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Figure 1: Schematic cross section through the CMS tracker in the r-z plane. In this view, the
tracker is symmetric about the horizontal line r = 0, so only the top half is shown here. The
centre of the tracker, corresponding to the approximate position of the pp collision point, is
indicated by a star. Green dashed lines help the reader understand which modules belong to
each of the named tracker subsystems. Strip tracker modules that provide 2-D hits are shown
by thin, black lines, while those permitting the reconstruction of hit positions in 3-D are shown
by thick, blue lines. The latter actually each consist of two back-to-back strip modules, in which
one module is rotated through a ÔstereoÕ angle. The pixel modules, shown by the red lines, also
provide 3-D hits. Within a given layer, each module is shifted slightly in r or z with respect to its
neighbouring modules, which allows them to overlap, thereby avoiding gaps in the acceptance.

The pixel detector consists of cylindrical barrel layers at radii of 4.4, 7.3 and 10.2 cm, and two
pairs of endcap disks at z = ± 34.5 and± 46.5 cm. It provides three-dimensional (3-D) position
measurements of the hits arising from the interaction of charged particles with its sensors. The
hit position resolution is approximately 10 µm in the transverse coordinate and 20Ð40µm in

Figure 2.5: Schematic cross section through the CMS tracker in the r-z plane. In this view, the tracker
is symmetric about the horizontal line r = 0, so only the top half is shown here. The centre of the tracker,
corresponding to the approximate position of the pp collision point, is indicated by a star [14].

¥ The inner tracker: The inner tracker is positioned in the medium ßux region (20 cm

< r < 55 cm) and it is composed by silicon microstrip detectors with dimensions: 10

cm # 80 µm # 300 µm. They are organized in 4 barrel layers (the most inner two are

double-faced. All the barrel layer are namedTIB in Fig.2.5.) and in 3 endcap for each

side (TID+ and TID- in Fig.2.5).

¥ The outer tracker: The outer tracker detector is positioned in the low ßux region and

it compounds also by silicon microstrip detectors of dimensions 25cm # 80µm # 500µm.

They are organized in 6 barrel concentric layers (TOB in Fig.2.5) and in 9-layer endcap

for each side (TEC+ and TEC- in Fig.2.5).
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Particle interaction with tracker material

The ensemble of tracker detectors represents a non negligible quantity of material budget if

one considers not only the active volume of the sensors but also the read-out electronic, the

electronic supplies, the cables that provide the data information ßux with the outside, the

mechanical support and cooling. In Fig. 2.6 the material budget as a function of|/ | is shown:

the contribution coming from each single tracker subsystem (also the beam pipe) is detailed

in units of radiation length, in Fig.2.6 (Left), as well in units of nuclear interaction length, in

Fig.2.6 (Right). The particles interact with the material, loosing, as consequence, a fraction of

their energy through Bremsstrahlung radiation, photon conversion and nuclear interaction [79].
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Figure 2.6: Simulation of the tracker material budget (in addition also the beam pipe is material budget
is shown) coming from the di!erent tracker subsystem and expressed in units of radiation length (Left)
as well in units of nuclear interaction length (Right) [80].

Tracker performance

The CMS silicon tracker has been designed to provide precise hit measurements in order to allow

for very e&cient tracking and vertex reconstruction in the dense environment of the proton-

proton interactions at the LHC. Here performance results of the pixel and strip trackers are

summarized. The results are obtained with proton-proton collisions at
'

s = 7 TeV [80].

Resolution: The hit resolution in the pixel and strip barrel sensors has been studied by

measuring residuals, deÞned as the di"erence between the measured and the expected hit position

as predicted by the Þtted track [80]. One can then translate the width of the residual distribution

into the intrinsic resolution after unfolding it from the beam width [80]. The obtained result

for the resolution of the transverse coordinate, for track with pT > 12 GeV/c is 10.4 µm. The
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resolution in the longitudinal direction depends on the angle between the track and the sensor. In

the strip tracker the resolution in the barrel is measured using hits on tracks passing overlapping

modules. The di"erence between the measured and expected (from the track) hit position are

compared. The width of this di"erence is a measure of the hit resolution [80]. The measured

values range between 14µm (for a 80 µm sensor pitch) and 36µm (for a 83 µm pitch).

E!ciency: The hit Þnding e&ciency in the pixel detector is measured by using well recon-

structed, isolated tracks with a pT > 1 GeV/c, originating from the primary vertex. The hit

e&ciency is calculated from the present and missing hits on and near the track (within 0.5 mm

of the predicted position). The average hit e&ciency is measured to be> 99%. In case of the

strip tracker the hit Þnding e&ciency is measured using tracks reconstructed with at least eight

hits and not passing near the sensors edges. The average hit Þnding e&ciency is measured to

be 99.7% [80].

Tracking and Vertexing Performance

Once the tracks are reconstructed with the approach described in the next Chapter 3, the vertices

can be reconstructed as follows:

1. selection of the tracks to be used;

2. clustering of the tracks, i.e. decide the tracks which originate from the same interaction

vertex;

3. Þt of the position of each vertex using its associated tracks.

The estimation of the resolution in the main muons track parameters, the transverse (d0) and

longitudinal ( Z0) impact parameter and the track transverse momentum (pT ), as function of the

reconstructed muonpT , is performed using simulation and it is illustrated in Fig. 2.7.

The measured e&ciency and resolution of the primary vertex reconstruction are shown in

Fig. 2.8 where it can be seen that as soon as there are three tracks, the vertex reconstruction

e&ciency is about 99.8%.

2.3.2 The electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) [81] measures the energy of electrons and photons.

The energy resolution of photons and electrons constitutes a crucial aspect for many physics

analysis. In particular for the analysis searching for the Higgs boson in theH " !! channel

or in the H " ZZ " " 4- (with 2 or 4 electrons in the Þnal state). In this context, the energy

resolution for the di-photons and di-electron invariant mass should be of the order of! 1%

at 100 GeV [14]. In addition, since ECAL is positioned inside the solenoidal magnetic Þeld,

the geometrical constraints force it to be very compact. ECAL is an homogeneous calorimeter,
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Figure 15: Resolution, as a function of pT, in the Þve track parameters for single, isolated muons
in the barrel, transition, and endcap regions, deÞned by ! intervals of 0Ð0.9, 0.9Ð1.4 and 1.4Ð
2.5, respectively. From top to bottom and left to right: transverse and longitudinal impact
parameters, " , cot# and pT. For each bin in pT, the solid (open) symbols correspond to the
half-width for 68% (90%) intervals centered on the mode of the distribution in residuals, as
described in the text.
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Figure 2.7: Resolution, as a function ofpT , of the transverse (upper left) and longitudinal (upper right)
track parameter as well as transverse momentum resolution (bottom) for single, isolated muons in the
barrel, transition, and endcap regions, deÞned by/ intervals of [0, 0.9], [0.9, 1.4] and [1.4, 2.5], respectively
[80].

composed by 75848 lead tungstate (PbWO4) crystals, 61200 of which are in the barrel and the

others in the two endcaps. The ECAL geometrical coverage extends up to|/ | = 3. Each crystal

is a scintillator, and the choice of the PbWO4 as scintillator material was guided mainly by the

following needs [81]:

¥ longitudinal containment of electromagnetic showers: PbWO4 density is approximately

8.28 g/cm3 and its radiation length is X 0 = 0 .89 cm [81]
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Figure 23: Primary-vertex reconstruction efÞciency as a function of the number of tracks in a
cluster, measured in minimum-bias data and in MC simulation.

tracks, where the efÞciency is expected to be lowest. The sets of tag and probe tracks are
then clustered and Þtted independently to extract the vertex reconstruction efÞciency. While
each event is not entirely reclustered, the contribution to the efÞciency from such clustering
is not neglected, as the possibility still remains that a new cluster, using the reduced set of
tracks following splitting, will not be formed. The effect of pileup on the measurement of the
vertexing efÞciency has been checked in simulation, and found to be small.

