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ATHÉNES, Septembre 2012





Recherche du boson de Higgs
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en la désintégration de H → ZZ(∗) → 4ℓ
avec l’expérience ATLAS au LHC

résultante à la observation

d’une nouvelle particule

compatible avec le boson de Higgs

ELENI MOUNTRICHA
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Introduction

Huge progress has been made in the field of particle physics after the middle of
the 20th century, including the development of the electroweak theory by Sheldon
Glashow, Steven Weinberg and Abdus Salam and quantum chromodynamics by
David Politzer, Frank Wilczek and David Gross. A theoretical framework that
describes all known elementary particle interactions, except for gravity, has been
established and is called the Standard Model of particle physics. A wide range
of experiments have since then tested and confirmed most of the Standard Model
predictions.

In this theoretical framework, the mass of the elementary particles could not
be incorporated in a straight-forward way. For this reason, the so-called Higgs
mechanism has been introduced, which postulates a scalar boson that gives rise to
the mass components. Experiments have long ago aimed to the search of the Higgs
boson, one of the largest being the LEP at CERN, followed by the Tevatron in
Fermilab which ceased operation in 2011.

The search for the postulated Higgs boson that had not been experimentally
confirmed by 2009/2010, was due to be continued by the promising LHC experi-
ments. The LHC is the world’s largest and highest-energy particle accelerator and
is constructed at CERN. It is a proton-proton accelerator and collider and four main
detectors have been built, designed according their physics program. ATLAS is one
of the two general-purpose detectors whose main goal is to either confirm or reject
experimentally the existence of the Higgs boson.

This thesis is aiming to include the work contributed by the author in the context
of the ATLAS experiment and the search for the Standard Model Higgs boson using
the proton-proton collision data recorded during the 2011 and 2012 LHC runs. This
work has covered technical developments for the Muon Spectrometer and several
studies for the H → ZZ(∗) → 4ℓ decay channel in the SM Higgs search.

In Chapter 1, the basic elements of the Standard Model are described includ-
ing the Higgs mechanism and the theoretical constraints on the Higgs boson mass.
The results of direct and indirect searches are summarized. The Higgs production
mechanisms and decay channels in the LHC are described.

In Chapter 2, the LHC and the ATLAS detector are introduced. The basic
elements in the physics program of ATLAS are pointed out, including the search
for the Higgs boson which is the subject of this thesis. The experimental setup is
described, emphasizing the basic components of the detector.

Such a complicated detector requires a reliable system for its control and mon-
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itoring. On these grounds, the work of the author on the Detector Control System
is described in Chapter 3. It involves the development of the control system of the
Power Supplies for the Monitored Drift Tubes, which is the main component of the
Muon Spectrometer, in order to operate and monitor them. The software used is
described as well as the tools and the elements developed by the author for the con-
figuration of the system, such as the alarming and the archiving. Finally, the shifter
interfaces built by the author and used in the ATLAS control room are presented.

For the search of the Higgs boson electrons and muons are used. In Chapter 4,
the experimental reconstruction and identification of these objects are described. In
the second part of this chapter, three studies on muons, carried out by the author
in the context of the H → 4ℓ search, using data and Monte Carlo simulation, are
presented. These consist of a study on the rate of muons originating from decays
of other particles, a study on the effect of pileup on signal-like muon isolation and
a study on the data-driven efficiency of Higgs boson analysis selection on signal-
like muons. These studies drive important conclusions to be used in the H → 4ℓ
analysis.

In Chapter 5, the analysis for the Higgs boson search in its decay channel to
two Z bosons, and subsequently to four leptons, is presented. Firstly, the signal and
background topology is described as well as the data and the Monte Carlo simulation
used. Secondly, the event selection for this Higgs decay channel is detailed resulting
to the selection of a four-lepton final state. The background contribution to this final
state is studied by the author and results using the 7 TeV collision data are presented
along with the systematic uncertainties induced and the extracted upper limits for
the Higgs search. The work of the author extends to many parts of H → 4ℓ analysis
including the observed and expected yield extraction, studies on the selection and
mainly studies on the background contribution through control regions.

In Chapter 6, the analysis selection is revised towards an optimization for a low-
mass Higgs boson search based on the hints provided in the analysis using 7 TeV
collision data. The effect of the new analysis on the background processes is studied
by the author and its impact on the 7 TeV results and exclusion limits is presented.

In Chapter 7, 5.8 fb−1 of 2012 collision data at
√
s = 8 TeV, collected up to

July, are analyzed and combined with the 2011
√
s = 7 TeV data. Results of the

background estimation are presented along with the results of the event selection
and the exclusion limits, including the work of the author. In addition, results on
the combination of all ATLAS Higgs channels are shown.

In the conclusions, in Chapter 8, the main results of this thesis are summarized.
The conclusive results from the ATLAS Higgs searches on the observation of a new
boson consistent with the Standard Model Higgs boson are emphasized.
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Per�lhyhTer�stia prìodo
 shmei¸jhke ston tomèa th
 fusik 
 stoiqeiwd¸n swmatid�wn met�ta mèsa tou 20oÔ ai¸na, sumperilambanomènh
 th
 jemel�wsh
 th
 hlektrasjenoÔ
jewr�a
 apì tou
 Sheldon Glashow, Steven Weinberg kai Abdus Salam kai th
 kban-tik 
 qrwmodunamik 
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 David Politzer, Frank Wilczek kai David Gross. Miasullog  susqetizìmenwn jewri¸n pou perigr�foun ti
 allhlepidr�sei
 metaxÔ twn gn-wst¸n stoiqeiwd¸n swmatid�wn, ektì
 th
 barutik 
, kajier¸jhke kai onom�zetai toKajierwmèno Prìtupo th
 swmatidiak 
 fusik 
. 'Ena
 meg�lo
 arijmì
 peiram�twnèktote èqei dokim�sei kai epibebai¸sei ti
 problèyei
 tou Kajierwmènou ProtÔpou.Se autì to jewrhtikì pla�sio, h m�za twn stoiqeiwd¸n swmatid�wn, den ja mporoÔ-se na eisaqje� me èna eujÔ trìpo. Gia autì to lìgo, o legìmeno
 mhqanismì
 Higgseis qjei, èqonta
 w
 apotèlesma thn prìbleyh enì
 bajmwtoÔ swmatid�ou tou opo�ouh allhlep�drash me ta stoiqei¸dh swmat�dia odhge� sthn emf�nish twn maz¸n tou
. Ti
teleuta�e
 dekaet�e
, di�fora peir�mata anaz thsan to mpozìnio Higgs, an�mesa aut¸nto LEP sto CERN kai to Tevatron sto Fermilab to opo�o stam�thse th leitourg�atou to 2011.H anaz thsh tou mpozon�ou Higgs pou den e�qe epibebaiwje� peiramatik� mèqri to2009/2010, eprìkeito na suneqiste� apì ta poll� uposqìmena peir�mata tou LHC. O
LHC e�nai o megalÔtero
 kai uyhlìterh
 enèrgeia
 epitaqunt 
 swmatid�wn ston kìsmokai e�nai kataskeuasmèno
 sto CERN. Prìkeitai gia ènan epitaqunt  desm¸n prw-ton�ou me tèsseri
 kur�ou
 aniqneutè
 pou èqoun sqediaste� an�loga me ta fainìmenafusik 
 pou proor�zontai na melet soun. O ATLAS e�nai èna
 apì tou
 dÔo aniqneutè
genik 
 qr sh
 twn opo�wn èna
 apì tou
 kÔriou
 stìqou
 e�nai e�te na epibebai¸seie�te na aporr�yei peiramatik� thn Ôparxh tou Higgs.H didaktorik  diatrib  aut  èqei w
 stìqo na sumperil�bei th doulei� th
 sug-grafèa, sta pla�sia tou peir�mato
 ATLAS kai th
 anaz thsh
 tou mpozon�ou Higgstou Kajierwmènou ProtÔpou, me th qr sh twn dedomènwn pou katagr�fhkan apì ti
sugkroÔsei
 prwton�wn-prwton�wn kat� th di�rkeia twn et¸n 2011-2012.Sto Kef�laio 1 perigr�fontai ta basik� stoiqe�a tou Kajierwmènou ProtÔpousumperilambanomènou tou mhqanismoÔ Higgs kai twn jewrhtik¸n or�wn sqetik� me thnm�za tou mpozon�ou Higgs. Anafèrontai oi �mese
 kai èmmese
 èreune
 pou èqoundiexaqje� kai ta apotelèsmat� tou
, kaj¸
 ep�sh
 kai oi mhqanismo� paragwg 
 kaidi�spash
 tou mpozon�ou ston LHC.Sto Kef�laio 2 g�netai eisagwg  ston LHC, kaj¸
 kai ston aniqneut  ATLAS.Ta basik� stoiqe�a tou progr�mmato
 fusik 
 tou ATLAS epishm�nontai, sumperil-ambanomènh
 th
 anaz thsh
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th
 paroÔsa
 diatrib 
. H peiramatik  di�taxh perigr�fetai ton�zonta
 ta basik� th
stoiqe�a.'Ena
 tètoio
 per�ploko
 aniqneut 
 apaite� èna kal� organwmèno sÔsthma elègqoukai parakoloÔjhsh
. H suneisfor� th
 suggrafèa sthn an�ptuxh tou Sust mato
Elègqou tou aniqneut  perigr�fetai sto kef�laio 3. Afor� thn trofodos�a uyhl 
kai qamhl 
 t�sh
 twn aniqneut¸n th
 teqnolog�a
 swl nwn ol�sjhsh
, pou apoteloÔnèna apì ta basik� stoiqe�a tou MionikoÔ Fasmatomètrou tou ATLAS. Perigr�fetaito logismikì pou qrhsimopoi jhke kai ta apara�thta ergale�a.Gia thn ergas�a sqetik� me thn anaz thsh tou mpozon�ou Higgs ta basik� anti-ke�mena fusik 
 pou qrhsimopoi jhkan e�nai ta hlektrìnia kai ta miìnia. Sto Kef�laio4 aut� ta antike�mena perigr�fontai ìson afor� thn anakataskeu  kai thn tautopo�hs tou
. Sto deÔtero mèro
 autoÔ tou kefala�ou, parousi�zontai trei
 melète
 sqetik� meta miìnia pou pragmatopo�hse h suggrafèa
 me th qr sh dedomènwn kai prosomo�wsh

Monte Carlo. Prìkeitai gia mia melèth sqetik� me to posostì twn mion�wn pouproèrqontai apì diasp�sei
 pion�wn kai kaon�wn, mia melèth p�nw sthn apomìnwshtwn mion�wn kai mia melèth gia thn ep�drash twn krithr�wn epilog 
 th
 an�lush
 toumpozon�ou Higgs se miìnia apì diasp�sei
 tou mpozon�ou Z, ta opo�a e�nai ìmoia meaut� th
 di�spash
 tou mpozon�ou Higgs pou exet�zetai sthn paroÔsa ergas�a.Sto Kef�laio 5 parousi�zetai h an�lush gia thn anaz thsh tou Higgs sto kan�lidi�spash
 tou se dÔo Z mpozìnia, ta opo�a sth sunèqeia diasp¸ntai se tèsseraleptìnia. Arqik� perigr�fetai h topolog�a tou s mato
 kai tou upob�jrou kaj¸
kai ta dedomèna kai h prosomo�wsh Monte Carlo pou qrhsimopoi jhke. Sth sunèqeiaanafèrontai leptomer¸
 ta krit ria epilog 
 gia thn an�lush tou sugkekrimènoukanalioÔ di�spash
, ta opo�a odhgoÔn sthn epilog  twn tess�rwn lepton�wn sthntelik  kat�stash. H suneisfor� tou upob�jrou se aut  thn telik  kat�stashmelet jhke apì thn suggrafèa kai ta apotelèsmata, qrhsimopoi¸nta
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 2011, parousi�zontai maz� me ti
 susthmatikè
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kai ta ìria pou ex�qjhkan sthn anaz thsh tou Higgs.Sto Kef�laio 6 perigr�fontai ta krit ria epilog 
 th
 an�lush
 ìpw
 anajewr -jhkan gia th l yh dedomènwn tou 2012, sto pla�sio beltistopo�hsh
 th
 anaz thsh
enì
 mpozon�ou Higgs qamhl 
 m�za
. To apotèlesma th
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 an�lush
 sqetik� meti
 diadikas�e
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 kaiepishma�nontai ta kÔria apotelèsmata. 'Emfash d�netai sta telik� apotelèsmata apìta kan�lia anaz thsh
 tou Higgs.
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Résumé

La physique des particules a connu d’énormes progrès dans la deuxième moitiée du
vingtième siècle avec l’élaboration de la théorie électrofaible de Sheldon Glashow,
Steven Weinberg et Abdus Salam et la théorie de chromodynamique quantique
de David Politzer, Frank Wilczek et David Gross. Une collection de théories qui
décrivent toutes les interactions connues des particules élémentaires, à l’exception
de la gravité, a été construite et est appelée le Modèle Standard de la physique des
particules. Un grand nombre d’expériences a depuis testé et confirmé la plupart des
prédictions du Modèle Standard.

Dans ce contexte théorique, la masse des particules élémentaires ne pouvait être
simplement ajoutée dans les théories. Pour cette raison, le mécanisme de Higgs a été
introduit, ce qui a conduit à la prédiction d’un boson scalaire dont l’interaction avec
les particules élémentaires fait apparâıtre les composants de la masse. Beaucoup d’
expériences dont la vocation est la recherche du boson de Higgs ont été réalisées, à
commencer par le LEP au CERN et par la suite avec le Tevatron au Fermilab et
récément avec le LHC au CERN.

Le LHC est l’accélérateur de particules, le plus grand et le plus puissant, construit
à ce jour . C’est un collisionneur de faisceau proton-proton, mis en fonctionnement
le 10 septembre 2008. Quatre détecteurs indépendants dont deux de très grande
taille, sont installés sur cet accélérateur. Le détecteur ATLAS est l’un des deux
détecteurs à usage général dont l’un des principaux objectifs est de confirmer ou
d’infirmer expérimentalement l’existence du boson de Higgs.

Cette thèse retrace le travail effectué par l’auteur au sein de la collaboration
ATLAS sur la recherche du boson de Higgs du Modèle Standard en utilisant les
données des collisions proton-proton enregistrées en 2011-2012.

Dans le Chapitre 1, les éléments de base du Modèle Standard et le mécanisme de
Higgs sont décrits . Les limites théoriques anisi que les résultats des recherches
directes et indirectes sur la masse du boson de Higgs sont donnés. Enfin, les
mécanismes de production et de désintégration de Higgs au LHC sont détaillés.

Dans le Chapitre 2, le LHC est introduit et le détecteur ATLAS, dont les données
sont utilisées dans cette thèse, est décrit. Les éléments de base du programme de
physique d’ATLAS sont mentionnées, incluant la recherche du boson de Higgs qui
fait l’objet de cette thèse. Le dispositif expérimental du détecteur est décrit, en
insistant sur les éléments de base du détecteur.

Un détecteur si compliqué, necéssite un système sophistiqué pour son contrôl
et sa surveillance. Le travail de l’auteur sur le système de contrôl du détecteur est
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décrit dans le Chapitre 3. Il s’agit des blocs d’alimentation des chambres à tubes
de dérive du sectromètre à muon utilisé dans la détection des muons. Le logiciel
utilisé est décrit et les outils et les éléments essentiels pour son fonctionnement sont
présentés.

Pour la recherche du Higgs se désintégrant en quatre leptons, les objets de base
utilisés sont les électrons et les muons. Dans le Chapitre 4, la reconstruction et
l’identification de ces objets sont décrites. Dans la deuxième partie de ce chapitre,
trois études de performance des objets muons effectuées par l’auteur à l’aide des
données et des simulation de Monte Carlo, sont présentées. Celles-ci consistent en
une étude sur le taux de faux muons provenant de la désintégration d’autres partic-
ules, une étude sur l’isolation des muons et une étude sur l’impact de la sélection de
l’analyse du Higgs sur les muons provenant du boson Z, ces muons sont identiques
à ceux provenant de la désintégration du Higgs considéré dans cette thèse.

Dans le Chapitre 5, l’analyse sur la recherche du boson de Higgs dans son canal de
désintégration en deux bosons Z, se désintégrant en quatre leptons, est considérée.
Premièrement, la topologie du signal et du bruit de fond est décrite ainsi que les
données et la simulation de Monte Carlo utilisées. Deuxièmement, la sélection des
événements dans ce canal est détaillée. La contribution du bruit de fond à cet état
final a été étudiée par l’auteur et les résultats utilisant les données des collisions de
2011 ainsi que les incertitudes systématiques induites et les limites extraites sur la
recherche de Higgs, sont présentés.

Dans le Chapitre 6, l’analyse a été révisitée avec les données de 2012 pour op-
timiser la recherche du boson de Higgs à basse masse. Les effets des nouvelles
coupures sur les processus du bruits de fond ont été étudíes par l’auteur en utilisant
les données de 2011. L’impact de cette optimisation sur les résultats de 2011 et les
limites correspondantes sont présenté.

Dans le Chapitre 7, 5.8 fb−1 de données de 2012 à
√
s = 8TeV, collectées jusqu’au

mois de juillet, sont analysées et combinées avec les données de 2011 à
√
s = 7 TeV.

Les résultats de l’estimation du bruit de fond, de la sélection des événements et les
limites sur la recherche du boson de Higgs sont présentés. En plus, les résultats
de la combinaison de tous les canaux pour la recherche du boson de Higgs avec
l’expérience ATLAS sont discutés.

Dans le Chapitre 8, les objectifs de cette thèse sont résumée et les principaux
résultats sont soulignés. L’accent est mis sur les résultats ayant permis la découverte
d’une nouvelle particule compatible avec un boson de Higgs en ATLAS du Modèle
Standard avec l’expérience ATLAS.
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Chapter 1

Theory Elements

One of the main questions that has always puzzled the man since thousands of years
ago, is “What is this world made of?”. Having an intuition since the ancient years,
Particle Physics proved with experiments that everything in the world is made of
elementary particles. In the last centuries, both theoretical and experimental efforts
driven by the need to explain the properties of these elementary particles and the
interactions with each other. The Standard Model (SM) of Particle Physics is such a
theoretical model which is widely-accepted and experimentally confirmed in a large
extend.

1.1 Standard Model

According to the Standard Model there are three kinds of elementary particles:
leptons, quarks and the force mediators, referred to as gauge bosons. The leptons
and the quarks are spin-1/2 particles and hence obey to Fermi-Dirac statistics.
Due to this, they are called fermions. According to the Fermi-Dirac statistics, the
Pauli exclusion principle does not allow the occupation of any single quantum state
by more than one particle of a given type. The force mediators are integer spin
particles and thus obey to Bose-Einstein statistics. This is why they are called
bosons. According to Bose-Einstein statistics the occupation of a single quantum
state by a large number of identical particles is possible. An antiparticle corresponds
to each of the elementary particles.

The leptons compose three generations. Every generation is composed by the
charged lepton and its neutrino. The charged leptons differ only in their masses,
which are increased in every generation with respect to the previous one. In Table 1.1
the lepton generations are presented along with their mass and charge. The second
and third generation of charged leptons, the muon and the tau, are unstable and
decay to other particles.

The quarks carry fractional charge and their world-average mass values or mass
limits are shown in Table 1.2. There are six “flavors” of quarks forming three
generations of increasing mass: “up” and “down”, “charm” and “strange”, “top”
and “bottom”, denoted by the first letter of their names. Every quark comes in
three colors: “red”, “blue”, “green”.

7
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Table 1.1: There are three generations of leptons, each consisting of a charged and
a neutral one. The quoted masses are the cited averages or limits set according to
Reference [1].

Generation lepton mass [MeV] charge

First
e 0.511 -1
νe < 0.225 · 10−3 0

Second
µ 105.7 -1
νµ < 0.19 0

Third
τ 1777 -1
ντ < 18.2 0

Table 1.2: The six quark flavors form three generations of increasing mass. The
quoted masses are the cited averages or limits set according to Reference [1].

Generation quark mass [GeV] charge

First
u < 2.3 · 10−3 +2

3

d < 4.8 · 10−3 –1
3

Second
c 1.28 +2

3

s 95 · 10−3 –1
3

Third
t 173.5 +2

3

b 4.18 –1
3

The gauge bosons are the force carriers of the four kinds of fundamental inter-
actions in nature: the gravitational, the electromagnetic, the weak and the strong.
In Table 1.3 the gauge bosons are presented along with their mass, charge and the
interaction type they correspond to. The gravitational interaction appears between
all types of particles and is by far the weakest. The graviton (G), a purely theoret-
ical spin-2 boson, is considered to be the gauge boson. The electromagnetic force
is carried by spin-1 photons and acts between electrically charged particles. The
weak interaction, responsible for nuclear β-decays, and absorption and emission of
neutrinos, has three gauge bosons: W± and Z, which are massive with spin 1. The
gauge bosons of the strong interaction acting between quarks are the eight massless,
spin-1 gluons (g).

Effort has been made in the last century in order to describe the four fundamental
interactions as different manifestations of a single field. This is partially achieved by
the Standard Model which is a renormalizable quantum field theory describing the
electromagnetic, weak and strong interactions based on a combination of local gauge
symmetry groups U(1)Y

⊗

SU(2)L
⊗

SU(3)C . The indices refer to the conserved
quantity in each transformation: weak hypercharge (Y ), color (C) and for SU(2),
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Table 1.3: There are six bosons for the four fundamental forces. The quoted masses
are the cited averages or limits set according to Reference [1].

boson mass [GeV] charge interaction

G < 7 × 10−41 [2] 0 gravitational
γ 0 0 electromagnetic
W± 80.4 ±1 weak
Z 91.2 0 weak
g 0 0 strong

although the weak isospin (I) is the conserved quantity, the L denotes the fact that it
involves only left-handed fields. The two components of the Standard Model are the
electroweak theory (EW) and quantum chromodynamics (QCD). The electroweak
theory was developed by Sheldon Lee Glashow, Abdus Salam, and Steven Weinberg
in the 1960s in order to describe the electromagnetic and weak interactions based
on the U(1)Y

⊗

SU(2)L symmetry group. Quantum chromodynamics, developed by
David Politzer, Frank Wilczek and David Gross, describe the strong interaction and
is based on the SU(3)C gauge symmetry group.

1.1.1 Quantum Field Theory

The Quantum Field Theories are theories that incorporate special relativity and
quantum mechanics principles to describe the behavior of particles and their inter-
actions.

In classic quantum mechanics, a system is described by its state represented by
the wave function ψ whereas in the quantum field theories, each particle is described
as excitation of the local field φ(x). From the Classical mechanics, the properties
and the interactions of the field φ(x) are determined by the Lagrangian density L,
using the field and its space-time derivatives

L(x) = L(φ, ∂µφ) (1.1)

According to the principle of least action, the evolution of a system from an initial
to a final state occurs along a path for which the action (S) is stationary

δS = δ

∫

L(φ, ∂µφ)d4x = 0 (1.2)

which concludes to the Euler-Lagrange equation that describes the motion of the
field

∂µ

[

∂L
∂(∂µφ)

]

− ∂L
∂φ

= 0 (1.3)

An important aspect in quantum field theory are the gauge symmetries. A sym-
metry is any continuous transformation of the field that does not change δS and
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consequently, does not affect the equations of motion. These transformations form
the gauge symmetry groups of the system.

Based on the Euler-Lagrange equation, a transformation

φ→ φ+ ǫ∆φ (1.4)

where ǫ is an infinitesimal parameter, can be a symmetry of the system if the La-
grangian density is invariant under this transformation up to a four-divergence

L → L + ǫ∂µJ
µ (1.5)

According to Noether’s Theorem, every symmetry of nature yields a conservation
law and similarly, every conservation law reveals an underlying symmetry. Given
this theorem, the current

jµ(x) =
∂L

∂(∂µφ)
∆φ− Jµ (1.6)

is conserved, meaning
∂µj

µ = 0 (1.7)

1.1.2 Quantum Electrodynamics

Quantum electrodynamics (QED) is an abelian gauge theory describing a fermion
field ψ and its electromagnetic field. The field’s Lagrangian is required to satisfy the
“local gauge invariance” principle, and therefore be invariant under the local gauge
transformation,

ψ → Uψ = eiα(x)ψ (1.8)

where α(x) is an arbitrary parameter depending on the space and time coordinates.
The family of such phase transformations forms a unitary abelian group known as
the U(1) group.

The Dirac Lagrangian density for a spin-1/2 field of mass m is

L = iψ̄γµ∂µψ −mψ̄ψ (1.9)

where ψ̄ = ψ†γ0 and γµ are the 4×4 Dirac matrices satisfying the anticommutation
relation {γµ, γν} = γµγν − γνγµ = 2gµν with gµν being the metric tensor. The
Lagrangian density is not local gauge invariant since the first part transforms as

∂µψ → eiα(x)∂µψ + ieiα(x)ψ∂µα (1.10)

In order to satisfy the local gauge invariance, a term should be added in the La-
grangian density

L =
[

iψ̄γµ∂µψ −mψ̄ψ
]

+ eψ̄γµAµψ (1.11)

where e is later identified as the elementary charge and Aµ is a new field, called
“gauge field” transforming as

Aµ → Aµ +
1

e
∂µα (1.12)
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The covariant derivative Dµ needs to be introduced

Dµ ≡ ∂µ − ieAµ (1.13)

transforming as
Dµψ → eiα(x)Dµψ (1.14)

This introduces in the Lagrangian a term

eψ̄γµAµψ (1.15)

which describes the interaction of the vector field Aµ with the electromagnetic cur-
rent

Jµ = eψ̄γµψ (1.16)

In order to finalize the Lagrangian density a kinematic part is needed for the
vector field and using the Proca Lagrangian density,

L = −1

4
FµνFµν +

1

4
m2AµA

µ (1.17)

where Fµν is the electromagnetic field strength tensor, defined as Fµν = ∂µAν −
∂νAµ. The first term in the Lagrangian is local gauge invariant while the second
one is not. In order to satisfy the gauge principle, the gauge field is required to be
massless and the full Lagrangian density is

L = −1

4
FµνFµν + ψ̄(iγµDµψ −m)ψ (1.18)

Summing up, in order to satisfy the local gauge invariance a vector field Aµ has
been introduced in the Lagrangian density of the spin-1/2 particle, which is the
photon field obeying Maxwell’s Lagrangian

LMaxwell = −1

4
FµνFµν + eψ̄γµAµψ (1.19)

1.1.3 Quantum Chromodynamics

In an analogous way, the structure of quantum chromodynamics is extracted from
local gauge invariance, replacing the U(1) group with the group of phase transfor-
mations on the quark color fields, SU(3). The free Lagrangian density is

L =
∑

j

q̄j(iγ
µ∂µ −mj)qj (1.20)

where qj = (qr, qb, qg)
T
j , with j = 1, . . . , 6 the color triplet corresponding to the

six quark flavors. The equations will be given for one quark flavor hereafter but
summation is implied.

Requiring the Lagrangian density to be invariant under

q(x) → Uq(x) ≡ e−igαa(x)Taq(x) (1.21)
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where U is an arbitrary 3 × 3 unitary matrix, g is the strong coupling constant
which in analogy to the fine structure constant in QED is often expressed in terms

of as = g2

4π
, αa are arbitrary parameters, and Ta = λa

2 with a = 1, ..., 8, are the
generators of the SU(3) group where λa the set of linearly independent traceless
3 × 3 matrices called Gell-Mann matrices. The generators satisfy the commutation
relation [Ta, Tb] = ifabcTc, where the real numbers fabc are the structure constants of
SU(3), manifesting the non-Abelian character of the theory. Summation is implied
over a suffix.

Following the procedure as in the QED section, in order to satisfy SU(3) local
gauge invariance eight gauge fields Ga

µ, the gluon fields, are introduced, transforming
as

Ga
µ → Ga

µ − 1

g
∂µαa − fabcαbG

c
µ (1.22)

resulting to a Lagrangian density

L = q̄(iγµ∂µ −m)q − g(q̄γµTaq)G
a
µ (1.23)

and the covariant derivative used is

Dµ = ∂µ + igTaG
a
µ (1.24)

where TaG
a
µ is in analogy to Aµ and g to e from QED. In this way, a term has

entered the Lagrangian describing the interaction of the

Ja,µ ≡ gq̄γµTaq (1.25)

currents with the gauge fields Ga
µ.

Adding the gauge invariant kinematic terms for each of the Ga
µ gauge fields, the

final gauge invariant QCD Lagrangian density is

L = −1

4
Ga

µνG
µν
a + q̄(iγµD

µ −m)q (1.26)

where Ga
µν the gluon field tensor

Gµν
a = ∂µGν

a − ∂νGµ
a − gfabcGµ

bG
ν
c (1.27)

Due to the non-Abelian character of the theory, resulting to the last term in Equa-
tion 1.27, the Lagrangian contains terms corresponding to self-interaction between
the gauge boson fields forming three and four gluon vertices.

1.1.4 Electroweak Theory

The fact that the observed lifetimes of the pion and the muon are longer than the
ones of particles that decay either through strong or electromagnetic interactions
has pointed to another type of interactions with an even weaker coupling than the
electromagnetic, the weak interaction. Weak interactions involve both charged and
neutral currents. Charged currents are involved in transitions between up-type and
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down-type quarks or charged leptons and the corresponding neutrinos whereas neu-
tral currents conserve flavor.

Fermions are grouped into left-handed and right-handed

ψL = PLψ =
1

2
(1 − γ5)ψ (1.28)

ψR = PRψ =
1

2
(1 + γ5)ψ (1.29)

where γ5 = iγ0γ1γ2γ3 and PL,R the chirality operators. Left-handed fields, ψL, have
I = 1

2 and form doublets

(

u

d

)

L

,

(

νe

e

)

L

,

(

c

s

)

L

,

(

νµ

µ

)

L

,

(

t

b

)

L

,

(

ντ

τ

)

L

(1.30)

and the right-handed fields, ψR

uR, dR, eR, cR, sR, µR, tR, bR, τR (1.31)

are singlets with I = 0 and are invariant under the weak isospin transformations.
The Electroweak Theory is constructed based on the same principle of gauge

invariance, as QED and QCD, and treats the weak and electromagnetic interac-
tions as different manifestations of the same force. The gauge symmetry group is
U(1)Y

⊗

SU(2)L. SU(2)L refers to the weak isospin (I) with the subscript L to
remind that it involves only left-handed fields and U(1) refers to the weak hyper-
charge (Y ) which involves both chiralities. The weak hypercharge is connected to
the charge and the weak isospin by

Q = I3 +
Y

2
(1.32)

where I3 is the third component of the weak isospin. For the left-handed doublets
and right-handed singlets, the U(1) transformation corresponds to multiplication by

a phase factor eiαa(x)Y
2 . The left-handed doublets additionally transform as

ψL → eiβa(x) τa

2 ψL (1.33)

where a = 1, 2, 3 and τa the Pauli matrices and τa

2 the generators of the SU(2)
group.

Four gauge fields are introduced when applying the gauge principle. One gauge
field (singlet), Bµ, is associated to U(1)Y and couples to both chiralities of the
fermion fields and the rest (isotriplet), W i

µ, are associated to SU(2)L and couple
only to the left-handed components. The Lagrangian density is

L = −1

4
W a

µνW
µν
a − 1

4
BµνB

µν + ψ̄iγµDµψ (1.34)

where W a
µν and Bµν the field tensors

W i
µν = ∂µW

i
ν − ∂νW

i
µ − gǫijkW j

µW
k
ν (1.35)
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Bµν = ∂µBν − ∂νBµ (1.36)

where ǫijk the structure constants of SU(2) and Dµ the covariant derivative

Dµ = ∂µ + igW a
µ Ia + ig′

1

2
BµY (1.37)

where g is the SU(2) and g′ the U(1) coupling constants.