The efÞciency is calculated based on the number of times the probe vertex is reconstructed and
matched to the original vertex, given that the tag vertex is reconstructed and matched to the
original vertex. A tag or probe vertex is considered to be matched to the original vertex if the
tag or probe vertex position in z is within 5 ! from the original vertex. The value of ! here is
chosen to be the larger of the uncertainty in the Þt to a vertex for the tag or probe tracks and
the uncertainty in the original vertex.

Figure 23 shows the efÞciency of the primary-vertex reconstruction as a function of the number
of tracks clustered in z. The results are obtained using the splitting method described above,
applied to both minimum-bias data and to MC simulation, and show agreement between the
two samples. The primary-vertex efÞciency is estimated to be close to 100% when more than
two tracks are used to reconstruct the vertex. The effect of pileup on the efÞciency is checked
using simulated minimum-bias events, with and without added pileup, and the loss of efÞ-
ciency is found to be < 0.1% for the pileup with a mean value of 8.

6.2 Track and vertex reconstruction with the pixel detector

CMS has an independent reconstruction of tracks and primary vertices based purely on pixel
hits. The pixel track reconstruction is extremely fast, because only three tracker layers are used,
and the low occupancy and high 3-D spatial resolution of the pixel detector make it ideally
suited to track Þnding. Such reconstructed pixel tracks and primary vertices can be found
extremely fast, hence making them valuable tools for the HLT.

Pixel tracks are formed in the same fashion as the pixel triplets, described in Section 4.1, requir-
ing pT > 0.9 GeV. Vertex Þnding using pixel tracks provides a simple and efÞcient method for
measuring the position of the primary vertex. The clustering of tracks is performed using a gap
clustering algorithm, with vertex candidates having at least two tracks Þtted using an adaptive

6.1 Primary-vertex reconstruction 49

each event to have a reconstructed jet with transverse energy ET > 20 GeV. The tracks in these
events have signiÞcantly higher mean pT, resulting in higher resolution in the track impact
parameter and consequently better vertex resolution. For minimum-bias events, the resolutions
in x and z are, respectively, less than 20µm and 25 µm, for primary vertices reconstructed using
at least 50 tracks. The resolution is better for the jet-enriched sample across the full range of
the number of tracks used to Þt the vertex, approaching 10 µm in x and 12µm in z for primary
vertices using at least 50 tracks. The primary-vertex resolution for the minimum-bias data
from pp collisions has also been compared with simulated minimum-bias events ( PYTHIA 6,
Tune Z2 [54]), and found to be in excellent agreement.
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Figure 22: Primary-vertex resolution in x (left) and in z (right) as a function of the number of
tracks at the Þtted vertex, for two kinds of events with different average track pT values (see
text).

The difference between the measured vertex positions, divided by the sum of the contributions
to the uncertainty from the Þt, taken in quadrature, is referred to as the Òpull.Ó The standard
deviation of the Gaussian function Þtted to the pull distribution is roughly independent of the
number of tracks at the vertex and is found to be approximately 0.93 in data and 0.90 in simu-
lation, indicating that the position uncertainty from the Þt to a vertex is slightly overestimated
for both. This is consistent with the slightly overestimated track uncertainties observed in MC
studies.

6.1.2 EfÞciency of primary-vertex reconstruction

Given an input set of reconstructed tracks, the primary-vertex reconstruction efÞciency is eval-
uated based on how often a vertex is reconstructed successfully and its position found con-
sistent with the true value. Neither the tracking efÞciency nor the probability to produce a
minimal number of charged particles in a minimum-bias interaction is considered in the ex-
traction of the efÞciency for reconstruction of the vertex.

Just as in the measurement of the resolution, the efÞciency for primary-vertex reconstruction
depends strongly on the number of tracks in the cluster. The same splitting method described
in the previous section can be used to also extract the reconstruction efÞciency as a function
of the number of tracks in the vertex cluster. In this implementation of the method, the tracks
used at the vertex are sorted Þrst in descending order of pT and then split into two different
sets, such that two-thirds (one-third) of the tracks are randomly assigned as tag (probe) tracks.
The asymmetric splitting is used to increase the number of vertices with a small number of

Figure 2.8: Vertex reconstruction e"ciency in data and simulated events (Left). Vertex resolution for
clean (MinBias) and Jet (pT > 20GeV) enriched event (Right) plotted as a function of the number of
tracks used in the vertex reconstruction [80].

Figure 2.9: Slice of the electromagnetic calorimeter - ECAL [81]

¥ transversal containment of electromagnetic shower: PbWO4 has got low values of Moliere

radius RM = 21.9 mm; [81]

¥ fast response: approximately 80% of the total scintillation light is emitted in less than 25

ns



CHAPTER 2. EXPERIMENTAL APPARATUS - Section 2.3 67

¥ high resistance to radiations

The ECAL crystal layout follows a pseudo-projective geometry: the crystal points toward the

center of the detector (that is also the nominal interaction point) with an additional angle

of 3& (in the endcap this angle may vary between 2& and 8&). This arrangement allows the

measurement of the energy of photons and electron coming from the interaction point avoiding

that the particles could end up in inactive regions between the crystals. The ECAL barrel covers

a region |/ | < 1.479 and has an inner radius of 129 cm. It is structured in 36supermodules(in

Fig. 2.10 it is the crystals which are in blue), each one containing 1700 crystals and covering an

angle of ( = 20&. Each supermodule is subdivided along/ in four modules that, are composed

by di"erent submodules, each one made of a group of 5# 2 crystals. The barrel crystals show

a frontal section of 22# 22 mm2 and have got a length of 220 mm, corresponding to! 25.8X 0

[81]. The barrel granularity in the / %( plan is of 0.0175# 0.0175. The endcaps (highlighted

in grey in Fig. 2.10) cover the region 1.48 < |/ | < 3.0 and allow precision measurements up to

|/ | < 2.5. The endcap crystals have dimensions 28.6 # 28.6 # 220 mm3 and are structured in

groups of 5# 5 units, named supercrystal.

Figure 2.10: Slice of the electromagnetic calorimeter - ECAL [81]

The preshowerdetector (highlighted in red in Fig. 2.10 ) is a system of solid state detectors

placed in front of the ECAL endcaps: the main purpose of the preshower is the prompt photon

) 0 disambiguation in the region 1.653< |/ | < 2.6. This could be of capital importance to obtain

a correct isolation for photon coming from ) 0 " !! . The active elements of thepreshower

are two layers of silicon strips detectors lying between lead discs which are 2X 0 and 1X 0 thick

respectively. The dimensions of the strips are 5cm # 1.2mm and they are positioned in two

orthogonal orientation in the two layers.
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ECAL calibration

The calibration is a technical challenge for the operation of CMS ECAL. In fact many small

e"ects need to be taken into consideration as the level of precision of a fewper mille is sought

[81]. The energy calibration must deal with both absolute energy scale and a channel-to-channel

intercalibration. The essential issue are the energy response uniformity over the whole ECAL

subdetector and in time. In this way, showers in di"erent ECAL positions, at di"erent times,

could be accurately compared to each other. The main source of channel-to-channel response

variation in the barrel is the crystal-to-crystal variation of scintillation light ( ) 8% within

supermodules and) 15% in all barrel [82]). The Þnal goal is to achieve the most accurate

energy measurements for electrons and photons. In order to take into account conversions

and bremsstrahlung radiation in the tracker material it has been very important to perform

calibration with real data. The ECAL inter-calibration is carried out combining several methods

[83]. The absolute ECAL calibration is obtained with Z " e+ e! events andZ " µ+ µ! ! events

[82].

The laser-monitoring system

The ECAL PbWO4 crystals feature a rapid loss of optical transmission under irradiation due

to the production of colour centres which absorb a fraction of the transmitted light [84]. In

the di"erent LHC working condition, the result is a cyclic transparency behaviour between LHC

collision run and machine reÞlls [14]. The magnitude of the induced transparency change is dose-

rate dependent (from 1% in the barrel at low luminosity to 30% in endcap at high luminosity

[14]) and lead to unacceptably degraded performance. The evolution of crystal transparency

is monitored using laser pulses injected into the crystals via optical Þbres. Because of the

di"erent optical paths and spectra of the laser pulses and the scintillation light, the change of

the transparency cause a change in the response to the laser light which is not necessary equal

to the change in response to scintillation light. The relationship between the variations can be

expressed by the following empirical power low:

S (t)
S (t0)

=
(

R (t)
R (t)

) '

(2.3)

where S (t) represent the response to scintillation light, R (t) is the response to the laser pulses

and * is a parameter characteristic of the crystal. The test-beam value of* is 1.52 [14]. The

relationship expressed in Eq. 2.3 is valid in the barrel both for low and high luminosity. The

relative response to laser light measured by ECAL is illustrated in Fig.2.11.

Energy Resolution

The ECAL energy resolution has been parametrized as:
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Figure 2.11: Relative response to laser light (440 nm) measured by the ECAL laser monitoring system,
averaged over all crystals in bins of pseudorapidity, for the 2011 and 2012 data taking periods [85].

where the parametersS, N and C are respectively thestochastic term, the noise term and the

constant term.

¥ Stochastic term: There are three main contribution to the stochastic term:

1. event-to-event ßuctuations in the lateral shower containment, expected to be 1.5 Ö

2.0%

2. photostatistics contribution of 2 .1%

3. ßuctuations in the energy deposited in the preshower absorber (where present) with

respect to what is measured in the preshower silicon detector

¥ Noise term: There are two contributions to the noise term:

1. electronic noise and digitization noise) 40 MeV/channel

2. Pile-Up noise

¥ Constant term: The most important contribution to the constant term are:

1. non-uniformity of the longitudinal light collection (a"ecting high energy particles)
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2. intercalibration errors

3. rear leakage of showers

Taking into account all contribution, the Þt to the energy resolution performed during the test

beam with the parametric function reported in Eq. 2.4 yield the following values for each

contributions in the barrel [86]

3 .
E

42
=

"
2.8%
'

E

# 2

+
"

0.12%
E

# 2

+ (0 .30%)2 (2.5)

In the 7 TeV data, the calibration of the absolute energy is determined fromZ " e+ e!

decays to a precision of 0.4% in the barrel and 0.8% in the endcaps [87].

2.3.3 The hadron calorimeter

�� Barrel    (HB)     0<|�� |<1.3
�� Endcap (HE)     1.3<|�� |<3.0
�� Forward (HF)     3.0<|�� |<5.2
�� Outer barrel (HO)

R=1.777m

R=2.8765m

z=11.2m
z�� 4m

HCAL

Figure 2.12: Longitudinal size of HCAL detector

The hadronic calorimeter (HCAL), positioned behind the ECAL, measures the energy de-

posited through hadronic interactions. In practice, it is the instrument used to measure the

energy of hadrons. It is a sampling calorimeter and is made of di"erent layers of brass alter-

nated with plastic scintillator [88][14]. The HCAL consists of 4 main regions (Fig. 2.12):

- Barrel Detector (HB) (|/ | < 1.3) - 1.806 m " r " 2.950 m - cylindrical geometry

- Endcap Detector (HE) (1.3 < |/ | < 3.0) - disk-shaped geometry
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- Outer Detector (HO) (|/ | < 1.3) 3.82 m (1& layer) " r " 4.07 m (2& layer) - cylindrical

geometry

- Forward Detector (HF) (3.0 < |/ | < 5.2) - cylindrical geometry

The barrel is divided into 2 halves barrel each one consisting of 18 identical azimuthal wedges.

A cross section of a wedge is reported in Fig. 2.13. Each wedge is segmented into 4 azimuthal

angle (( ) sectors. Wedges are composed by brass absorber plates, combined in a staggered

geometry. All this system of substructures have the purpose to minimize the dead material

in the transverse direction. The absorbing material is made of brass plates with a density of

8.53g/cm3, and a radiation length of &l = 16.42cm [14]. The active medium consists exactly in

17 layers of 9 mm plastic scintillators [89]Bicron BC408 and 3.7 mm Kuraray SCSN81. The

scintillation light is carried along WaveLenght Shifters (WLS) to HPDÕs (Hibryd Photodiode)

that perform the readout of the signal [89]. As shown in Fig. 2.12, the HCAL coverage is extended
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Figure 2.13: Cross size of an HCAL wedge

up to |/ | = 5 by two forward calorimeters, capable to measure the electromagnetic and hadronic

part of the showers initiated by interacting particles, to enable identiÞcation and reconstruction

of very forward jets and improve the measurement of the missing transverse energy/E T . The

forward hadronic calorimeter exploits the Cherenkov e"ect to detect particle. This kind of

detector allows also a basic disambiguation between electromagnetic and hadron showers [89].

The most stringent requirement for the HF is the resistance to high ßuence (1011 cm! 2s! 1) and

to high absorbed radiation dose (100 Mrad/year). Another important goal of the HCAL is to

minimize the non-Gaussian tails in the energy resolution. For these reasons HCAL design has

to maximise the material inside the magnet in terms of radiation length. Nevertheless, in the

barrel region, the radiation length allowed by the geometrical constraint is approximately 8&I

(ECAL+HCAL) [89], and this could be limiting in completely absorbing an hadronic shower

started by very energetic particles or by particles that interact in the middle of the calorimeter.

In order to correct this deÞciency an additional layer of HCAL is positioned outside the coil:
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the Outer Hadronic (OH) calorimeter. The design of this subdetector is very simple, in fact it is

composed by sheets of scintillator material arranged in a cylindrical geometry with 12 identical

( -sectors. The dimensions and the position of OH is constrained by themuon system. In the

end, the outer calorimeter improves the jet energy resolution acting astail catcher in a way that

is possible to see in graph reported in Fig. 2.14.
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Figure 10: Energy resolution as a function of incident! + energy at" = 0 for measurements with and without the
outer hadron calorimeter.