From the Lagrangian, the interaction terms between the fermions and the gauge
fields is

Lint = −ψLγ
µ

(

g
τa
2
W a

µ + g′
Y

2
Bµ

)

ψL − ψ̄Rγ
µ

(

g′
Y

2
Bµ

)

ψR (1.38)

where the coupling of the W a
µ only to the left-handed components is visible. In

Equation 1.34 there are no fermion mass terms since ψ̄ψ = ψ̄LψR + ψ̄RψL would
mix left- and right-handed fields and consequently, break gauge invariance. There-
fore, fermion masses will be generated dynamically by gauge invariant Yukawa in-
teractions with the Higgs field. The full electroweak Lagrangian will consist of the
fermion and gauge terms included in Equation 1.34 in addition to the Yukawa and
Higgs terms

LEW = Lf,g + LH + LYukawa (1.39)

1.1.5 Higgs mechanism

In the Lagrangian densities described in the previous sections, there are no quadratic
terms of the gauge fields which implies that the gauge bosons are massless. The
vector bosons of the weak interaction are experimentally known to be massive, with
mW± = 80.4 GeV and mZ0 = 91.2 GeV [1], accordingly. However, adding a mass
component leads to violation of the gauge invariance. The same stands for the
fermion masses. The Higgs mechanism was introduced to solve these issue [3].

According to the Higgs mechanism, an additional SU(2)L isospin doublet of
complex scalar fields with Y = 1

φ =

(

φ+

φ0

)

(1.40)

is introduced with the corresponding contribution in the Lagrangian

LH = (Dµφ)†(Dµφ) − V (φ) (1.41)

where the potential term

V (φ) = µ2φ†φ+ λ(φ†φ)2 = µ2φ2 + λφ4 (1.42)

To determine the ground state, φ0, the potential is minimized

∂V

∂φ
= 2φ(µ2 + 2λφ2) = 0 (1.43)
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Figure 1.1: The shape of the Higgs potential V (φ) = µ2φ2 + λφ4 for µ2 < 0.

where µ is the mass parameter. For µ2 > 0, φ0 = 0. However, for µ2 < 0, the shape
of the potential is shown in Figure 1.1 and

φ2
0 = −µ

2

2λ
≡ u2

2
(1.44)

The absolute value of the field at the minima of the potential is known as the vacuum
expected value. For µ2 < 0 a non-vanishing vacuum expected value for φ2 in the
physical vacuum state has been obtained. The reference ground state for the local
gauge transformation is chosen to be

φ0 =
1√
2

(

0

u

)

(1.45)

which breaks the SU(2)L symmetry while the Lagrangian remains invariant under
U(1)Y

⊗

SU(2)L transformations. This behavior is called spontaneous symmetry
breaking.

The fields are then expressed with quantum fluctuations about this minimum
and the scalar doublet φ is redefined

φ(x) = e
iξa(x)τa

2u

(

0
u+H(x)√

2

)

(1.46)

where ξa(x), a = 1, 2, 3 real fields and H(x) the real scalar Higgs field. The La-
grangian is locally SU(2) invariant and by using the freedom of gauge transforma-
tions, the ξa(x) disappear from the Lagrangian and φ can be replaced by

φ(x) =
1√
2

(

0

u+H(x)

)

(1.47)

Taking into account that

Dµ = ∂µ − igW µ
a

τa

2
− ig′

1

2
Bµ (1.48)
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the kinetic part of the Lagrangian LH component becomes

(Dµφ)†(Dµφ) → 1

2
∂µH∂µH +

1

8
g2(u+H)2|W 1

µ + iW 2
µ |2 +

1

8
(u+H)2|g′W 3

µ − gBµ|2

(1.49)
The charged physical fields W± are then defined

W±
µ =

1√
2
(W 1

µ ∓ iW 2
µ) (1.50)

and the neutral physical fields of the Z and the photon are defined in a way as to
be orthogonal to each other

Zµ =
g′W 3

µ − gBµ
√

g′2 + g2
(1.51)

Aµ =
g′W 3

µ + gBµ
√

g′2 + g2
(1.52)

which, by introducing the “weak mixing angle” θw

cos θw =
g′

√

g2 + g′2
, sin θw =

g
√

g2 + g′2
(1.53)

become
Zµ = −Bµ sin θw +W 3

µ cos θw (1.54)

Aµ = Bµ cos θw +W 3
µ sin θw (1.55)

The boson masses are extracted from the mass terms in Equation 1.49

MW =
gu

2
(1.56)

MZ =

√

g2 + g′2u

2
(1.57)

while the photon remains massless. The relation between the mass of the bosons
and the weak mixing angle is

MW

MZ

= cos θw (1.58)

Not only the masses of W and Z but also the fermion masses are generated by
the spontaneous breaking of the U(1)Y

⊗

SU(2)L gauge symmetry. This is achieved
by the Yukawa interactions between the Higgs and the fermion fields. For a single
generation

LYukawa = −YℓL̄LφℓR − YdQ̄LφdR − YuQ̄Lφ̃uR + h.c. (1.59)

where LL = (νL, ℓL)T and QL = (uL, dL)T stand for the left-handed lepton and
quark doublets, ℓ is the charged lepton and φ̃ = −iτaφ

∗ is the charge conjugate of
the Higgs doublet. Written out in components, the Yukawa term of the Lagrangian
becomes

LYukawa = −Yℓ(ν̄Lφ
+ℓR + ℓ̄Rφ

−νL + ℓ̄Lφ
0ℓR + ℓ̄Rφ

0∗ℓL)
−Yd(ūLφ

+dR + d̄Rφ
−uL + d̄Lφ

0dR + d̄Rφ
0∗dL)

+Yu(ūRφ
+dL + d̄Lφ

−uR − ūRφ
0uL − ūLφ

0∗uR)
(1.60)

The vacuum expectation value of φ gives rise to fermion mass terms.
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Figure 1.2: The allowed MH range as set by the triviality (upper) bound and the
vacuum stability (lower) bound as a function of the cut-off scale Λ. The bands
correspond to the theoretical uncertainties.

1.1.6 Theoretical constraints on the Higgs boson mass

In the Higgs mechanism, the Higgs mass is a free parameter of the Standard Model
but interesting theoretical constraints can be derived from assumptions on the en-
ergy range in which the SM is valid before perturbation theory breaks down and
new phenomena emerge. These constraints are based on perturbative unitarity in
scattering amplitudes, triviality, vacuum stability and fine-tuning.

Since interactions of the longitudinal components of the massive gauge bosons
grow with their momenta, cross sections of processes involving WL and ZL, which
increase with energy, would violate unitarity at some stage. From calculations of
the amplitude for the scattering of W bosons involving the Higgs boson, it follows
that M2

H ≤ 2π
√

2/GF ∼ (870GeV )2 [4]. In addition, large values of the Higgs mass
can jeopardize perturbation theory in the SM. For instance, in the decays of Higgs
into massive gauge bosons, assuming a very large Higgs mass MH > 1TeV leads to
two-loop contributions at the same importance as one-loop contributions and the
perturbative series is not convergent. Perturbative unitarity requires a Higgs boson
mass well below 1 TeV.

Taking into account one-loop radiative corrections to the Higgs boson quartic
coupling λ with contributions of the Higgs boson itself only, leads to a logarithmic
dependence of λ on the squared energy scale, Q2. At very small energies the quartic
coupling vanishes making the theory trivial, non-interacting. On the other hand, for
very large energies it can become infinite. The energy cut-off Λc can be established,
below which the self-coupling λ remains finite. If the Λc is large, the Higgs mass
should be small to avoid λ becoming infinite which can be translated into an upper
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bound. Lattice simulations of gauge theories, including non-perturbative effects,
have led to an upper limit for the Higgs mass of 710 GeV, for Λc set at the Higgs
boson mass itself [5].

Furthermore, top quark loops tend to drive the Higgs quartic coupling λ to neg-
ative values, for which the vacuum is no more stable since it has no minimum. To
avoid this instability, the Higgs boson mass must exceed a minimum value for a
given top mass. This lower bound depends on the cut-off Λ. Therefore, requir-
ing the Standard Model to be extended to the Great Unification Theory (GUT)
scale, ΛGUT ∼ 1016 GeV, and including the effect of top quark loops on the running
coupling, the Higgs boson mass should roughly lie in the range between 130 and
180 GeV. In Figure 1.2 the bounds are shown both for the triviality and vacuum
stability as a function of the energy cut-off Λc [6].

The fine-tuning problem originates from the radiative corrections to the Higgs
mass, according to which MH diverges quadratically with scale Λ. Therefore, a
fine arrangement is needed in order to have a physical Higgs boson mass at the
electroweak symmetry breaking scale as required for the consistency of the Standard
Model. For values of scales Λc ≤ 1TeV there is no fine-tuning problem but as the
scale increases the range of Higgs masses becomes narrow and for Λc = 10 TeV only
a narrow range around MH ∼ 200 GeV is allowed [7].

1.2 Searches for the Higgs boson

As the Higgs mass remains a free parameter of the Standard Model, various exper-
iments over the last decades have aimed for either direct or indirect searches of the
Higgs boson.

1.2.1 Direct searches

In 1989 the Large Electron Positron (LEP) collider became operational at CERN
and the four experiments (ALEPH, DELPHI, L3 and OPAL) took data at a center-
of-mass energy

√
s = 89−93GeV in the first phase (LEP I) and

√
s = 161−209GeV

in the second phase (LEP II). At LEP the Standard Model Higgs boson was expected
to be produced mainly in association with a Z boson through the Higgs-strahlung
process, e+e− → HZ. The searches were concentrated on four final state topologies:� four-jet final state: H → bb̄ and Z → qq̄� tau lepton production: H → τ+τ− and Z → qq̄, or H → bb̄ and Z → τ+τ−� missing energy final state: H → bb̄ and Z → νν̄� leptonic final state: H → bb̄ and Z → e+e− or Z → µ+µ−

The combination of the LEP data is shown in Figure 1.3 where a 95 % Confidence
Level lower limit of 114.4 GeV is extracted [8]. The dashed line represents the
median background expectation, the solid line represents the observation and the
bands correspond to the 68 % and 95 % probability bands.
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Figure 1.3: The ratio CLs =CLs+b/CLb for the signal plus background hypothesis is
presented for the combination of the LEP experiments. The dashed line represents
the median background expectation and the solid line, the observation. The bands
correspond to the 68 % and 95 % probability bands.

The Tevatron experiments, CDF and D0, at Fermilab, started taking data in
1985 up to 2011. Tevatron was a pp̄ collider operating at center-of-mass energy√
s = 1.96TeV. The most important Higgs productions mechanisms in Tevatron

were� gluon fusion: gg → H� associated production with a vector boson: qq̄ →WH or qq̄ → ZH� vector boson fusion: qq̄ → qq̄H, where the quarks radiate weak gauge bosons
which fuse to produce H.

The most sensitive channels are H → bb̄, H →WW (∗) → ℓνℓν andH → ZZ(∗) → 4ℓ
for low Higgs masses (mH < 125 GeV) and H →WW (∗) → ℓνℓν for higher masses.
In Figure 1.4 the combination results presented in June 2012 are shown using
10.0 fb−1 [9]. The mass ranges 100 < mH < 103 GeV and 147 < mH < 180 GeV
have been excluded at 95 % CL. There has been an excess of data events with re-
spect to the background estimation in the mass range 115 < mH < 140 GeV. At
mH = 120 GeV, the p-value for a background fluctuation to produce this excess



20 CHAPTER 1. THEORY ELEMENTS

1

10

100 110 120 130 140 150 160 170 180 190 200

1

10

mH (GeV/c2)

95
%

 C
L 

Li
m

it/
S

M

Tevatron Run II Preliminary, L ≤ 10.0 fb-1

Observed

Expected w/o Higgs

±1 s.d. Expected

±2 s.d. Expected

Tevatron Exclusion

T
ev

at
ro

n 
E

xc
lu

si
on

SM=1

June 2012

Figure 1.4: Observed and expected 95 % CL upper limits on the ratio of the Standard
Model cross section as a function of the Higgs boson mass for the combined Tevatron
analyses. The bands correspond to the 68 % and 95 % probability bands.

has been ∼ 1.5 × 10−3, corresponding to a local significance of 3.0 standard devia-
tions. The global significance for such an excess anywhere in the full mass range is
approximately 2.5 standard deviations.

1.2.2 Indirect searches

Since the Higgs boson contributes to the radiative corrections in the electroweak sec-
tor, precision measurements of the electroweak observables are used to put indirect
limits on the Higgs mass. The Standard Model predictions are calculated by Gfit-

ter [10] based on a χ2 minimization technique using the most recent experimental
measurements as well as the latest theoretical predictions of electroweak observables
and leaving free other parameters such as the MZ and MH .

In Figure 1.5 the ∆χ2 = χ2 − χ2
min is presented as a function of the MH for the

standard fit not including direct Higgs searches [11]. The fit yields

MH = 96+31
−24 GeV (1.61)

In Figure 1.6, the complete fit results are shown including results from Higgs direct
searches in LEP, Tevatron and LHC. For the Higgs mass

MH = 120+12
−5 GeV (1.62)

In Figure 1.7, the compatibility between the complete fit results and the elec-
troweak measurements is presented, where good agreement is observed.
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Figure 1.5: ∆χ2 as a function of MH for the standard fit, not including direct Higgs
searches. The solid line gives the results when including theoretical errors while
the dashed line gives the results ignoring the theoretical errors. The vertical bands
correspond to excluded regions.
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Figure 1.7: Pull values of the results of the complete fit, including direct Higgs
searches, to the direct electroweak measurements are presented.



1.3. HIGGS BOSON PHENOMENOLOGY AT THE LHC 23

g

g

t, b

H

(a)

q

q

V

V

q

q

H

(b)

q

q V
V

H

(c)

g

g

Q̄

Q

Q̄

Q

H

(d)

Figure 1.8: Main production mechanisms of the Standard Model Higgs at LHC: (a)
gluon-gluon fusion, (b) vector boson fusion, (c) associated production with W/Z
and (d) associated production with heavy quarks.

1.3 Higgs boson phenomenology at the LHC

The Higgs boson consists the Holy Grail of Particle Physics. After Tevatron, the
LHC has joined this search in 2010. Due to the design performance of the collider
and the detectors, a definite answer on the existence or not of the Higgs boson has
been expected by the LHC.

1.3.1 Higgs production

At the LHC, the Higgs boson can be produced in the following ways:� gluon fusion: gg → H� vector boson fusion (VBF): qq̄ → qq̄H� associated production with vector bosons: qq̄ →WH or qq̄ → ZH� associated production with heavy quarks: qq̄ → QQ̄H or gg → QQ̄H

some whose Feynman diagrams are presented in Figure 1.8.

In Figures 1.9 the inclusive Higgs production cross sections expected at the
LHC are presented for the different production modes for

√
s = 7TeV [12] and√

s = 8TeV [13]. The gluon-gluon fusion is the dominant production mode. It
receives large contributions from higher order QCD corrections [14] and it is know
at NNLO with 10 % uncertainty [15, 16]. The vector boson fusion is the next more
important production mode. According to it, Higgs is produced in association with
two quarks which will lead to two high energetic jets in the forward region. Higher
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Figure 1.9: The Higgs production cross sections are presented for (a)
√
s = 7TeV

and (b)
√
s = 8TeV at the LHC as a function of the Higgs mass values.

order effects do not have a big contribution and the cross section is known at NLO
with less than 10 % uncertainty. The associated production with vector bosons is
known at NNLO in the QCD expansion and at NLO in the electroweak expansion
with a uncertainty less than 5%. The associated production with top quarks has
very low cross section in the low masses that restricts the interest in this mode.

1.3.2 Higgs decays

The Higgs decays in different modes and the branching ratio of each depends on
the Higgs mass. The branching ratios are known at NNLO [13, 17, 18], including
both QCD and electroweak corrections and they are presented in Figure 1.10 as a
function of the Higgs mass. One could divide the decay mode into two groups: the
decays to fermions and the decays to bosons.

Concerning the Higgs decays to fermions, in the low mass region, mH ≤ 130GeV,
the H → bb̄ is the dominant mode. Nevertheless, due to the huge background from
jet production in QCD processes, this decay channel is not easily accessible. Another
important channel in the low mass region is the decay to a τ pair, qqH → τ+τ−.
The taus can subsequently decay into pairs of leptons, hadrons or mixed (one lepton
and one hadron). This process results to two relatively forward jets containing
little hadronic activity. The basic sources of background for this decay channel are
the Z+jets and the tt̄ production but W+jets and single top production can also
contribute.

Higgs can also decay into pairs of vector bosons. The H → ZZ(∗)/γ(∗) → 4ℓ,
where ℓ = µ, e, is also known as the “golden” channel due to the clean final state
signature, the capability to fully reconstruct the Higgs mass and the coverage of a
large mass range, from 120 GeV to 600 GeV. For mH < 180GeV one of the Z bosons
is “off-shell” which results to leptons of lower transverse momentum which reduces
the sensitivity. A decrease in sensitivity is also noticed for mH ≈ 2MW , where the
channel to two W bosons opens. The most dominant background is the ZZ(∗) → 4ℓ
while in the low masses where the leptons are softer, there are contributions from
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Figure 1.10: The decay branching ratios and their uncertainties are presented for
the Standard Model Higgs boson.

Zqq̄ → 4ℓ and tt̄→ 4ℓ.

The decay with the largest branching ratio is theH → WW (∗) which is dominant
in the mass range 2MW < mH < 2MZ and complements the H → ZZ(∗)/γ(∗) → 4ℓ
searches. The final states considered are ℓνℓν and lνqq̄. Due to the presence of high
missing energy (high pT neutrinos), only the transverse mass of the Higgs boson can
be reconstructed. The dominant background processes areWW (∗) and tt̄ production
with leptons and neutrinos in the final state.

Massless photons and gluons do not couple directly to the Higgs boson but
through loops involving massive charged and/or colored particles which couple to
the Higgs boson. In this sense H → γγ and H → γZ are mediated through the
W boson and charged fermion loops while H → gg only through quark loops. The
H → gg cannot be observed in a hadron collider due to the huge QCD background
while the H → γZ(→ e+e−/µ+µ−) channel is a demanding search channel since it
needs separation from the huge Z+jets background.

The H → γγ is a promising channel for the mass range from the LEP exclusion
limit up to mH ≈ 140GeV despite its low branching ratio. It has a very distinctive
signature due to the two high energetic photons forming a narrow invariant mass
peak. The main background is the direct photon production resulting to a smooth
falling curve in the diphoton mass spectrum. However, the background can be esti-
mated by a sideband fit with respect to the signal peak. Background contributions
come also from dijet production and γj where at least one jet is misidentified as a
photon.

Concerning the width of the Standard Model Higgs, Higgs is a very narrow
resonance with Γ(H) ≤ 10MeV for low masses. For higher masses, the width rapidly
increases and reaches ∼ 1GeV at the ZZ threshold. For even larger masses, the
width is of the same order of magnitude as the Higgs mass. The behavior of the
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decay width of the Higgs boson as a function of its mass is shown in Figure 1.11 [12].



Chapter 2

The ATLAS experiment at the

LHC

The Large Hadron Collider (LHC) is an unprecedented technological achievement
for the fields of High Energy and Accelerator physics. The ATLAS detector, built in
one of the experimental caverns of the LHC, has been designed to provide physicists
with the essential data to exploit the full physics potential of the accelerator.

Figure 2.1: The full acceleration complex for the LHC proton-proton collisions along
with the four main experiments (ALICE, ATLAS, CMS and LHCb).

27
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2.1 The LHC complex

The LHC [19] is a two-ring superconducting hadron accelerator and collider installed
in the existing Large Electron-Positron (LEP) accelerator tunnel. The LEP tunnel
was built in the 1980’s at the European Organization for Nuclear Research (CERN
- Conseil Européen pour la Recherche Nucléaire) in the Franco-Swiss area near
Geneva. It has a circumference of 26.7 km, consists of eight straight sections and
eight arcs and lies between 45m and 170m below the surface, on an inclined plane
of 1.4 % slope.

Figure 2.2: Diagram showing the cross-section of an LHC dipole magnet with its
components including the coils and the vacuum vessel.

One of the main purposes of the LHC is to accelerate protons and heavy ions.
Since it is a particle-particle accelerator, in contrast to the particle-antiparticle LEP,
two separate beam lines are used for the counter-rotating beams. Due to space
restrictions, a “two-in-one” superconducting magnet design [20,21] has been applied
as shown in Figure 2.2. The machine consists of 9593 magnets; 1232 dipole magnets
responsible for bending the beams, 392 quadrupole magnets for beam focusing and
higher multipole magnets aiming for beam correction. The acceleration of the beams
is taken care of by 400 MHz Radio-Frequency (RF) cavities. The magnets have
Niobium-Titanium (Nb-Ti) coils giving fields up to 8.33T with a current of nearly
12 kA. The magnet and the beam lines are housed in the same cryostat and the
system is cooled down to 1.9K using super-fluid Helium (He).

The acceleration process starts at a very earlier stage. Protons remaining after
stripping the electrons from Hydrogen atoms are firstly accelerated in LINAC2. The
50MeV protons enter the Proton Synchrotron Booster where they form bunches and
reach 1.4GeV. The bunched protons are accelerated up to 26GeV in the Proton
Synchrotron (PS) and then up to 450GeV in the Super Proton Synchrotron (SPS).
The protons are then injected into the LHC and accelerated up to 7 or 8TeV. The
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full acceleration complex is shown in Figure 2.1.

The second purpose of the LHC is to provide collisions to the four experimental
caverns, built at different points of the tunnel. Four detectors have been built in
these caverns. ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact Muon
Solenoid) are general purpose detectors with broad physics programs. Studies of the
Standard Model and searches for evidence of New Physics are amongst their aims.
ALICE (A Large Ion Collider Experiment) is dedicated to heavy ion physics and
studies on the quark-gluon plasma and LHCb focuses on b-quark physics and CP
violation measurements.
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Figure 2.4: The luminosity-weighted distribution of the mean number of interactions
per crossing is shown for the 2011 and 2012 data. This shows the full 2011 run and
2012 data taken between April 4th and June 18th.

The LHC has been designed to accelerate proton beams to a center-of-mass
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Figure 2.5: The ATLAS detector is one the two general purpose detectors at the
LHC. It consists of three subdetector systems: the Inner Detector, the Calorimeters
and the Muon Spectrometer.

energy
√
s = 14TeV and lead (Pb) ion beams to

√
s = 2.8TeV. It should reach a

luminosity of 1034 cm−2s−1 and 1027 cm−2s−1 respectively [22]. During 2011 the LHC
has delivered 5.6 fb−1 of proton-proton collisions at

√
s = 7TeV and ATLAS has

recorded 5.2 fb−1 reaching a peak instantaneous luminosity of 3.65 × 1033 cm−2s−1.
In 2012 the energy has been increased

√
s = 8TeV and from April to June the LHC

had delivered 6.6 fb−1 and ATLAS has recorded 6.3 fb−1. A peak luminosity record
of 6.8× 1033 cm

−2s−1 has been reached during this period of 2012. In Figure 2.3 the
cumulative luminosity is shown for 2010, 2011 and for 2012 until the end of June. In
Figure 2.4 the distribution of the average number of interactions per bunch crossing
is presented for 2011 and the above mentioned 2012 fraction of data taking.

2.2 The ATLAS detector

The ATLAS detector is 44m in length and 25m in height and it weights 7000
tons [23]. It is approximately forward-backward symmetric with respect to the
Interaction Point (IP). It is divided in the barrel region, where the modules form
cylindrical layers and two end-cap regions, where the detectors form disks to increase
the detector coverage. ATLAS is mainly composed of six subsystems: the Inner
Detector, the calorimeters, the Muon Spectrometer, the magnet system, the trigger
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and the data acquisition system.

2.2.1 Physics program

The ATLAS experiment has been designed to exploit the full physics potential of
the LHC. The high luminosity and the large center-of-mass energy of the proton-
proton collisions enable high precision tests on the Standard Model as well as tests
on various theoretical models.

One of the main tests on the Standard Model comes through studies on the
electroweak bosons, W and Z, and their properties. The top quark is produced
at sufficient rate which enables precise measurements on the top quark mass and
its couplings. It is the heaviest known particle and plays an important role in
constraining new physics phenomena. b-quark physics are also feasible where B-
mesons properties and their decays, including some rare processes, can be studied
as well as CP violation.

One of the main aims of the LHC physics program is to discover or exclude the
Standard Model Higgs boson, which has also been a benchmark for the performance
of the ATLAS detector. The Higgs mass is an unknown parameter of the Standard
Model. For low Higgs masses the decay to two heavy quarks, two tau leptons or
two photons are dominant. As explained in Section 1.3.2 the decays to ZZ(∗) and
WW (∗) also start to become significant and for higher masses the decay to two real
Z bosons is dominating, being the most clean channel.

A wide variety of phenomena and models beyond the Standard Model can be
tested at the LHC. These include Supersymmetry, which is one of the theoretically
favored candidates for physics beyond the Standard Model postulating the invariance
of the theory under the symmetry which transforms fermions into bosons and vice
versa, new heavy gauge bosons, W ′ and Z ′ with masses up to 6TeV decaying to
high pT leptons and leptoquarks which are colored bosons carrying both lepton and
quark quantum numbers [24].

Such physics program imposes stringent requirements in the design of the de-
tector. Due to the experimental conditions, radiation hardness is required for the
detector systems and their electronics. High granularity and quick response is also
demanded to handle the particle fluxes. Good momentum resolution and recon-
struction efficiency is important as well as large acceptance in pseudorapidity with
almost full azimuthal coverage in the whole detector. Finally, highly efficient trig-
gering on low transverse-momentum objects with sufficient background rejection,
is a prerequisite to achieve an acceptable trigger rate for most physics processes of
interest.

2.2.2 Coordinate system

ATLAS uses a right-handed coordinate system. The nominal Interaction Point (IP)
is defined as the origin of the coordinate system, while the counter-clockwise beam
direction defines the z-axis and the x-y plane is transverse to the beam direction.
The positive x-axis is pointing to the center of the LHC ring and the positive y-axis
upwards. The side-A of the detector is defined as that with positive z and side-C
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Figure 2.6: The ATLAS Inner Detector is a tracker consisting of three subdetec-
tors: the Pixel Detector, the SemiConductor Tracker and the Transition Radiation
Tracker.

is that with negative z. The pseudorapidity is defined as η = − ln(tan(θ/2)). The
transverse momentum pT and the transverse energy ET are defined in the x-y plane.
The distance ∆R in the pseudorapidity-azimuthal angle space is defined as

∆R =
√

∆η2 + ∆φ2 (2.1)

2.2.3 Inner Detector

The ATLAS Inner Detector (ID) is designed to provide hermetic and robust pattern
recognition, excellent momentum resolution and both primary and secondary ver-
tex measurements for charged tracks within the pseudorapidity range of |η| < 2.5.
The ID consists of three independent but complementary subdetectors: the Pixel
Detector, the SemiConductor Tracker (SCT) and the Transition Radiation Tracker
(TRT), pointed out in Figure 2.6. The Pixel Detector and the SCT are arranged in
concentric cylinders around the beam axis, in the barrel, and on disks perpendicular
to the beam axis, in the endcaps.

Pixel Detector

The highest granularity is achieved around the vertex region using silicon pixel
detectors. It consists of three barrel layers and two three-layer endcaps. The pixel
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Figure 2.7: The material distribution is presented in radiation lengths at the exit of
the ID envelope as a function of η and averaged over φ.

sensors have a minimum pixel size in r-φ×z of 50×400 µm2. The intrinsic resolution
in the barrel is 10 µm in the plane transverse to the beam line and 115 µm in the
longitudinal coordinate. Since this subdetector is the closest to the beam (down
to 5.05 cm from the Interaction Point in the radial direction), there are stricter
requirements on the radiation hardness, occupancy and precision. The pixel detector
is operated at between -5◦ C and -10◦ C to reduce the damage caused by radiation.

SemiConductor Tracker

The middle subdetector system is a silicon strip detector which provides high-quality
tracking at lower cost than silicon pixels. It should satisfy though similar radiation
hardness and precision requirements since its innermost barrel layer is placed at
299mm away from the Interaction Point in the radial direction. It consists of four
double sided barrel layers and two nine-layer endcaps. The strip sensors have a
width that varies between 56.9 µm and 94.2 µm.The resolution is expected to be
17 µm in the r-φ plane and 580 µm in the z direction. The SCT operates at the same
conditions as the pixels, so they share the same thermal enclosure.

Transition Radiation Tracker

The TRT is the outermost part of the Inner Detector. It uses thin drift tubes to pro-
vide, on average, 36 additional measurements per track up to |η| = 2.0 that improves
the pattern recognition of the tracking algorithms and consequently the precision of
the momentum measurement. It also provides pion-electron discrimination based on
transition radiation foils and fibers. It consists of 73 layers of tubes placed parallel
to the beam direction in the barrel and 160 layers placed radially in each of the
endcaps. Therefore, the TRT provides limited information on the pseudorapidity
of the tracks. The two-dimensional design resolution is 130 µm. The TRT can be
operated at room temperature.
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In Figure 2.7 the material distribution in radiation lengths at the exit of the ID
envelope is shown as a function of pseudorapidity. The contribution of the beampipe,
the services and the subdetectors is indicated.

Figure 2.8: The calorimeter system measures the energy and the position of particles
by sampling the energy deposit in them. It comprises the Electromagnetic and the
Hadronic Calorimeters.

2.2.4 Calorimeters

The calorimeters, depicted in Figure 2.8, measure the energy and position of the par-
ticles by sampling the energy deposit in them. They are designed to identify photons,
electrons and jets with energies from 10GeV to 1TeV as well as for the determi-
nation of the missing energy. For the latter, an hermetic coverage is required. The
calorimetric system consists of an electromagnetic calorimeter dedicated to electron
and photon detection and their energy measurement, and a hadronic calorimeter
assigned to detect and measure hadrons.

Electromagnetic Calorimeter

The Electromagnetic (EM) Calorimeter makes use of the interaction of electrons
and photons with matter to provide excellent performance in terms of energy and
position resolution. The most important energy loss mechanism for electrons at high
energies is the bremsstrahlung effect which results to the emission of a photon, while
high-energy photons produce electron pairs via pair production. Both cases lead to a
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cascade of electrons and photons detected by the lead–liquid argon (Pb–Ar) detectors
with accordion shaped absorbers and electrodes. This calorimeter consists of three
layers in the barrel and two in the endcaps (EMEC) up to |η| = 3.2. The total
thickness is more than 22X0 and 26X0 in the barrel and the endcaps, respectively.
The resolution of the EM calorimeter is expected to be σ(E)/E=10 %/

√
E⊕0.7 %

and the angular one σθ = 55mrad/
√

E (GeV ). The barrel EM calorimeter is housed
in the same cryostat as the solenoid magnet, to be described in Section 2.2.6, while
the two endcap calorimeters are housed in their own. The first module of the Forward
calorimeter is an electromagnetic one, too, starting from |η| = 3.1. It is made of
copper plates with embedded copper rods and tubes through them with LAr between
the rods and the tubes with a total thickness of more about 27 X0.