Incident Energy Without HO With HO
(GeV) Mean (GeV) # (GeV) Mean (GeV) # (GeV)

10 8.12 2.42 8.16 2.42
20 17.50 3.87 17.65 3.83
40 37.49 6.82 38.10 6.49
70 67.69 10.33 69.41 10.33
100 96.82 15.08 99.94 12.21
200 201.0 29.2 209.1 21.5
300 298.6 40.6 310.3 30.0

Table 2: Mean and RMS of measured energy without and with the outer hadron calorimeter for pions with different
incident energies at" = 0.0
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Figure 11: Fraction of events with measured energy3á# below the mean value as a function of incident energy for
pions at (a)" = 0.0 and (b)" = 0.8. The measurements with and without the outer hadron calorimeter are shown
separately.
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Figure 2.14: Hadron calorimeter jet energy resolution without and with outer detector.

According to the test-beam results, the expected energy resolution for singlepions interacting

in the central part of the calorimeter is:

. E

E
=

94%
'

E
. 4.5% (2.6)

where the energy is measured in GeV.

The jet energy resolution are further improved by using aParticle Flow technique, as explained

further in Chapter 3.1. For this reason the jets and the /E T are by default reconstructed by the

Particle Flow algorithm.

2.3.4 The muon system

In the CMS detector, the particles produced in the interaction are stopped in the calorimeters,

except the muons (and the neutrinos). The muons constitute a pure signal without particular

physics background contamination. The muons play a major role in di"erent research channels

(H " ZZ " " 4µ(2e2µ), H " $$ " µ$h, b physics,...). This is one of the main reason to develop

a muon detector with the maximal / coverage. The return yoke houses the muon system, the

outermost subdetectors, composed of various detectors, arranged according to four concentric

layers hosted in special compartments of the detector structure. The main goals of the muon
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Figure 2.15:View in the plane (y, z) of a fourth of the muon detector system of CMS. The barrel region

extends up to|/ | < 1.2 while the endcaps extend the detector coverage up to|/ | < 2.4. Three di!erent

types of detectors are used to detect the passage of a muon: the drift tubes (DT, in green), the cathode

strip chambers (CSC, in blue) and the resistive plate chambers (RPC, in red).

detectors are the triggering and the identiÞcation of muons and a precise measurements of their

momenta, with the help of the tracking system.

The muon detector is organised in a central part (the barrel) that covers a pseudorapidity

region |/ | < 1.2 and two endcaps that extend the pseudorapidity coverage until|/ | < 2.4. In

Fig. 2.15 the muon detectors system of CMS is shown in a (y, z) view. The barrel contains

four concentric layers made of 250 muon chambers. These layers are further divided in 5 rings

along the z axis of CMS: each ring contains 12 sectors covering 30& in ( . These sectors are

equipped by drift tube detectors (DT) allowing the measurement of the (r, ( ) position and the

z one of the crossing muon. The endcaps cover a region where the activity, in term of particles

crossing the surface unit per second, is higher than in the barrel and the magnetic Þeld is

not uniform (because of the bending of the magnetic ßux lines from the center of the solenoid

towards the return yoke). Each endcap contains 468 cathode strip chambers (CSC) detectors.

These chambers are perpendicular to the beam axis and provide an excellent spatial resolution

and are able to make precision measurement of the (r, ( ) and / position of the crossing muon.
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These detectors, thanks to their good timing and a Þner granularity with respect to DT are

suited to handle the higher activity in this region of the detector. A complementary set of

subdetectors is placed in the barrel and in endcaps regions: the resistive plate chambers (RPC).

They are arranged in 6 di"erent layers in the barrel and in 3 layers in each endcap. Thanks to

their excellent timing they are used as timing reference for the muon reconstruction and for the

trigger. The large muon detector surface, with several layer of measurements, their redundancy

and the combination with the tracker results in excellent muon reconstruction performance.

Muon momentum resolution

The resolution of the muon transverse momentum obtained using only the muon detectors, only

the tracker and a combination of the tracker and muon detectors is shown in Fig.2.16. For

a transverse momentum lower then 100 GeV the measure is dominated by the central tracker

measurement. However, for muons with an higher transverse momentum, the most precise

measurement comes from the muon detectors.
88 2.2. Le dŽtecteur CMS

(a) 0 < |! | < 0,8 (b) 1,2 < |! | < 2,4

Fig. 2.19: RŽsolution de lÕimpulsion transverse des muons, mesurŽe avec le dŽtecteur
de muons seul (courbe noire), le trajectom•tre seul (courbe bleue), la combinaison
des deux (courbe rouge). La Þgure de gauche (resp. droite) montre la performance
dans le tonneau (resp. dans les bouchons).

compl•te constitue le facteur limitant du syst•me de dŽclenchement. Cependant, le
HLT sŽlectionne jusquÕˆ 600 Žv•nements par seconde supplŽmentaires, et stocke ces
donnŽes non prioritaires pour une reconstruction qui dŽbutera apr•s le traitement
du ßux de donnŽes principal.

Premier niveau de dŽclenchement

Le premier niveau de dŽclenchement utilise les informations en provenance des
calorim•tres et du dŽtecteur de muons. La Þgure2.20 rŽsume lÕarchitecture du L1 ;
deux sous-syst•mes fonctionnent en parall•le : le dŽclenchement calorimŽtrique et le
dŽclenchement sur les muons.

Le principe de base du L1 consiste ˆ produire des candidats L1 ŽlectromagnŽ-
tiques (L1 EG), muoniques (L1 Mu), jets (L1 Jets) et! (L1 Tau), assortis dÕin-
formations de base telle quÕune mesure de leur Žnergie transverse et des variables
dÕisolation. DÕautre part, des quantitŽs globales sont Žgalement mesurŽes d•s le L1 :
lÕŽnergie transverse totale dans le ECAL, dans le HCAL, et lÕŽnergie transverse

Figure 2.16: Transverse momentum (pT ) resolution for muons detected in the barrel region (Left) and

in the endcaps region (Right). The di!erent lines indicates the di!erent detectors used to measure the

muon pT : only the tracker (dashed blue line), only the muon detectors (dashed black line) a combination

of the tracker and the muon detectors (red line) [90].
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2.3.5 The trigger system

The event trigger represents the Þrst step of a physics analysis. The trigger, indeed, deÞnes

the nature of the objects and the events recorded, and deÞnes also the phase-space available to

study any Þnal state. The search for rare signals at the LHC need both a high collision rate

(delivered by the machine) and a very e&cient and very fast online selection of the interesting

events. At the nominal LHC luminosity, the expected event rate, limited by the crossing rate, is

about 20 MHz. Given a typical raw event size of O(1) MB, it is not possible to store all collision

events. In fact, the event rate is largely dominated by soft pp interactions (see Fig. 2.17), which

are not interesting for the CMS Physics program. Therefore, a trigger system [91] has been

devised with the purpose of providing a large rate reduction factor, whilst maintaining a high

e&ciency on potentially useful events. The total output rate is reduced by about Þve order of

magnitudes to O(100)Hz thanks to a two-level system: a Level-1 (L1) Trigger, which consists

of custom-designed, largely programmable electronics, and a High-Level Trigger (HLT), which is

a software system implemented in a farm of about one thousand commercial processors. These

two levels are brießy described in the next of this section.

Figure 2.17: Proton-(anti)proton cross section as function of the centre of mass energy [92].

The Level-1 trigger

The L1 trigger reduces the rate of selected events down toO(100)kHz . The full data are stored

in pipelined-memories of processing elements, while waiting for the trigger decision. The allowed
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trigger latency, between a given bunch crossing and the distribution of the trigger decision to the

detector front-end electronics, is 3.2µs [91][14]. If the L1 accepts the event, the data are moved

to be processed by the High Level Trigger. To deal with the LHC high bunch crossing rate,

the L1 trigger has to take a decision in a time too short to read data from the whole detector,

therefore it employs the calorimetric and muons informations only, since the tracker algorithms

are too slow for this purpose. The L1 trigger is organized into a calorimeter and a muon trigger,

whose information is transferred to the global trigger which takes the accept-reject decision.

The basic purpose of the L1 trigger is to produce electromagnetic candidate (L1-EG), muon

candidate (L1-Mu), jet candidate (L1 Jet) and tau candidate (L1 Tau) together with a measure

of their transverse energy and isolation variables. In addition, global quantities are measured at

L1 trigger level such as the /E T and the total transverse energy deposited in ECAL and HCAL.

The calorimeter trigger is based on the trigger towers (TT) read-out: arrays of 5# 5 crystals in

ECAL which match the granularity of the HCAL towers [14]. During the LHC Run 1 the L1

decisions were taken in three step. Firstly, thetrigger primitive were identiÞed starting from

the TT. Then the trigger towers were grouped in calorimetric regions (RCT) of 4# 4 TT. The

calorimeter trigger identiÞes the best four candidates of each of the following classes: electrons

and photons, central jets, forward jets and $jets, identiÞed from the shape of the deposited

energy. The information of these objects is passed to the global trigger (GT), together with

the measured /E T . The muon trigger is performed separately for each muon detector. The

information is then merged and the best four muon candidates are transferred to the global

trigger, which takes the accept-reject decision exploiting both the characteristic of the single

objects and their combination. The scheme of the Run 1 L1 trigger logic adopted by CMS is

represented in Fig. 2.18.
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Figure 2.18: The CMS Level-1 trigger architecture adopted during the LHC Run 1 data-taking period.

The calorimeters and the muon detector constitute two parallel selection chains. Each subdetector provides

the 4 best candidate and pass them to the Global Muon/Calorimeter Trigger. In a last step the candidates

selected by the calorimeters and muon detector chain were merged in the Global Trigger to take the Þnal

decision to accept or reject the event.

L1- ! calorimeter trigger

For the purpose of this thesis, more details on the Level 1 jet and$ trigger algorithms used

during the LHC Run 1 are provided. The jet trigger uses the transverse energy (ET ) sum found

in ECAL and HCAL computed in a calorimeter region. A calorimeter region is a set of 4# 4

trigger towers and a trigger tower is deÞned as the output of 5# 5 ECAL crystals and the

corresponding HCAL output in the same / %( area. The dimension of the trigger towers varies

in function of the / , as illustrated in Fig.2.19.
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Figure 2.19: A schematic view of the tower mapping of the CMS calorimeters in r-z plane.

The jet trigger uses a 3# 3 calorimeter region sliding window technique which spans the

complete (/, ( ) coverage of the CMS calorimeters. TheET deposits in the central region is

required to be higher than the 8 neighbour regions (see Fig. 2.20). The jets candidates are

labelled by (/, ( ) of the central calorimeter region. Jets in the forward and backward HF

calorimeters are sorted and counted separately to prevent more background susceptible high/

region from masking central jets [91].

Figure 2.20: Scheme of the CMS Level-1 jet and$ trigger algorithm.

The Level 1$ trigger exploits a generic jet trigger based only on the calorimetric information

[91]. A loose isolation criteria is applied requiring active tower patterns to be made of neighbour

towers as shown in Fig. 2.20 and called$-veto. For each calorimeter region a$-veto bit is set
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ON if there are more than two active ECAL or HCAL towers in the 4 # 4 region whose shape

is identiÞed as one of those illustrated in Fig. 2.20. A jet is deÞned as$-like if none of the 9

calorimeter region$-veto bit is on. The desired rate at the Level 1 is reached with a further cut

on the calorimetric energy requiring a transverse energy greater than 92 GeV for one$ jet and

64 GeV for two jets. The reconstructed jets that are not identiÞed as$Õs are labelled as central

jets. The four highest energy central and forward jets, and central$s in the calorimeter are

selected. Jet and$Õs showing up in a calorimeter region where an electron is identiÞed are not

considered.

In order to decrease theET threshold keeping a good e&ciency and an acceptable rate, a

logic OR has been made between the$ and jet trigger. The performance in term of the turn on

curves obtained during the Run 1 are illustrated in Fig. 2.21.

Figure 2.21: Turn on curves for the L1 $ algorithm (Left) and the L1 $ algorithm in logic OR with
the jet one.

The Level 1 $ trigger shows an intrinsic limitation of its e&ciency (60% at plateau) due to

the $ veto shapes. Using the L1$ algorithm combined with the jet one, the e&ciency is restored

to 100%.

The High-Level Trigger

The HLT reduces the output rate down to O(100)Hz [14]. The idea of the HLT software is the

regional reconstruction on demand, that is only the objects in the useful regions are reconstructed

and the uninteresting events are rejected as soon as possible. This leads to the development of

three virtual trigger levels: at the Þrst level only the full information of the muon system and

of the calorimeters is used, in the second level the information of the tracker pixels is added

and in the third and Þnal level the full event information is available. The use of a processor

farm for all selections beyond Level-1 allows maximal beneÞt to be taken from the evolution of
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computing technology. Flexibility is maximized since there is complete freedom in the selection

of the data to access, as well as in the sophistication of the algorithms, usually referred to as

HLT paths.

CMS performance during LHC Run 1

The CMS experiment has recorded 24.6fb! 1 of integrated luminosity during the whole LHC

Run 1 data taking period. In particular, 4 .9 fb! 1 have been recorded during 2011 with a collision

energy of
'

s = 7 TeV and 19.7fb! 1 have been recorded during 2012 with
'

s = 8 TeV. From

Fig. 2.22 and Fig. 2.23 it is possible to observe respectively the total integrated luminosity

recorded by CMS during the Run 1 and the peak instantaneous luminosity recorded per day.

Figure 2.22: The total integrated luminosity recorded by the CMS experiment during the whole LHC
Run 1 data taking period [93].
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Figure 2.23: The peak instantaneous luminosity per day recorded by the CMS experiment during the
whole LHC Run 1 data taking period [93].

2.4 Data Organization: The CMS Data Hierarchy

CMS Data is organised into a hierarchy of data tiers. Each physics event is written into each

data tier, where the tiers each contain di"erent levels of information about the event. The three

main data type written in CMS are:

1. RAW: Contains all the information from the detector. This kind of data are not useful

for analysis;

2. RECO: Is the result of the Þrst-pass processing of the raw data. At this level of recon-

struction, the events remain too much ÓheavyÓ;

3. AOD: Is a ÓprunedÓversion of the RECO data. This kind of data are used for most

analysis.

RECO data contains objects from all stages of reconstruction. AOD data are derived from the RECO
information to provide data for physics analyses in a convenient, compact format. Typically, physics analyses
don't require you to rerun the reconstruction process on the data. Most physics analyses can run on AOD data.

RECO

RECO is the name of the data-tier which contains objects created by the event reconstruction program. It is
derived from RAW data and provides access to reconstructed physics objects for physics analysis in a
convenient format. Event reconstruction is structured in several hierarchical steps:

Detector-specific processing: Starting from detector data unpacking and decoding, detector calibration
constants are applied and cluster or hit objects are reconstructed.

1. 