Hadronic Calorimeter

The purpose of the Hadronic Calorimeter is the identification, reconstruction and
energy measurement of particle jets and the measurement of the missing transverse
energy in an event. As presented in Figure 2.8, it consists of the Tile calorimeter
placed outside the barrel EM calorimeter (|η| < 1.7), the Liquid Argon Hadronic
Endcap Calorimeter (LArHEC) placed behind the EMEC (1.5 < |η| < 3.2) and
the two modules of the Forward Calorimeter (FCal) dedicated to detection and
measurement of forward jets with 3.1 < |η| < 4.9. The Tile calorimeter is a sampling
calorimeter with alternate layers of steel (absorber) and plastic scintillator tiles
(active material). The LArHEC uses copper (Cu) plates as the absorber and liquid
argon (Ar) as the active material, while the FCal modules use tungsten (W) as
absorbers. The total thickness of the hadronic calorimeter is approximately 9.7
interaction lengths in the barrel at |η| = 0 and 10 in the FCal. The resolution in the
barrel is expected to be σ(E)/E = 50%/

√
E⊕3% and σ(E)/E = 100%/

√
E⊕10 %

in the endcap. The endcap hadronic calorimeter parts are housed with the EMEC
in the same cryostat.

2.2.5 Muon Spectrometer

The aim of the Muon Spectrometer (MS) [25] is to identify, measure and trigger
muons. The MS is even designed to provide standalone measurement of muons
independently to the measurements of the Inner Detector. As shown in Figure 2.9, it
consists of two subdetectors for precision measurements, the Monitored Drift Tubes
(MDT) and the Cathode Strip Chambers (CSC), and two triggering technologies,
the Resistive Plate Chambers (RPC) and the Thin Gap Chambers (TGC).

Monitored Drift Tubes

The MDT system covers both the barrel and the endcap regions. Each chamber
comprises layers made of aluminium tubes of 30mm diameter filled with Ar–CO2

(93–7 %) gas at a pressure of 3 bar. A 50 µm diameter tungsten–rhenium (W–Re)
wire is used as an anode, positioned at the center of the tube. The wire is kept at
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Figure 2.9: The Muon Spectrometer intends to identify, measure and trigger muons.
It contains four detector technologies: the Monitored Drift Tubes, the Cathode Strip
Chambers, the Resistive Plate Chambers and the Thin Gap Chambers.

3080V creating avalanches from the ionization electrons. The overall precision on
the plane transverse to the tube wire is of the order of 40 µm.

In the MDT chambers, multiple rows of drift tubes are used in different con-
figurations depending on the position requirements. There are two multilayers in
each chamber1, each consisting of either three or four rows of tubes2. Each row may
comprise 30–72 tubes while the length of the tubes can variate from 0.7m to 6.3m
depending on the position in the MS.

The layers are separated by a mechanical spacer and mounted on an aluminum
support frame as shown in Figure 2.10 in order to maintain the inherent resolution
of the drift tubes. Since deformations are still expected, an internal chamber optical
alignment system, RASNIK [26], has been implemented. The relative position of
the chambers in the consecutive layers are also monitored by a projective alignment
system while the chambers within a layer are referenced to each other by chamber-
to-chamber alignment sensors.

There are 1150 MDT chambers, 592 of which are located in the barrel and 558
at the endcap regions. The chambers form three layers3: Inner, Middle and Outer

1Except for all ‘BIS8’ and ‘BEE’ chambers that contain only one.
2It had been decided to use four rows of tubes in each multilayer for the innermost chambers

and three rows for the rest of the chambers.
3In the Endcaps a fourth layer (EE) is unofficially used in the Power Supplies Detector Control
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Figure 2.10: The MDT chambers form two layers (multilayers) of two or three rows
of tubes, glued on a support frame and monitored from the internal alignment point
of view through an optical system.

according to their distance from the IP. In the barrel they form layers of co-axial
cylindrical shells whereas in the endcap regions, consecutive concentric disks: the
Small Wheel (Inner), the Big Wheel (Middle) and the Outer Wheel. The MDT
chambers cover4 up to |η| = 2.7.

Every layer is divided in a number of stations. For the barrel, the stations
indicate the position of the chambers with respect to the IP in the direction parallel
to the beam axis, being numbered from 0 to 8, while for the endcap regions, the
stations indicate the position of the chamber with respect to the radial coordinate,
being numbered from 1 to 6. According to the azimuthal coordinate, the chambers
form 16 sectors of which the odd sectors contain the “Large” chambers and the even
sectors the “Small” ones which have indeed a difference in size for better azimuthal
coverage.

All the above information is summarized in the name of the chamber, e.g.
EIL2A01 is an endcap-region (“E”) large (“L”) chamber in the inner layer (“I”),
in station 2 (“2”) in side A (“A”) and sector 1 (“01”).

Cathode Strip Chambers

In the very forward region where the flux of the muons is higher, the MDT have
been replaced by CSC which combine high spatial, time and double-track resolution

System for better granularity.
4The Inner layer chambers in the endcap regions cover up to |η| = 2.0
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with high rate capability. They are multi-wire proportional chambers filled with Ar–
CO2 (80–20 %) gas mixture with a cathode strip readout orthogonal to the anode
wires. The wires are kept at 1800V. The spatial resolution is 60 µm for the strips
coordinate and 5mm for the wire coordinate. They are composed of four layers in
each endcap region covering 2.0 < |η| < 2.7.

Resistive Plate Chambers

The precision chambers have long charge-collection time, of the order of 700 ns,
and therefore cannot be used for triggering. In the barrel region RPC are used
instead, which provide a fast momentum estimation for the hardware-based trigger
and necessary timing information for the MDT chambers. These chambers are
composed of two parallel resistive plates forming a gap filled with C2H2F4–Iso-
C4H10–SF6 (94.7–5–0.3 %) gas mixture. The plates are covered with readout strips
at their back which are orthogonal to each other so that an η − φ measurement
is possible. The electric field between the plates is of about 9800V. They have a
spatial resolution of 1 cm and timing resolution of 2 ns. There are three layers of
RPC covering up to |η| = 1.05.

Thin Gap Chambers

For the muon trigger for 1.05 < |η| < 2.4 the TGC have been used. Apart from the
triggering, their second functionality is the determination of the second, azimuthal,
coordinate to complement the measurement of the MDT chambers in the radial
direction. They are multi-wire proportional chambers with two cathode plates, filled
with a gas mixture of CO2 and n-C5H12, n-pentane, (55–45 %). A voltage of 2900V
is applied on the anode wires. Including the variation of the propagation time on
wires and strips, signals arrive with 99 % probability inside a time window of 25 ns.
There are four layers of TGC at each end-cap region.

2.2.6 Magnets

The ATLAS detector contains two types of superconducting magnet systems in order
to provide the bending power needed for the momentum measurement of the charged
particles: the solenoid magnet surrounding the Inner Detector and the toroid magnet
system embedded in the Muon Spectrometer.

The central superconducting solenoid, presented in Figure 2.11(a), is aligned
on the beam axis and is designed to provide a 2T axial magnetic field for the
momentum measurements of the Inner Detector, minimizing the radiative thickness
in front of the barrel EM calorimeter. The single-layer coil is wound with a high-
strength aluminium-stabilized niobium-titanium (NbTi) conductor inside a 12mm
thick support cylinder. The inner and outer diameters of the solenoid are 2.46m
and 2.56m and its axial length is 5.8m. It is housed in a cryostat which is shared
with the calorimeter to minimize the usage of material and operates at 4.5◦ K.

The air-core toroid magnet system provides the magnetic field for momentum
measurement in the Muon Spectrometer and has an average field strength of 0.5T.
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(a) (b)

Figure 2.11: The solenoid magnet (a) provides the magnetic field required for the
Inner Detector momentum measurements and the toroid magnet system, consisting
of coils in the barrel (b) and coils in both endcap regions, fulfills the requirements
for the Muon Spectrometer.

The magnetic field which is toroidal and perpendicular to the one of the solenoid, is
created by eight superconducting coils in the barrel, shown in Figure 2.11(b), and
by two toroids with eight coils each in the endcap regions. The magnet coils are not
placed in iron, which would increase the magnetic field strength, but are surrounded
by air to minimize multiple scattering effects. The coil winding technology is the
same as in the solenoid and is operating at a nominal current of 20.5 kA.

The magnetic field strength varies with pseudorapidity for the barrel toroid and
exhibits a maximum of 3.9T, while for the endcap toroids the peak value is 4.1T.
In Figure 2.12 the expected magnetic field integral is presented as a function of η.
In the transition region between the barrel and the endcap regions, where the field
integral is low, the momentum resolution is increasing.

2.2.7 Trigger and Data Acquisition

The Trigger and Data AcQuisition (collectively TDAQ) systems are the main com-
ponents for the data readout. The trigger system has three distinct levels: Level-1
(L1), Level-2 (L2), and the Event Filter (EF) as described in Figure 2.13. Each
trigger level refines the decisions made at the previous level and, where necessary,
applies additional selection criteria. The data acquisition system receives and buffers
the event data from the detector-specific readout electronics, at the L1 trigger accept
rate.

Since bunch crossings occur with a rate of 20MHz, a trigger system is required to
reduce the rate of candidate collisions without the loss of interesting physics events.
The first trigger level (L1), which is hardware based, uses information from the
calorimeters, with reduced granularity, and the muon trigger chambers to make a
decision in less than 2.5µs, reducing the rate to about 75 kHz. It also defines the
so-called Regions of Interest (RoI), information which is then passed on to Level-2.

Level-2 trigger is software-based and uses the full granularity of the RoI and
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Figure 2.12: The predicted field integral as a function of η inside the Muon Spec-
trometer is decreased in the transition region resulting to degraded momentum res-
olution.

Figure 2.13: The ATLAS three-level trigger has achieved a final rate of about 400 Hz
from the 40 MHz proton-proton collision rate.
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the Inner Detector to refine the trigger selection. It is designed to reduce the rate
down to approximately 3.5 kHz with an event processing time of an average of 40ms,
depending on the complexity of the event. If an event passes the L2 requirements,
all information of the event is then passed to the Event Filter.

The Event Filter is also software based and has access to the event information
in full granularity. It is designed to reduce the rate down to the final roughly 400Hz
with an event size of approximately 1.3Mbyte. The events passing the EF are then
recorded for further analysis.



42 CHAPTER 2. THE ATLAS EXPERIMENT AT THE LHC



Chapter 3

Detector Control System

Such compound detectors require a well designed framework for their control and
monitoring. At the end of December 1997 the Joint COntrol Project (JCOP) was
established with the aim to construct the framework to be used in all four experi-
ments of the LHC [27]. The task of the JCOP Framework is to select, develop and
the support the tools and the components to be used for the Control System of the
detectors. Consequently, it was decided to use the PVSS (Prozess Visualisierungs-
und Steuerungs-System) SCADA (Supervision Control And Data Acquisition) sys-
tem and the State Management Interface (SMI++) [28] for the Finite State Machine
(FSM) hierarchy.

3.1 The SCADA system - PVSS

PVSS is a software used to develop control systems. It is used to connect to hardware
or software devices, acquire their parameter values and use them for supervision. It
can also provide some other functions such as archiving of values and alarm handling.

3.1.1 PVSS tools

In order to fulfill the aim to monitor, configure and operate the devices, PVSS
provides the following tools:

Database The device data are stored in the PVSS internal database in a structure
consisting of ‘Datapoints’. The datapoints are grouped into various ‘Datapoint
Types’ which are similar to the ‘Classes’ in the Object Oriented terminology.
All information is stored in the so-called ‘Datapoint Elements’ which are the
parameters of the datapoints. All this structure is user-defined and can be as
complex as required. In order to enable specific configuration such as alarming
or archiving, every datapoint element can contain various ‘Configs’.

Graphical Editor The Graphical EDItor (GEDI) allows the user to build their
own User Interfaces, also known as ‘Panels’, in a “drag and drop” mode. GEDI
provides the developer various widgets such as buttons, tables, text fields and

43
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Figure 3.1: The hierarchy of the Power Supplies hardware for the MDT chambers.

“drop-down” lists which can be placed anywhere in the panel and configured
by scripting.

Control scripting The control scripting enables the developers to write code which
can be used standalone and run as a “background” process. The scripting
language is based on ‘C’ and PVSS provides a large library of functions to be
used.

Drivers In order to acquire the devices’ data, a connection must be established
between them and the project. This connection mechanism is accomplished
by the Drivers and depends on the type of the devices being used. For this
reason PVSS provides several Drivers with different communication protocols
such as OPC (Open Process Control) and DIM (Distributed Information Man-
agement).

Alert screen One of the basic features of PVSS is the Alert handling. The word
‘alert’ is the PVSS word for the alarm. The alarms are configured to the
datapoints or the elements through the corresponding config. The panel used
for the display of all active and triggered alarms is called the Alert Screen and
comprises one of the two main tools for the shifter. On the Alert screen there
is one line for each activated alarm providing information.
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3.2 Power Supplies Hardware and Datapoints

For the MDT chambers, one of the main systems to be monitored and controlled is
the Power Supplies (PS) system. As described in Section 2.2.5 every tube requires
a High Voltage (HV) supply of 3080 V and in addition, the chamber electronics
require a Low Voltage (LV) supply of approximately 5V. Therefore, both HV and
LV supply modules are being used (CAEN A3540P, A3025B and A3016B). These
boards are placed in crates (EASY 3000S) in racks located in the experimental
cavern. Each crate has 21 slots1 and can be filled with both HV and LV boards.
Each crate is connected with (up to five) others in a chain belonging to one ‘Branch
Controller’ board (A1676). All Branch Controllers are housed in and controlled
by the ‘Mainframe’ (SY1527) located outside and close to the experimental cavern.
This hardware hierarchy is depicted in Figure 3.1.

In the whole MDT system there are two Mainframes used, containing 14 Branch
Controllers, eight of which control the barrel hardware and six of them the endcap
regions, with a total of 68 crates, 339 boards (177 for the barrel and 162 for the
endcap regions) and 2820 used channels. 1485 channels correspond to the barrel
chambers and 1335 to the endcap regions.

The datapoints are the basic parts of a project in PVSS. The PS project uses
datapoints corresponding to the chambers, the hardware modules described above
and other necessary elements for the system operation [29].

3.2.1 Chamber datapoints

The datapoints corresponding to the chambers of the system contain information
like the connection mapping, meaning the three channels connected to the chamber:
the LV channel for the electronics and the HV ones for the two multilayers. There
are also some more information for every channel concerning trip handling and flags.

The flags provide information on whether a channel can be turned on due to
various errors, e.g. concerning the gas system of the chambers, the temperature
of the power supply modules or the electronics for the readout. There are also
elements concerning trips in the chambers datapoints. They involve the temporary
automatic increase in the trip limit when the voltage is ramping up, since more
current is drawn, and trip recovery. If the recovery process is activated, in the case
of tripping, the channel is automatically reset and ramped up again. This recovery
process is attempted a few times according to a predefined value.

3.2.2 Datapoints corresponding to PS hardware

As described above, there is a structure for the PS hardware which includes the
SY1527 mainframe, the Branch Controllers, the Easy Crates and the Easy Boards.
For all of the previously mentioned hardware units there is a corresponding data-
point. Each of them has elements referring to general information such as the model,
the serial number and the firmware release.

1Only 20 are available since the first one is used for the control of the crate.
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The datapoints that are mostly used in the PS projects are the ones corre-
sponding to the channels and the Easy Board modules. In the case of the boards,
information is provided about the status of the power and the clock synchronization
as well as about the temperature of the module which is a very important element
to monitor. On the channel datapoint the elements are grouped into:

‘settings’ They include all the elements that must be set by the user such as the
voltage of the channel (‘v0’), the trip limit (‘i0’) and the steps in which voltage
ramps up or down(‘rUp’-‘rDwn’).

‘readBackSettings’ They contain the values that the hardware “sees” as settings.

‘actual’ They correspond to the online values of the channels such as the voltage
(‘vMon’), the current (‘iMon’) and the ‘status’ . The status is a 16-bit word
containing all information about the state of the channel and boolean errors,
such as ‘Trip’ and ‘OverCurrent’.

3.2.3 Other datapoints

There are many more datapoints, most of which are internal such as the ones con-
cerning all nodes of the FSM tree, the groups in which communication between the
hardware and the software is accomplished and recipes which are used to configure
massively the whole system and are saved in a database.