Tracking: Hits in the silicon and muon detectors are used to reconstruct global tracks. Pattern
recognition in the tracker is the most CPU-intensive task.

2. 

Vertexing: Reconstructs primary and secondary vertex candidates.3. 
Particle identification: Produces the objects most associated with physics analyses. Using a wide
variety of sophisticated algorithms, standard physics object candidates are created (electrons, photons,
muons, missing transverse energy and jets; heavy-quarks, tau decay).

4. 

The normal completion of the reconstruction task will result in a full set of these reconstructed objects usable
by CMS physicists in their analyses. You would only need to rerun these algorithms if your analysis requires
you to take account of such things as trial calibrations, novel algorithms etc.

Reconstruction is expensive in terms of CPU and is dominated by tracking. The RECO data-tier will provide
compact information for analysis to avoid the necessity to access the RAW data for most analysis. Following
the hierarchy of event reconstruction, RECO will contain objects from all stages of reconstruction. At the
lowest level it will be reconstructed hits, clusters and segments. Based on these objects reconstructed tracks
and vertices are stored. At the highest level reconstructed jets, muons, electrons, b-jets, etc. are stored. A
direct reference from high-level objects to low-level objects will be possible, to avoid duplication of
information. In addition the RECO format will preserve links to the RAW information.

The RECO data includes quantities required for typical analysis usage patterns such as: track re-finding,
calorimeter reclustering, and jet energy calibration. The RECO event content is documented in the Offline
Guide at  RECO Data Format Table.

AOD

Data Tiers: Reconstructed (RECO) Data and AnalysisObject Data (AOD) 3



Chapter 3
Object reconstruction in CMS

One challenge of a physics analyses at high-energy colliders often consists in reconstructing

basic objects like tracks, electrons, muons, photons and higher level objects like jets, taus ($)

and missing transverse energy (/1E T ), so as to achieve a description of the collision in terms of

the original particles of the underlying physics process (namely quarks, gluons, leptons, pho-

tons, hadrons and neutrinos). Various reconstruction algorithms allow the identiÞcation of the

physics objects used in the CMS analyses. Thanks to the detector design (strong magnetic Þeld,

large tracker, granular calorimetry), the CMS detector is well suited for Particle Flow (PF)

reconstruction and is widely used in the analyses. In the following chapter a description of the

PF, as it is implemented in CMS, is provided together with a more detailed description of the

basic objects reconstruction like tracks, interaction vertices, muons and electrons. Afterwards,

this chapter treats the reconstruction of the charged and neutral hadrons as well the photon

identiÞcation performed using the PF algorithm and thus the jet and missing transverse energy

reconstruction. The PF is also crucial to properly identify the lepton $. Given the importance

of the $ lepton in my whole thesis work, this topic is treated in more details at the end of the

chapter in the Section 3.4. The performance of the PF algorithm in terms of reconstruction

e&ciency and energy resolution of the considered objects are evaluated both in the simulation

and the data.

As described in Chapter 2 the organization of the CMS subdetectors, starting from the

interaction point outwards, consists in i) a tracker, ii) an electromagnetic calorimeter, iii) a

hadronic calorimeter, iv) a muon detector. In order to maximize the performance for a given

amount of integrated luminosity, an experiment such CMS, must provide as much as possible

a comprehensive description of the Þnal state, i.e. to detect the largest fraction of particles

produced in the hard interactions. The visible particles that are stable over the typical detector

length scale (! 1m) are electrons, muons, photons, charged and neutral hadrons. The energy

and direction of the stable particles coming from a collision can be traditionally measured in

two ways: using the tracker that allows to reconstruct the track of the charged particles in

the least invasive way, and through the calorimeters. In the latter case, the estimation of the

82
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particle energy come from the energy released by the particle in its destructive interaction with

the calorimeter medium.

3.1 Particle Flow

Many analyses rely on the measurement of the jets to assess the momenta of the quarks or gluons;

and on the measurement of the missing transverse energy to access the neutrino momenta.

Traditionally, these quantities have been measured by the calorimeters. The jet momentum

measure could be enhanced by improve the calorimetry in the following ways:

¥ exploiting the calorimeter granularity to attempt a statistical separation between the

hadronic and electromagnetic components of the shower. This approach, namedenergy

ßow, was historically adopted by the H1 experiment at DESY [94], and was proved to

signiÞcantly improve the jet energy resolution (from 15% up to 30%);

¥ an other solution consists in changing of paradigm and reconstruct the particles of the jets

individually and cluster them into jets. Considering the particles one-by-one allows the re-

dundancy of the subdetectors to be exploited and to combine their measurements: charged

particles measured by the tracker, photons measured by the electromagnetic calorimeter,

neutral hadrons measured by the hadronic calorimeter. In this way! 90% of the jet en-

ergy can be measured with the superior resolution of the tracker and the electromagnetic

calorimeter, leaving to the hadronic calorimeter, notably performing with a worse reso-

lution, the estimation of the energy carried by the remaining ! 10% of neutral hadrons.

This approach to improve the jet energy resolution is calledparticle ßow algorithm.

One of the Þrst implementation of the particle ßow algorithm was due to the Aleph collaboration

at LEP [95].

3.1.1 The Particle Flow with the CMS detector

The particle-ßow event reconstruction aims at reconstructing and identifying all stable parti-

cles in the event, with a thorough combination of all CMS sub-detectors towards an optimal

determination of their direction, energy and type. The set of individual particles is then pro-

cessed, as if it came from a Monte Carlo event generator, to build jets, to determine the missing

transverse energy/E T (which gives an estimate of the direction and energy of the neutrinos and

other invisible particles), to reconstruct and identify $s from their decay products, to quantify

charged lepton isolation with respect to other particles, to tag b jets, etc. The CMS detector

appears to be almost ideally suited for this purpose. With its large silicon tracker immersed in

a uniform axial magnetic Þeld of 3.8 T provided by a superconducting solenoidal coil, charged-

particle tracks can be reconstructed with large e&ciency and enough small fake rate down to

a pT of 150MeV/c , for pseudorapidities as large as± 2.6 [96]. Most stable particles produced
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in proton-proton collisions have a rather low pT , even in collisions involving a large momentum

transfer. As an example, in a quark or gluon jet with a total pT of 500 GeV/c, the averagepT

carried by the stable constituent particles is of the order of 10 GeV/c [96]. This value reduces to

a few GeV/c in jets with a total pT below 100 GeV/c. To be able to distinguish the production of

particles coming from physically relevant events from the dominating SM background processes,

it is therefore essential to accurately reconstruct and identify as many of the Þnal stable particles

as possible, some of them with smallpT and energies. The PF algorithm uses as basic ingredient

tracks collected in the tracker, energy depositions measured in the calorimeter and sophisticated

algorithms that link in the best way tracks to energy depositions.

3.1.2 Track reconstruction

The momentum of charged hadrons is measured in the tracker with a much better resolution

respect to that of the calorimeters for pT up to several hundreds of GeV/c [96]. For higher

energies, however, the calorimeters (in particular ECAL), are more performing in measuring the

energy of the particles. Indeed, the resolution on hadron energy measurement is! 100%/
'

E

for calorimeters, while the relative resolution of the tracker for 100 GeV pions is of the order of

a couple of percent, hence still better than the calorimeter measurement [97]. Tracks are used

to measure the momentum of the charged particles and to determine the production vertex of

each of them. Given the multiplicity of particles produced by an LHC pp collision, an e&cient

track reconstruction in CMS is of primary importance. Moreover a good separation between

reconstructed tracks is required to separate the charged constituents inside a jet. In order to

reach this goal the CMS experiment is equipped with a performant tracker, described in Chapter

2 and a superconducting coil providing with an intense magnetic Þeld. To optimally exploit the

performance of the tracker, a sophisticated track reconstruction algorithm has been conceived.