3.3 Datapoint configuration

For each datapoint element, apart from the value there are various configurations
that can be stored (‘configs’). Some of them, used in the PS DCS are described in
the following paragraphs.

3.3.1 Periphery address

This configuration is used to connect to peripherals and thus establish communica-
tion between the hardware and the software. The OPC application has been used
to obtain all the information from the channels and the other hardware units. The
OPC server, the OPC group the element belongs to, the item, the driver’s number,
the direction of the communication and the activation status of the datapoint ele-
ment can be stored in this ‘config’. If the address is not active, information for the
specific element cannot be updated. The activation of the addresses as well as the
creation and handling of the OPC groups is managed by a corresponding Expert
panel.

3.3.2 Alert handling

Since one of the main aims of the PS project is to monitor the values of the power
supplies, it is essential to point out any case in which a value exceeds some predefined
limits. In this case an alert which is stored in the ‘ alert hdl’ configuration is raised
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in the alert screen, described in Section 3.4. The severity of the alarm (‘Warning’,
‘Error’, ‘Fatal’) as well as the ranges corresponding to each severity are set in this
part. Whether an alarm has to be acknowledged by an expert or not, is also defined
in this ‘config’. In the case of an acknowledgeable alarm this will appear in the alert
screen until it is acknowledged, even after it is no longer in an erroneous state. In
the case of multiple activated alarms of the same type, the list in the alert screen
can be narrowed down to one using ‘summary alerts’. All the alarms are configured
through the corresponding Expert panel, described in Section 3.6.

3.3.3 Archive settings

There is the need to archive values of the datapoint and alerts for more efficient
monitoring of the system. This can be done using either the RAIMA DB or Oracle
archiving. In both cases, in order to archive the values, an ‘ archive’ ‘config’ is
essential in which it is defined where the value will be archived, if the archiving will
be smoothed and the parameters of the smoothing. Smoothing is a process through
which the amount of data stored is reduced. The users of the system can manage the
configuration of the archiving for all elements and activate or deactivate it through
a panel, as will be shown in Section 3.6.

3.4 Alert screen

Provided that an element has an alert configuration which is activated, if the “OK”
range limits are exceeded a new entry is created in the ‘Alert Screen’. As shown in
Figure 3.2, the following properties for every alarm are listed by default in the alert
screen : the alarm class (severity of the alarm), the direction (‘CAME’, ‘WENT’),
the description of the alarm, the alarm text of the error range, the online value, the
acknowledgment situation, the time when the alarm appeared at the alert screen
and the comment of the alarm.

In the ‘Filter settings’ frame at the bottom of the window the systems whose
alarms are to be monitored can be defined while filters can be placed also concerning
the severity of the alarms as well as their description, alert text, datapoint element
name and their acknowledgment situation. There is also the option to mask any
alarms that are understood and are not wanted to appear in the alert screen anymore
(‘Masked Alerts’).

By right-clicking on an alarm in the alert screen you get other options such as
the possibility to insert an entry in the electronic logbook of the experiment where
all subdetectors’ abnormal situations are recorded. Another option is to acquire a
trend plot of the datapoint element’s values with respect to time, provided that there
is archiving for this element. There is also the option to insert a comment, view the
details of the alarm which in the case of a summary alert lists the individual alarms
behind the summary one, view the description of the alarm and the alarm ranges
defined by the Experts.
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Figure 3.2: The Alert Screen contains all the errors of the system along with many
information to track them down and how to react to them. It is one of the main
shifter tools.
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3.5 Finite State Machine - SMI++

Since PVSS offers neither an abstract behavior monitoring nor automation and
error recovery, a Finite State Machine (FSM) is required. In this case the JCOP
Framework has decided to use SMI++ (State Management Interface) which has been
developed for the Delphi experiment. The SMI provides the tool to build an FSM
and an Expert System which is vital for controlling and recovering in complicated
systems.

3.5.1 FSM hierarchy

The FSM is based on a strict hierarchical structure with parent-children relations. In
this tree-like structure commands propagate from the parents down to the children
whereas the states propagate from the children up to the parent on a “most-severe”
priority. In this way, when an action is required on all children it is sufficient to
give the command to the very top node and correspondingly, the state of the top
node summarizes the state of all children nodes of any generation. All nodes can
be found in predefined states and can take predefined commands as defined in their
FSM type. The nodes can be of one of the following types:

Device Unit (DU) The nodes of this type usually correspond to a device instance
and are used to interface to this device. Commands coming from their parents
are translated to values’ settings of the devices’ parameters and accordingly,
the parameters’ values define the nodes’ state which propagates to the highest
nodes. A Device Unit node cannot contain any children.

Logical Unit (LU) The Logical Unit nodes cannot interface devices but can con-
tain Device Units as children and control them.

Control Unit (CU) An FSM tree should contain at least one such node. This
node can have children of all three types but its parent, if any, can only be a
Control Unit, too. Control Units have absolute control over the subtree below
in the sense that it can be detached from the rest of the system and function
independently as long as the top node is a Control Unit.

3.5.2 FSM User Interface

Panels created using the Graphical Editor with particular specifications comprise
the FSM User Interface which together with the alert screen compose the shifter’s
tools for the monitoring and the control of the detector. Such a panel is presented
in Figure 3.3. At the left top of the panel the navigation, the Log-in and the FSM
module are located. At the bottom left space the ‘Secondary’ module is placed and
on the center-right part of the panel the ‘Main’ module dominates except for the
top part where a table with the system error messages can be found.

Navigation and Log-in modules In this part there are several buttons to navi-
gate “Back” and “Forth” in the FSM. There is also the Log-in module for the
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Figure 3.3: The FSM panels are one of the main shifter tools in order to control and
monitor the detectors. There are panels for every node of the FSM tree providing
the necessary information.
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shifter to sign in. All the panels in the FSM are protected and contain the
so-called Access Control which enables usage of the FSM panel features for
users that have logged in successfully.

FSM module The FSM module (black box) shows the current node in the hier-
archy that the FSM panel belongs to. The parents up to the top node of the
whole tree are provided above it and below it, all its children. Next to the
current node and its children three kinds of information are shown:

State The first box shows the ‘state’ which defines the operational mode of the
node and has the corresponding color. When clicking on a ‘state’ button,
a menu with all the available actions on the corresponding node opens.

Status The second box refers to the ‘status’ which shows how well the node is
working in the current state.

Control The last button next to the nodes is the Control Button. It provides
information on if a node is enabled in the system and if it can be controlled
by the specific panel.

Main module Every FSM node has an FSM panel where information is provided
concerning either parameters of the node itself or information on the children.

Secondary module Similar to the Main panel, there is a Secondary panel for each
node of the FSM tree which is located in the bottom left part of the panel.
It provides additional information of the current node or its children or a
summary of the information shown on the node’s Main module.

3.6 Expert panels

In order to make it easy for the the people who maintain the system to control and
configure it, various Expert panels have been created. These panels can manipulate
the values of the datapoint elements, add, configure and remove ‘config’s, configure
the structure and the actions/commands in the FSM or even get read-write access
to a database (DB). In the following paragraphs only three examples of the Expert
panels used in the PS project are described.

3.6.1 Alarm handling panel

The Expert panel in Figure 3.4 is used to configure, activate, deactivate or delete
all the alarms of the system. Firstly, the part of the system is chosen (barrel and/or
endcap regions) and then different elements can be selected. The channel alarms
can either be selected by chamber or by channel. In order not to flood the alert
screen with individual alarms, there is also the possibility to create summary alerts
for various elements of the system. Apart from the alarms set on the channels,
the boards, the branch controllers and the mainframes corresponding to erroneous
status, temperature, synchronization and power supply, there are also alarms for the
hardware communication and the database connection (OPC, RDB).
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Figure 3.4: The alarm handling Expert panel is used for the configuration, activation
and deactivation of all the alarms of the system.
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Figure 3.5: The Expert can configure the archiving of elements of the system using
the archiving handling panel.
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Figure 3.6: The FSM handling Expert panel builds and configures the whole FSM
structure of the system.

3.6.2 Archive handling panel

The panel in Figure 3.5 is used to record several values of the system using the
archive ‘config’. The first step is to configure the archiving and then activate it.
This expert panel is also divided in the configuration for the channels/chambers,
the boards and the branch controllers. There are options as to which elements to
archive in each case as well as fields for the desired smoothing. Smoothing can be
value and/or time dependent. The value dependent smoothing archives an element
value as soon as its value changes by a predefined value while the time dependent
one archives it as soon as a predefined time is elapsed.

3.6.3 FSM handling panel

The FSM, as described in Section 3.5, is one of the main components of the DCS
and one of its crucial elements is the FSM tree. In the FSM tree the hierarchy of the
logical components of the system is set and as a consequence the way the commands
and the states propagate is defined. The panel in Figure 3.6 is dedicated to the
configuration of the FSM tree. This involves building the FSM tree for the whole
system, setting the labels of every node, specifying the Main and Secondary panel
corresponding to each node and setting aliases to its nodes.

3.7 Script libraries

The code needed for any part of the project refers repeatedly to the basic components
that the system is made of. In order to avoid repeating code, functions have been
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Figure 3.7: The partition FSM panel corresponding to the barrel region, side-A.

developed located in global libraries. There are various library functions used in the
PS project categorized according to what they serve for: datapoint handling, alarm
setting, communication and FSM configuration.

3.8 The FSM tree for the Power Supplies system

As already mentioned in Chapter 3.5, the FSM is an essential part of the Detector
Control System, defining the hierarchy of the system through the FSM tree. At the
top of the tree there are the four partition CUs, side-A and side-C for the barrel
and the endcap regions. Below them, there are the three layer CUs per partition,
containing 16 sector LUs each. The children of the sector nodes are the chamber
LU nodes and at the bottom of the tree there are the DUs corresponding to the
channels. Each node type belongs to an FSM type which is defined with respect to
which states it can be found at and what actions can be applied on it.

The channel nodes can be found in various states: ‘ON’, ‘OFF’, ‘RAMP UP’
and ‘RAMP DOWN’ (only for the HV channels), ‘STANDBY’ (only for the HV
channels, too), ‘UNPLUGGED’ and ‘UNKNOWN’. The ‘STANDBY’ state corre-
sponds to a lower set voltage than the nominal one, used for the chambers’ protec-
tion until “stable beams” are declared. The ‘UNKNOWN’ state is set in the case
of communication problems. The actions to be applied on the channel nodes are:
‘SWITCH ON’, ‘SWITCH OFF’, ‘RESET TRIP’ and ‘REFRESH’.

Accordingly, the chamber nodes can be found in the following states: ‘ON’ when



56 CHAPTER 3. DETECTOR CONTROL SYSTEM

Figure 3.8: The FSM panel for the Inner layer of the barrel side-A.

all channels are on, ‘OFF’ when all channels are off, ‘ON50’ when the LV and only
one of the two HV channels are on, ‘STANDBY’ when only the LV channel is on,
‘NO LV’ when any HV channel is on while the LV one is off, ‘RAMPING’ when any
HV channel is either ramping up or down and ‘UNKNOWN’ when there are com-
munication problems. The actions configured for this type are actions concerning the
channels: ‘SWITCH HV ON’, ‘SWITCH HV OFF’, ‘SWITCH ONLY ML1 ON’,
‘SWITCH ONLY ML2 ON’, ‘SWITCH LV ON’, ‘SWITCH LV OFF’, ‘REFRESH’
and ‘RESET TRIP’.

Similar actions to the above can be applied on the higher nodes in the tree and
propagate down to the chamber nodes while the states of the channels are reflected
in the states of the chamber, sector, layer and partition nodes accordingly.

3.9 FSM panels for the Power Supplies system

By means of the FSM panels the system is overall monitored and controlled pro-
viding various information through the Main and the Secondary panels described in
Section 3.5.2. In Figure 3.7 the Main panel for the side-A barrel partition is shown
as well as the Secondary one on the bottom left part. The Main panel contains all
chambers as viewed in the transverse plane. As in all PS FSM panels the colors of
the chambers show their state and status, explained in Section 3.5.2, and are defined
at the bottom part of the panel. The state of the chambers is given by the color of
the rectangles whereas the color of the circle in the middle of the chambers indicates
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Figure 3.9: The sector FSM panel corresponding to sector 10 of the Outer layer of
the endcap region side-A.

Figure 3.10: The chamber FSM panel contains information on the three channels.
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Figure 3.11: The FSM panel corresponding to a HV channel.

the status.
The panel in Figure 3.8 corresponds to the Inner layer node. The state and status

of the chambers in this layer are available again and at the bottom of the panel, there
is a table to provide information on the mapping and the conditions of all channels
in the current node. In the Secondary panel, there is again a list of all channels
providing their mapping, their voltage and their state. In Figure 3.9, an example
sector panel is shown, where a table with the information of all channel is provided
as well as figures with the involved hardware and some basic information. In the
chamber panel, depicted in Figure 3.10, plots of the corresponding channels’ voltage
and current are shown. These plots are also shown in the individual channel panels
along with the set values and the channel error flags. Figure 3.11 and Figure 3.12
correspond to a HV and a LV channel correspondingly.
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Figure 3.12: The FSM panel corresponding to a LV channel.
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Chapter 4

Physics Objects : Electrons and

Muons

In the proton-proton collisions, outcoming particles have electromagnetic or nuclear
interactions in the detectors they pass through. These interactions usually create
analog signals which are measured or converted into standardized pulses. Hits or en-
ergy deposits are formed, which are then combined using reconstruction algorithms
into tracks or clusters of particles. Combining the information of the different subde-
tectors, it is possible to identify the kind of the passing particle. With this procedure
physics objects are created which are then used in the physics analyses.

4.1 Electron Reconstruction and Identification

Electrons leave a track in the Inner Detector and deposit their energy in the elec-
tromagnetic calorimeter. There are three reconstruction algorithms for electrons.
In the main algorithm, reconstruction is seeded by a reconstructed cluster in the
electromagnetic calorimeter. The second one is dedicated mostly to electrons in
jets (non-isolated electrons) and is seeded by a track in the Inner Detector. The
third algorithm is available for the reconstruction of forward electrons outside the
acceptance of the Inner Detector (|η| > 2.5) and therefore no track matching is
possible.

For the clusterization, a “sliding-window” algorithm is used. According to this
algorithm, a window of fixed size ∆η × ∆φ = 0.075 × 0.125 is moved in the η × φ
space of the calorimeter. If the transverse energy of the window is a local maximum,
above a threshold ET,thres = 2.5 GeV, a seed-cluster is formed.

The main electron reconstruction algorithm uses the before-mentioned recon-
structed clusters and searches for Inner Detector tracks to match the clusters [30,31].
The tracks are extrapolated taking into account the magnetic field and the material
and are required to loosely match the seed clusters. More specifically, a ∆η < 0.05
selection is applied as well as an asymmetric −0.10 < −q∆φ < 0.05 in order to ac-
count for possible bremsstrahlung energy losses. The clusters which are successfully
matched to at least one track are electron candidates. Afterwards, a cluster is built
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Figure 4.1: The identification efficiency measurement for electrons with transverse
energy between 7 and 50 GeV is presented with respect to the ET.

by taking into account all cells inside a fixed-size rectangle, ∆η×∆φ = 0.075×0.175
for electrons in the barrel and ∆η ×∆φ = 0.125 × 0.125 for electrons in the endcap
regions. The electron energy is given by the cluster energy while the rest of the
parameters are taken from the best associated track.