CMS uses an iterative tracking algorithm with subsequent steps picking up ine&ciencies from

previous steps. The main tracking algorithm is based on pixel seeds and uses aKalman Þlter

method [80] for track Þnding. The basic idea of iterative tracking is that the initial iteration

searches for tracks easy to Þnd (e.g. tracks with relatively largepT ). After each iteration, the

hits associated to tracks are removed, simplifying the subsequent iteration. The seeding criteria

are made looser and looser across the iterations. Each iteration could be summarized in 4 steps:

¥ A track seed is generated (using 2 or 3 hits) and it deÞnes the initial estimate of the track

trajectory

¥ Track Þnding algorithm, based on the Kalman Þlter, extrapolates the seed trajectory along

the expected path of a charged particle, searching for additional hits to associate with the

track

¥ A Þt of the track provide the best estimation of the track parameters

¥ Track selection sets quality ßags and discards tracks that fail some criteria
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The tracking e&ciency is excellent for muons and exceeds 99%. For pions it is smaller

because of hadronic interaction in the material of the detector: 95% in the barrel and 80-90%

in the encaps, while the fake rate (also depending on/ and pT is around ! 1.5% [79]. The

tracking e&ciency numbers given above are measured directly from data using the tag-and-

probe technique inZ/! " " µ+ µ+ events. The Tag is deÞned by a muon reconstructed both by

in the tracker and in the muon chambers, while the Probe muon is required to be reconstructed

only in the muon detectors. In addition, the dimuon invariant mass must be within 50-130 GeV

range centred around the value of the Z boson mass [90]. In Fig. 3.1 the measured e&ciency,

deÞned as the fraction of the Probe muons associated with a track reconstructed in the tracker,

is shown as a function of the muon pseudorapidity and the number of the reconstructed primary

vertices, both for data and simulated events.

5.2 Resolution in the track parameters 35

must be done separately for µ+ µ! candidates in which the probe is associated (or not) with a
track in the tracker.
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Figure 13: Tracking efÞciency measured with a tag-and-probe technique, for muons from Z
decays, as a function of the muon ! (left) and the number of reconstructed primary vertices in
the event (right) for data (black dots) and simulation (blue bands).

The results of Þts using the tag-and-probe method are shown for data and simulation in Fig. 13
as a function of the ! of the probe, as well as the number of reconstructed primary vertices in
the event. The measured tracking efÞciency is > 99% in both data and simulation. The data
displays a ! 0.3% drop in tracking efÞciency with increasing pileup, which is not reproduced
in the simulation. This may originate from the dynamic (pileup dependent) inefÞciency of the
pixel detector, discussed in Section 3.3, which is not modelled in the simulation. The structure
in the tracking efÞciency when shown as a function of ! is caused by inactive modules and
residual misalignment of the tracker. As the Þgure shows, these detector conditions are well
reproduced in simulation.

5.2 Resolution in the track parameters

In the context of the reconstruction software of CMS, the Þve parameters used to describe a
track are: d0, z0, " , cot#, and the pT of the track, deÞned at the point of closest approach of the
track to the assumed beam axis. This point is called the impact point, with global coordinates ( x0,
y0, z0). Thus d0 and z0 deÞne the coordinates of the impact point in the radial and z directions
(d0 = ! y0 cos" + x0 sin " ). The azimuthal and polar angles of the momentum vector of the
track are denoted by " and #, respectively.

The resolution in the parameters is studied using simulated events, and estimated from track
residuals, which are deÞned as the differences between the reconstructed track parameters and
the corresponding parameters of the generated particles. For each of the Þve track parameters,
the resolution is plotted as a function of the ! or pT of the simulated charged particle. In every
bin of ! or pT, the distribution in track residuals deÞnes the resolution as the half-width of the
interval that satisÞes both of the following requirements.

¥ The width contains 68% of all entries (including underßows and overßows) in the
distribution of the residuals.

¥ The interval is centred on the most probable value (mode) of the residuals, where
this value is taken from the peak of a double-tailed Crystal Ball function [49] Þtted
to the residuals. The function must provide different parametrizations of the tails on

Figure 3.1: Tracking e"ciency measured with tag-and-probe technique, for muons coming from Z decays,

as function of the muon / (Left) and the number of reconstructed primary vertices in the event (Right)

for data (black dots) and simulation (blue bands) [79].

The agreement between the data and the simulation is good and the small discrepancies

observed are due to limitations in the tracking modelling. The measured e&ciency is! 99%

over the whole pseudorapidity region and it is found to be almost insensitive to the pile-up

activity.

3.1.3 Calorimeter Clustering

In addition to the tracks, another key ingredient of the PF algorithm is the energy deposition

of the particles in the calorimeters. As the energy of the particles is always deposited in several

crystals and most of the time in more than HF module, a clustering of the energy in the cells is

needed. In the context of the PF, the purpose of the clustering is threefold [96]:



CHAPTER 3. OBJECT RECONSTRUCTION IN CMS - Section 3.1 86

¥ detect and measure the energy and direction of stable neutral particles such as photons

and neutral hadrons

¥ separate these neutral particles from energy deposits from charged hadrons

¥ help the energy measurement of charged hadrons for which the track parameters were not

determined accurately, which is the case for low-quality, or high-pT tracks

To reach this goal is possible only adopting calorimeters with enough granularity to provide an

e&cient energy collection in a wide pseudorapidity region together with an acceptable angular

resolution. As a consequence, algorithms capable to exploit in the best way the calorimeters

granularity are needed. In what follows are listed the most important steps adopted by the

calorimeter clustering procedure for the particle ßow algorithm developed in CMS [96]:

1. If an energy deposition in a calorimetric cell exceeds a Þxed threshold it is identiÞed as

cluster seed. A seed is local maximum above a given threshold

2. topological clusters are grown from the seeds by aggregating cells with at least one side in

common with a cell already in the cluster, and with an energy in excess of a given threshold:

2. ECAL electronic noise ( 80MeV (in the barrel) or 2. HCAL electronic noise ( 800MeV ;

3. A topological cluster gives rise to as many PF clusters as seeds

4. At the end, the calorimeters granularity is exploited to disentangle overlapping showers:

¥ The energy of a cell can be shared between two clusters, the fraction of a cell energy

contributing to a cluster is proportion to ! exp(%d2/R 2) where d is the distance to

the cluster barycentre and R is 5 cm (resp. 10 cm) in the ECAL (resp. HCAL).

¥ As the position of the cluster is calculated depends on the energies (or fraction of

energies) of the cells, an iterative procedure is applied. In practice,! 4 iterations

are su&cient.