The electron identification in ATLAS is based on requirements on variables that
provide good separation between isolated electrons and jets faking electrons. Jets
can deposit a large fraction of their energy in the Hadronic calorimeter in contrast to
electrons that deposit most of their energy in the electromagnetic calorimeter. The
comparison between the transverse energy in the hadronic and the electromagnetic
calorimeter is a powerful discriminant against jets. Selections are also applied on
the second sampling of the EM calorimeter where most of the electron energy is de-
posited. The cluster isolation in η and the η shower width are expected to be narrow
for electrons due to the small lateral leakage while for the jets tails are expected.
Requirements made in the hadronic and the second sampling of the EM calorimeters
reject jets with highly energetic pions and wide shower. After these requirements,
jets with single or multiple neutral particles decaying to photons, mainly π0 mesons,
leading to electromagnetic-like showers become an important contribution to the
electron background. In order to reject these jets, the fine granularity of the first
layer of the EM calorimeter can be exploited. An electron shower is expected to
be narrow in pseudorapidity with no second maximum compared to a jet which can
contain several particles that cause a possible significant second maximum. After
the calorimeter requirements, the background from charged hadrons is greatly re-
duced and the remaining background is dominated by photon conversions and low
multiplicity jets containing mainly π0 mesons. These backgrounds are rejected by
requiring the presence of a good quality Inner Detector track consistent with the
EM cluster. This consistency is imposed by requirements on the ∆η and ∆φ be-
tween the track and the cluster. The above selections are typically optimized in bins
of η and ET. In the ATLAS experiment several working points can be employed
(Loose, Medium, Tight, MultiLepton) depending on the particular requirements of
each analysis.

Electrons in ATLAS loose on average between 20 and 50 % of their energy de-
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pending on |η| by the time they leave the SCT [24]. The bremsstrahlung emission
introduces, in general, non-Gaussian contributions to the event-by-event fluctuations
of the calorimetry and tracking measurements. By fitting electron tracks in such a
way as to allow for proper modeling of the energy loss due to bremsstrahlung, it
is possible to improve the reconstructed track parameters. The Gaussian-sum filter
(GSF), which was used in order to account for energy losses due to bremsstrahlung,
is a non-linear generalization of the Kalman filter [32,33], which takes into account
non-Gaussian noise by modeling it as a weighted sum of Gaussian components and
therefore acts as weighted sum of Kalman filters operating in parallel [34]. By allow-
ing for changes in the curvature of the track, the bremsstrahlung recovery algorithms
follow the track better and correctly associate more of the hits.

The identification efficiency with respect to the electron ET for the loose electron
definition is shown in Figure 4.1. Electrons from W and Z decays provide measure-
ments from 15 to 50 GeV, while the transverse energy region from 4 to 20 GeV is
probed by the J/ψ decays. Kinematical differences between the three decay chan-
nels account for the small observed channel-to-channel efficiency variations in a given
ET range. The reconstruction and track quality efficiency has been measured with
Z → e+e− decays to be approximately 95 % in the range from 15 to 50 GeV. It is
well modelled by the simulation with a ∼ 1% uncertainty.

4.2 Muon Reconstruction and Identification

The ATLAS detector is designed to detect and measure muons in the Muon Spec-
trometer, while measurements in the Inner detector and the calorimeters are meant
to improve the muon identification efficiency and momentum resolution. There are
two independent reconstruction algorithms: Muonboy [35] and MOORE [36]. Both
of them are based on reconstructing trajectories both locally, at the level of individ-
ual chambers, and globally, at the level of the Muon Spectrometer. The trajectories
at the chamber level are approximated by straight lines, called track segments, due
to the small effect of the bending, and are combined within multiple chambers in
order to form full tracks.

In a first step, Regions Of Activity (ROA) are identified in the Muon Spectrom-
eter using information from the trigger muon chambers. These ROA are used in
order to reconstruct local track segments in the muon layers. The segments are then
combined to form muon track candidates using three-dimensional tracking in the
magnetic field. The last step is to combine all available information through the full
system.

There are four muon categories defined by the systems involved in their recon-
struction and identification:

Combined Muons (CB) Independent track reconstruction is performed both in
the Muon Spectrometer and the Inner Detector and after the two are combined
into a single track. This combination improves the momentum resolution of
low momentum muons due to the use of the high quality Inner Detector infor-
mation. More precisely, the momentum where the Muon Spectrometer mea-
surement is more precise than the Inner Detector one is at pT = 80GeV in the
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Figure 4.2: Muon efficiency with respect to the (a) pT and (b) η of the muons for
combined and segment-tagged muons with the addition of the calorimeter-tagged
muons in the second case.

barrel region and at pT = 20GeV in the endcap regions. The combined muon
is the type with the highest purity.

Segment-Tagged Muons (ST) Low momentum muons which do not have enough
energy to transverse all muon layers can still be reconstructed if there is suc-
cessful association of their Inner Detector tracks with one reconstructed track
segment in the Muon Spectrometer. segment-tagged muons are also used to
recover efficiency loss in specific regions where coverage is limited to less than
three muon layers, e.g. |η| ∼ 1.3, where the EE chambers’ installation has not
been completed yet.

Standalone Muons (SA) Muons of high pseudorapidity (|η| > 2.5), outside the
Inner Detector acceptance, can still be reconstructed by the Muon Spectrom-
eter which extends up to |η| = 2.7. Only the hits in the muon system are
taken into account in the reconstruction and extrapolation to the beam axis
is performed through the calorimeters and the Inner Detector as in all other
categories, by taking into account the energy losses.

Calorimeter-Tagged Muons (CT) This type of muons uses the pattern of the
energy deposition in the calorimeter in combination with the Inner Detector
measurement in order to reconstruct muons. This is accomplished by requir-
ing the presence of a minimal energy deposit in all calorimeter layers along
the track’s projected trajectory. Calorimeter-tagged muons are expected to
improve the muon identification efficiency the region |η| < 0.1, where there is
no coverage in the Muon Spectrometer.

Combined, segment-tagged and calorimeter-tagged muons have associated Inner
Detector tracks. To obtain good muon candidates, requirements have to be applied
on these tracks. At least one hit in the B-layer is required unless the extrapolated
muon track has passed an uninstrumented or dead area of the B-layer. The number
of crossed dead silicon modules are added to the number of hits and are required to
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be greater than 1 and 5 for the pixel detector and SCT, respectively. if the Like in
the release 16 guidelines for 2010 data, the cuts are constructed such that detector
conditions are taken into account for the silicon systems: if e.g. a passed module
is dead, it is added to the hit count, ignored in the hole count and (if applicable)
the b-layer expectation canceled. The number of silicon holes 1 is restricted to two.
Finally, a successful extension to the TRT is expected within the TRT acceptance.
The sum of TRT hits and outliers 2 should be greater than five, the TRT outliers
being less than 90 % of this sum. These compose the basic muon selection for the
combined, segment-tagged and calorimeter-tagged muons.

In Figure 7.2(a)(a) the muon reconstruction efficiency as a function of pT and
in 7.2(a)(b) as a function of η are presented. The efficiency is presented for com-
bined and segment-tagged muons, while in the distribution with respect to η the
calorimeter-tagged muons are also included to restore the efficiency at η ∼ 0 which
is dropped due to the lack of coverage in order to provide space for the services of
the ID and the calorimeters.

4.3 Muon studies using data and Monte Carlo simula-

tion

Studies are performed for the muons using either Monte Carlo (MC) simulation or
MC in comparison to the data. The first study is a data-driven estimation of the
rate of non-prompt muons originating from decays in flight or punch-through and the
results are compared to the MC simulation. The second study focuses on the effect
of the multiple interactions taking place in each bunch crossing on the isolation
of the muons using MC simulation. This study was important before analyzing
the data in order to tune accordingly the isolation selection criteria. Finally, the
calculation of the efficiency of the isolation and impact parameter selection criteria
on muons from Z → µµ decays is performed, both in data and MC. In this way the
minimal effect of these selections on isolated signal-like muons can be checked for
the H → ZZ(∗) → 4ℓ analysis.

4.3.1 In-Situ estimation of muon fake rates for low pT muons

The ATLAS detector will be used to look for evidence of new physics in various
processes with muons in the final state. Thus, it is necessary to understand and
eliminate the sources of background due to the misidentification of prompt muons.
One of the fake muons categories is the one where muons are coming from long-living
mesons (K and π) that have decayed in the detector. Charged pions decay to muons

1A hole is an expected measurement given the track trajectory that has not been assigned to
the track. Holes can result from material interactions, silicon inefficiency or problems within the
pattern recognition. Inactive modules are excluded from the definition of holes.

2TRT outliers appear in two forms in the track reconstruction: as a straw tube with a signal
but not crossed by the nearby track or as a set of TRT measurements in the prolongation of a track
which, however, failed to form a smooth trajectory together with the pixel and SCT measurements.
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with a branching ratio of 99.99 % and charged kaons decay leptonically to muons at
more than 67 % and hadronically to pions at more than 28 % [37].

In this study the aim is the in-situ estimation of low pT muon fake rates from K
and π mesons using the decay channel

D∗ →D0 + π+
s

−−−→ K− + π+

Its charge conjugate decay is implied throughout this section. Low pT muons are
defined as muons with transverse momentum less than 10GeV. The advantage of
using this decay is that muons coming from K mesons can be separated from the
ones coming from π mesons according to their charge and in this sense, the fake
rates from both kaons and pions can be studied separately. In order to extract the
fake rates, the association of the kaon and pion tracks with muon objects is studied.

Data and Monte Carlo

Collision data at
√
s = 7TeV recorded in ATLAS from July 29th to October 29th

2010 are considered. This period corresponds to the ATLAS data taking periods E
to I. The collected data are organized in segments, called Luminosity Blocks, which
cover short time intervals of the order of few minutes of approximately constant
instantaneous luminosity and data taking conditions such as detector status and
trigger menu. In all runs, the luminosity blocks that are retained for analysis are
only the ones for which the LHC operators had declared the beams to be stable.
Furthermore, data are included only if they qualify to be suitable for physics analysis,
from the point of view of the Inner Detector, the Muon Spectrometer and the magnet
systems.

Muon triggers with the lowest thresholds have been used (L1 MU0, EF mu4,
EF mu6, EF mu10, EF mu13, EF mu15 and EF mu20). To remove biases, care is
taken so that the ID tracks of the trigger muons are not taken into account so that
the trigger is not activated by the same part of the bb̄/cc̄ decay as the one used for
the D∗ reconstruction.

A MC simulation sample dedicated to D mesons and prepared by pythiab,
which is a generator dedicated to B-Physics [38], was used to compare data results
with the simulated ones. The sample takes into account the bunch train pileup effect
and in addition, reweighting is applied in order to reflect the pileup conditions in
the corresponding data. The MC sample is also reweighed with respect to the track
pT spectrum.

Decay channel reconstruction

D∗ mesons are reconstructed in the kinematic range of pT(D∗) > 3.5GeV and
|η(D∗)| < 2.1 [39]. For the reconstruction, tracks measured in the ATLAS Inner
Detector tracking system are used but the dE/dx particle identification was not
used since it was not effective in the kinematic range used. In order to reconstruct
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Figure 4.3: The decay of D∗ to D0 and a “soft” pion, with D0 decaying to a kaon
and a pion, is reconstructed in order to study the muon fakes from kaons and pions.

D0, two Inner Detector tracks are combined (a kaon and a pion track) and then a
third one is added to reconstruct D∗ as depicted in Figure 4.3.

The selection criteria for the ID tracks of the two daughters (K and π) of D0

are the same while the ones for the third track (soft π) are similar. The latter
track is constrained to have low momentum by the small mass difference between
D∗ and D0 and thus it is called the “soft” pion. So, the two D0 tracks are required
to have pT > 1GeV while the soft track is required to have pT > 250MeV. The
pseudorapidity for all three tracks is required to be within the acceptance of the Inner
Detector (|η| < 2.5). To ensure high reconstruction efficiency and good momentum
resolution, each of the reconstructed tracks should have at least one hit in the Pixel
Detector and at least four hits in the SCT.

In addition, requirements are applied for all tracks on their transverse and lon-
gitudinal impact parameters with respect to the Primary Vertex (PV). For the two
tracks forming D0, dPV

0 < 1.5mm and zPV
0 sin θ < 1.5mm cuts are applied while for

the soft pion dPV
0 < 0.8mm and zPV

0 sin θ < 1.5mm. These cuts are loose enough
for both prompt charm and charm from beauty contributions and intent to remove
fake-vertex and no-vertex combinations.

After having selected the track candidates for the kaon and the pion forming
the D0, pairs of oppositely charged tracks are created and vertexing is used to fit
them to a common vertex. Only pairs for which the fit is successful with χ2 < 5
are taken into account. Also, a cut on the transverse decay length of D0 is applied
(Lxy > 0.2mm). To calculate the invariant mass of D0, kaon and pion masses were
assumed in turn for each track.

After having reconstructed D0 and selected the πsoft candidates, D∗ is recon-
structed. For this, three different methods can be used:

Simple combination Every D0 candidate is simply combined with every πsoft can-
didate without applying any vertexing.

1-vertex approximation All three tracks are simultaneously fit to one common
vertex. D0 time of flight is considered negligible. This method is used to
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Figure 4.4: The distribution of the mass difference mKπ−mKππ is shown fitted with
a powered threshold function, a(∆mass −mπ)b.

extract the following results as it provides the best resolution in the invariant
mass distribution.

Cascade vertexing Vertexing is applied taking into account that the time of flight
of D0 is not negligible, so the tracks are fitted in two vertices, in two steps; first
the two tracks in the D0 vertex and then the vertex track with the third one
in the D∗ vertex. This method although promising, needed further validation
and its usage had been postponed.

Having selected the D∗ candidates, various selection criteria are applied on them
in order to reduce the combinatorial background. Firstly, in the track triplet can-
didate forming the D∗, the soft pion track should have opposite charge to the kaon
track. Only successful fits are taken into consideration with χ2 < 5. The most
discriminant and important cut is the one on the ∆mass variable. ∆mass is defined
as the difference between the invariant mass of D∗ and the invariant mass of D0

and it is required to be within 144.5MeV < ∆mass < 146.5MeV. In Figure 4.4
the ∆mass distribution is presented and is fitted with a powered threshold function,
a(∆mass −mπ)b.

In order to subtract further combinatorial background a cut based on the hard
nature of charm fragmentation is applied. It is required that pT(D∗)/ET > 0.02,
where pT(D∗) is the transverse momentum of D∗ and ET is the sum of the transverse
energy deposits in the ATLAS calorimeters and the muon system.

Fake rate definition and estimation method

Before proceeding with describing the method used to estimate muon fake rates, it
is important to define when a muon is called prompt or fake. Prompt is a muon
produced directly in the Interaction Point (IP) or a muon coming from interesting
Physics decays such as H, W , Z decays and SUSY. Fake muons are considered the
ones that are not prompt but can be actually real. So, fakes are muons coming from
short-living mesons (D, B) and baryons with decay length less than 1mm, muons
coming from long-living mesons (K, π) which have decayed in the detector, as in
this study, misidentified hadrons and reconstruction ghosts.
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The fake rate depends on the fragmentation model, the detector performance,
the detector simulation model and on the reconstruction algorithms. That is why it
is essential to develop a data driven calibration of fakes from the first data and in
this sense the D∗+ → D0(K−π+)π+

s decay channel is used to extract the fake rates
for the kaon and the pion.

As the first step, the D∗ decay is reconstructed as described previously using the
Inner Detector tracks. Using a background subtraction method the number of the
reconstructed D∗ mesons is extracted. There are two methods used in this study for
background subtraction: the fit method and the “sPlot” technique. In the next step,
it is checked if any of the daughters of D0 is associated to a muon and then, with
the same background subtraction method, the number of D0 daughters associated
to muons is extracted. The fraction of the latter over the former one provides the
muon fake rate:

muon fake rate =
D0 daughters associated to a muon

all D0 daughters
(4.1)

The fit method The subtraction of the background in this case is simply based on
modeling the invariant mass distribution of the D0 candidates with two prob-
ability density functions, one for the signal (fsig) and one for the background
(fbkg) shape. For fsig a double Gaussian is selected while the fbkg shape is
considered as exponential. The fit applied is an unbinned maximum likelihood
fit with the likelihood function defined as

L =
N
∏

i=1

[fsig(mi) + fbkg(mi)] (4.2)

where N is the total number of D0 candidates and mi the invariant mass of
the two tracks forming the D0 candidate. The fit is performed using RooFit
and the number of D0 signal (background) events is obtained from the fsig

(fbkg) integral. The fitting range is constrained in the region above 1.7GeV
due to contributions from other D0 decays.