3.1.4 Link algorithm

As mentioned earlier, the signatures of a particle in the di"erent subdetectors should be combined

for an optimal identiÞcation and measurement. It implies properly connecting together the so-

called particle ßow elements reconstructed in the di"erent subdectors, i.e: tracks with clusters,

ECAL clusters with HCAL clusters, etc. The link algorithm is tentatively performed for each

pair of elements in the event and deÞnes a distance between any two linked elements to quantify

the quality of the link 1 [96]. The linking algorithm produces blocks of elements linked directly

1The link distance is deÞned as the distance in the (/, ( ) plane between the extrapolated track position
and the cluster position
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4 2 Fundamental elements
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Figure 1: An event display of a simple hadronic jet in the (x, y) view (a) and in the ( ! , " ) view,
where ! stands for pseudo-rapidity and " for the azimuthal angle, on the ECAL surface (b) and
the HCAL surface (c). (These two surfaces are represented as two circles centred around the
interaction point in the Þrst view.) The K 0

L, the # ! and the two photons from the # 0 decay are
detected as four well separated ECAL clusters (b). The # + leaves no energy in the ECAL. The
two charged pions are reconstructed as charged-particle tracks, appearing as vertical solid lines
in the ( ! , " ) views and circular arcs in the (x, y) view. These tracks point towards two HCAL
clusters (c). In all three views, the cluster positions are represented by dots, the simulated
particles by dashed lines, and the position of their impact on the calorimeter surfaces by various
open markers.

Figure 3.2: An event display of a simple hadronic jet in the(x, y) plain [96].

or indirectly. Thanks to the granularity of the CMS detectors, blocks typically contain only

one, two or three elements, and constitute simple inputs for the particle reconstruction and

identiÞcation algorithm. The smallness of the blocks ensures the algorithm performance to be

essentially independent of the event complexity. The link algorithm proceeds as follow:

1. The track is Þrst extrapolated from its last measured hit in the tracker to:

¥ the preshower

¥ the ECAL, to the expected barycenter of an electromagnetic shower

¥ the HCAL, at a depth corresponding to one interaction length, typical of an hadron

shower

2. The track is linked to any given cluster if the extrapolated position in the corresponding

calorimeter is within the cluster boundaries

3. Similarly, a link between two calorimeter clusters, i.e., either between an HCAL and an

ECAL cluster, or between an ECAL and a ES (preshower) cluster, is established when

the cluster position in the more granular calorimeter (ES or ECAL) is within the cluster

envelope in the less granular calorimeter (ECAL or HCAL)

4. link between a charged particle track in the tracker and a muon track in the muon system

is established (and is called a global muon) when a global Þt between the two tracks

returns an acceptable22 2. For deeper details see the analysis note [96] and [98] for

2This 22 deÞnes the link distance in that case
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analysis performed with real data.
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(c) The (! , " ) view on HCAL

Figure 1: An event display of a simple hadronic jet in the (x, y) view (a) and in the ( ! , " ) view,
where ! stands for pseudo-rapidity and " for the azimuthal angle, on the ECAL surface (b) and
the HCAL surface (c). (These two surfaces are represented as two circles centred around the
interaction point in the Þrst view.) The K 0

L, the # ! and the two photons from the # 0 decay are
detected as four well separated ECAL clusters (b). The # + leaves no energy in the ECAL. The
two charged pions are reconstructed as charged-particle tracks, appearing as vertical solid lines
in the ( ! , " ) views and circular arcs in the (x, y) view. These tracks point towards two HCAL
clusters (c). In all three views, the cluster positions are represented by dots, the simulated
particles by dashed lines, and the position of their impact on the calorimeter surfaces by various
open markers.

Figure 3.3: An event display of a simple hadronic jet in the(/, ( ) view, where / stands for pseudo-

rapidity and ( for the azimuthal angle, on the ECAL surface (Left) and the HCAL surface (Right). (These

two surfaces are represented as two circles centred around the interaction point in the Fig. 3.2). TheK 0
L ,

the ) ! and the two photons from the) 0 decay are detected as four well separated ECAL clusters (Left).

The ) + leaves no energy in the ECAL. The two charged pions are reconstructed as charged-particle tracks,

appearing as vertical solid lines in the(/, ( ) views and circular arcs in the view of Fig. 3.2. These tracks

point towards two HCAL clusters (Right). In all three views, the cluster positions are represented by dots,

the simulated particles by dashed lines, and the position of their impact on the calorimeter surfaces by

various open markers [96].

Once the links between all the elements have been established, one obtains blocks of elements

which are connected one with each other. By deÞnition, two blocks are completely independents.

Ideally, one would have a bijection between a particle and a block. In practice, due to the

overlaps, several particles can end up in a block.

The second part of the particle ßow acts on one block at a time and is able to identify the

following particle:

¥ muons : Each global muon fulÞlling a set of optimized identiÞcation criteria [90] gives rise

to a PF-Muon, if its combined momentum is compatible with that determined from the

sole tracker within three standard deviations [96];

¥ electrons : The reconstruction of the electrons is a di&cult task in CMS, and is even more

di&cult with the particle ßow. Many Bremsstrahlung photons can be emitted because of

the tracker material, and they can then convert. With the large magnetic Þeld, they im-

pinge the ECAL in large region along( but narrow along / . Each of the particles of the
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shower thus initiated in the tracker gives, most of the time, rise to an individual cluster.

These clusters must absolutely be recollected and identiÞed as coming from the electron,

otherwise their energy will be double-counted with that of the track. A dedicated recon-

struction, able to follow the trajectory of the electrons despite the changes of curvature,

and making use of the Gaussian Sum Filter Algorithm is used and a Boosted Decision

Tree (BDT) is Þnally used to disentangle electrons from pions

¥ charged hadrons : A track can be directly connected to a number of ECAL and HCAL

clusters. The detection of the neutral particles in the block (photons and neutral hadrons)

involves a comparison between the momentum of the tracks and the energy detected in

the calorimeters [98]. For this comparison to be reliable, the ECAL and HCAL cluster

energies, from which the expected muon energy deposits are subtracted, must undergo

the calibration procedure, as reported in [96]. The energy of charged hadrons is obtained

from a combination of the tracker and calorimeter measurements, when the two values

are found to be compatible, in order to prevent the energy of charged hadrons from being

counted twice (from the momentum of the track measured in the tracker and from the

energy deposited in the calorimeters) [98]. If the energy measured in the calorimeters

is small compared to the track momentum, a cleaning procedure to remove potential

spurious or mis-reconstructed tracks is invoked [96]. If, instead, the calorimeter response

is too large,at more than one sigma of the expected resolution, the particle-ßow algorithm

assigns the energy excess to a photon and possibly a neutral hadron

¥ photons : As mentioned, photons can be created when comparing the amount of calibrated

calorimeter energy with the momentum of the corresponding track(s). But photons are

also built from isolated ECAL clusters. Similarly, isolated clusters in the HCAL give rise

to neutral hadrons.

The electron and muon reconstruction is of main importance in many physics analysis, such

as standard model precision measurements, characterization of the Higgs sector and searches

for physics beyond the standard model. In particular the electron reconstruction, as the muon

one, played a leading role in the analysis of theH " ZZ " " 4- that provided one of the major

contribution to the discovery of the new boson in 2012 [12]. The main requirement of such

analysis is an excellent electron and muon reconstruction and selection e&ciency over a large

phase-space, an excellent electron and muon momentum resolution together with the smallest

as possible misidentiÞcation probability.

3.1.5 Muon reconstruction

The CMS detector has been designed to have an excellent muon identiÞcation e&ciency and

momentum (for muons you measure tracks) resolution. Muons have a long life-time (c$ = 659

m) and do not interact through nuclear force and, contrary to electrons, the bremsstrahlung






























































































































































































































































































































































































