The sPlot technique The sPlot technique [40] is a statistical method which per-
forms likelihood analysis of a data sample in which several species of events are
merged. The species in this case are the signal and background components.
This method allows to reconstruct the distributions for the so-called control
variables (pT, η and φ) without making use of any a priori knowledge on these
variables but based on the knowledge available for a discriminating variable
(D0 invariant mass). An essential assumption for the sPlot technique is that
the control variables are uncorrelated with the discriminating variable. This
is checked for the variables in this study and the correlation is found to be less
than 7% for all cases, which is considered negligible.

The log-likelihood is expressed as

L =

N
∑

e=1

{

Ns
∑

i=1

Nifi(ye)

}

−
Ns
∑

i=1

Ni (4.3)
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Table 4.1: Integrated Kaon fake rates for data and MC.

Chain Data (×10−3) Monte Carlo (×10−3)

Chain 1 8.7 ± 1.3 7.5 ± 1.3
Chain 2 14.8 ± 1.6 11.1 ± 1.0

where N is the total number of events in the data sample, Ns is the number
of species of events populating the data sample, Ni is the number of events
expected on the average for the i-th species, y is the set of discriminating
variables, fi is the Probability Density Function (PDF) of the discriminating
variables for the i-th species, ye denotes the value taken by the PDFs fi for
event e. The yields Ni of the various species are determined by maximizing the
above log-Likelihood. The method calculates event weights for the unfolded
signal and background distributions and using these weights on the events,
histograms of the control variable are filled.

Results
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Figure 4.5: pT and η distributions for data and MC before and after reweighting.

Following the procedure described above, the fake rates are extracted. In Ta-
ble 4.1 the integrated values are presented for Data and MC for the two muon
reconstruction chains. In MC the statistics are very limited, so only the Kaon inte-
grated numbers could be extracted. To account for difference in the pT-η spectrum
of the tracks between data and MC as well as the different pileup conditions, the
MC is reweighted. In Figure 4.5 the pT and η distributions can be seen for data and
MC before and after reweighting.

In Figure 4.6 theD0 invariant mass distribution using the 1-vertex approximation
method is presented. The mean value is 1864.67 ± 0.34MeV which is compatible
with the world average value 1864.86 ± 0.13 [37] while the widths of the double
Gaussian are of 18.48MeV and 34.39MeV for the tails. The yield from the fit is
11304 ± 204.
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Figure 4.6: The invariant mass distribution for D0 using the 1-vx approximation
method for all tracks.
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(a) Kaon tracks associated to muons.
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(b) Pion tracks associated to muons.

Figure 4.7: The invariant mass distribution for D0 provided that one of the D0

daughters is associated to a muon for Chain 1.
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(a) Kaon tracks associated to muons.
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(b) Pion tracks associated to muons.

Figure 4.8: The invariant mass distribution for D0 provided that one of the D0

daughters is associated to a muon for Chain 2.
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Table 4.2: Fake rates for combined and segment-tagged muons from both chains
associated to the kaon and pion hadrons.

Hadron Muon type Chain 1 (×10−3) Chain 2 (×10−3)

Kaon
Combined or ST 8.7 ± 1.3 14.8 ± 1.6
Segment-tagged 5.0 ± 1.0 4.5 ± 0.9
Combined 3.5 ± 0.8 9.8 ± 1.3

Pion
Combined or ST 0.6 ± 0.4 0.5 ± 0.9
Segment-tagged 0.5 ± 0.3 0.1 ± 0.3
Combined 0.1 ± 0.3 0.4 ± 0.5
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(a) D0 coming from D∗−.
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(b) D0 coming fromD∗+.

Figure 4.9: The invariant mass distribution for D0 coming from D∗+ and D∗−

separately.

It is also important to separate the cases where the track associated to a muon
is either the kaon daughter or the pion one, so that the muon fake rate for both
particles can be extracted. This is possible using this decay channel since the kaon
has a charge opposite to the soft pion whereas the pion has the same charge as
the soft pion, and in this way one can identify the two tracks. The D0 invariant
mass distributions for these two cases are presented in Figure 4.7 for Chain 1 and
in Figure 4.8 for Chain 2.

In both kaon cases a clear peak can be seen in the expected range while in the
pion cases there are no clear peaks and the study cannot be conclusive with the
available statistics. Nevertheless, the rates are evaluated for completeness. The fits
in Figure 4.7 give a yield of 98 ± 14 for the kaon case and 6 ± 4 for the pion case.
In Figure 4.8 the corresponding ones are 167 ± 18 for the kaon and 6 ± 10 for the
pion. Taking into account these yields and the yield given in Figure 4.6, a fake rate
of 8.7 ± 1.3× 10−3 for the kaon and 0.6 ± 0.4 × 10−3 for the pion is extracted using
Chain 1 while a fake rate of 14.8 ± 1.6 × 10−3 for the kaon and 0.5 ± 0.9 × 10−3 for
the pion is extracted in the case of Chain 2.

For the distributions in Figures 4.7 and 4.8 combined and segment-tagged muons
are used. In a further step, the type of the muons are considered separately and the
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(a) K+
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(b) K−

Figure 4.10: The invariant mass distribution for D0 provided that the K daughter
(K+ and K− separately) is associated to a muon for Chain 1.
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(a) K+
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(b) K−

Figure 4.11: The invariant mass distribution for D0 provided that the K daughter
(K+ and K− separately) is associated to a muon for Chain 2.

extracted fake rates are provided in Table 4.2 for both chains. It is notable that in
Chain 1 there is a larger contribution to the fake muons from segment-tagged muons
and in Chain 2 from the combined ones.

D∗+ and D∗− are reconstructed separately and the outcoming D0 invariant mass
distributions are shown in Figure 4.9. The yields from the fit are 5798±173 for D∗+

and 5627±136 for D∗−. Plotting only the D0 candidates for which the K+ and K−

separately are associated to a muon from Chain 1, the distributions in Figure 4.10
are extracted. The yields are 40 ± 10 and 58 ± 11, correspondingly. The equivalent
distributions for Chain 2 are shown in Figure 4.11 and the yields in this case are
77 ± 17 and 91 ± 13, correspondingly. The results are summarized in Table 4.3 and
the values are consistent within their errors.

Using the sPlot technique, signal and background can be unfolded using the D0

invariant mass distribution as the discriminating variable, so that the distributions
of the hadrons’ pT, η and φ for the signal can be plotted. Applying this both for
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Table 4.3: Summary table for the kaon fake rates for both chains.

Chain Kaon fake rate (×10−3)

K± K+ K−

Chain 1 8.7 ± 1.3 7.2 ± 1.9 9.9 ± 2.0
Chain 2 14.8 ± 1.6 13.6 ± 3.1 15.7 ± 2.4
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Figure 4.12: Fake rates versus the pT, η, η∗q and φ of the K+, K− and pion tracks
associated to either a combined or a segment-tagged muon from Chain 1.
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Figure 4.13: Fake rates versus the pT, η, η∗q and φ of the K+, K− and pion tracks
associated to either a combined or a segment-tagged muon from Chain 2.
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(b) η∗q

Figure 4.14: Fake rates with respect to the pT and η∗q of the K for Chain 1.
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Figure 4.15: Fake rates with respect to the pT and η∗q of the K for Chain 2.

the case of all tracks and for the case of tracks associated to muons, it is possible to
extract the muon fake rates versus the hadrons’ pT, η and φ. In Figure 4.12 the fake
rates with respect to the pT, η, η∗q and φ of the K+, K− and the pion hadrons are
presented for Chain 1 using the sPlot technique. The equivalent results for Chain 2
are presented in Figure 4.13.

The decision to also plot the fake rates with respect to η∗q is taken due to the
fact that there is charge dependence of the efficiency with respect to pseudorapidity.
The efficiency for positively (negatively) charged muons is larger for η < 0 (η > 0)
than for η > 0 (η < 0) since in the former case the magnetic field bents the muons
away from the beamline in the first case and towards the beamline in the latter case.
In Figure 4.14 (Figure 4.15) the fake rates with respect to the pT and η∗q of the K
are presented for Chain 1 (Chain 2). The previous effect is well presented in the η∗q
plots.
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Table 4.4: Differential fake rates for the kaon hadrons in four pT and four η bins for Chain 1.

pT range η integrated −2.5 < η < −1.0 −1.0 < η < 0.0 0.0 < η < 1.0 1.0 < η < 2.5
(GeV) (×10−3) (×10−3) (×10−3) (×10−3) (×10−3)

3 < pT < 4 8.4 ± 4.5 21.5 ± 13.7 4.9 ± 6.7 9.2 ± 5.7 17.1 ± 9.5
4 < pT < 6 10.9 ± 2.9 16.5 ± 12.6 14.8 ± 5.1 6.5 ± 4.0 8.9 ± 8.5
6 < pT < 8 8.2 ± 2.6 8.0 ± 8.5 8.6 ± 5.6 13.6 ± 5.0 5.6 ± 6.1
8 < pT < 10 12.7 ± 3.5 24.9 ± 11.9 14.7 ± 6.8 8.6 ± 4.9 8.9 ± 11.5

Table 4.5: Differential fake rates for the kaon hadrons in four pT and four η bins for Chain 2.

pT range η integrated −2.5 < η < −1.0 −1.0 < η < 0.0 0.0 < η < 1.0 1.0 < η < 2.5
(GeV) (×10−3) (×10−3) (×10−3) (×10−3) (×10−3)

3 < pT < 4 15.2 ± 4.8 10.3 ± 14.0 22.5 ± 9.6 12.5 ± 8.1 16.9 ± 10.7
4 < pT < 6 16.3 ± 3.5 24.9 ± 11.3 21.4 ± 6.3 15.0 ± 5.3 1.7 ± 10.0
6 < pT < 8 17.3 ± 3.7 18.9 ± 12.6 19.5 ± 6.5 19.8 ± 6.0 13.2 ± 10.0
8 < pT < 10 15.9 ± 4.6 21.0 ± 12.0 14.5 ± 7.8 18.4 ± 7.9 8.3 ± 14.9
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(a) Chain 1
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(b) Chain 2

Figure 4.16: Fake rate color maps for the kaons in 4 pT and 4 η bins for both chains.

It is important for many physics analyses to provide the differential fake rates,
meaning the fake rates in the various pT and η bins. In Tables 4.4 and 4.5 this
information is provided for the kaons along with the integrated rates for every pT

bin. The errors in most cases are large due to the little statistics when dividing the
data in pT and η bins.

In Figure 4.16 the color map for the fake rates of the kaon hadrons is shown in
four pT and four η bins for both chains while in Figure 4.17 the integrated values
over η are shown for every pT bin. For both Chains the estimation with respect to
the Kaon pT is at the same level.

In this study the fake rate is calculated as the fraction of the signal for which
one of the tracks is associated to a reconstructed muon to the total signal. Since the
variable under study is a ratio of similar quantities, most systematic uncertainties
cancel and the remaining sources of systematics are the models used to describe the
signal and the background contribution when fitting the invariant mass distribution
as well as the efficiency of the background subtraction method.

For the first case, a modified Gaussian3, which was giving a very good description
during the first periods of data taking, is used for the signal description, and a linear
function to describe the non-resonant background, in turn.

For the second case, a stricter cut is applied in order to reduce further the
background with minimal effect on the signal. For this reason the 144.75 < ∆m <
146.25MeV cut is used. The whole analysis is repeated and the difference in the
fake rates is taken into account in the systematic errors.

The systematics from all above mentioned sources are summarized in Table 4.6
for both Chain 1 and Chain 2 for the different types of muons. The statistical errors
are also included for comparison. In Tables 4.7 and 4.8 the systematic errors are
presented in the different pT and η bins for the two chains. In both tables, it can be
noted that the systematic errors are smaller than the statistical ones.

3The modified Gaussian used is:

∝ exp

»

−
1

2
x

1+ 1
1+0.5x

–

(4.4)
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Figure 4.17: Fake rates integrated over η for every pT bin for both chains.

Table 4.6: Systematic errors for the various muon types for Chain 1 and 2.

(×10−3) mod Gaussian linear ∆m statistical
signal background cut error

Chain 1
Combined or ST 0.8 0.1 0.1 1.3
Segment-tagged 0.6 0.1 0.8 1.0
Combined 0.3 0.1 0.3 0.8

Chain 2
Combined or ST 1.2 0.2 1.8 1.6
Segment-tagged 0.6 0.0 0.6 0.9
Combined 0.9 0.1 1.1 1.3
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Table 4.7: Systematic errors in the different pT and η bins for Chain 1.

(×10−3) mod Gaussian linear ∆m statistical
pT bins η bins signal background cut error

3.0 < pT < 4.0
−2.5 < η < 2.5 2.9 0.2 0.5 4.5
−2.5 < η < −1.0 0.4 0.2 3.5 13.7
−1.0 < η < 0.0 2.6 0.4 0.9 6.7
0.0 < η < 1.0 0.2 0.1 1.0 5.7
1.0 < η < 2.5 3.1 0.9 3.0 9.5

4.0 < pT < 6.0
−2.5 < η < 2.5 0.8 0.1 0.0 2.9
−2.5 < η < −1.0 2.2 0.1 2.9 12.6
−1.0 < η < 0.0 1.1 0.4 1.5 5.1
0.0 < η < 1.0 0.3 0.1 0.1 4.0
1.0 < η < 2.5 0.6 0.0 3.8 8.5

6.0 < pT < 8.0
−2.5 < η < 2.5 0.6 0.1 0.6 2.6
−2.5 < η < −1.0 0.7 0.1 3.3 8.5
−1.0 < η < 0.0 1.6 0.1 0.7 5.6
0.0 < η < 1.0 0.1 0.3 0.2 5.0
1.0 < η < 2.5 0.5 0.1 2.0 6.1

8.0 < pT < 10.0
−2.5 < η < 2.5 0.4 1.0 0.8 3.5
−2.5 < η < −1.0 3.5 0.3 6.6 11.9
−1.0 < η < 0.0 1.1 0.0 0.3 6.8
0.0 < η < 1.0 0.2 0.1 1.6 4.9
1.0 < η < 2.5 4.0 0.2 1.7 11.5
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Table 4.8: Systematic errors in the different pT and η bins for Chain 2.

(×10−3) mod Gaussian linear ∆m statistical
pT bins η bins signal background cut error

3.0 < pT < 4.0
−2.5 < η < 2.5 3.6 0.9 1.3 4.8
−2.5 < η < −1.0 2.6 0.6 8.2 14.0
−1.0 < η < 0.0 2.1 0.9 1.5 9.6
0.0 < η < 1.0 3.0 0.1 5.2 8.1
1.0 < η < 2.5 0.7 0.8 4.4 10.7

4.0 < pT < 6.0
−2.5 < η < 2.5 0.7 0.2 1.2 3.5
−2.5 < η < −1.0 0.8 0.3 0.8 11.3
−1.0 < η < 0.0 0.7 0.5 2.8 6.3
0.0 < η < 1.0 0.8 0.2 1.1 5.3
1.0 < η < 2.5 0.7 0.7 0.9 10.0

6.0 < pT < 8.0
−2.5 < η < 2.5 0.0 0.1 0.3 3.7
−2.5 < η < −1.0 2.0 0.1 7.7 12.6
−1.0 < η < 0.0 2.3 0.1 2.7 6.5
0.0 < η < 1.0 2.3 0.6 0.8 6.0
1.0 < η < 2.5 0.0 0.2 0.5 10.0

8.0 < pT < 10.0
−2.5 < η < 2.5 2.1 1.2 2.5 4.6
−2.5 < η < −1.0 0.1 0.2 0.6 12.0
−1.0 < η < 0.0 2.3 0.1 2.9 7.8
0.0 < η < 1.0 1.7 0.2 3.8 7.9
1.0 < η < 2.5 3.4 8.3 1.5 14.9
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Table 4.9: Fake rates in the different data taking periods for both chains having
subtracted the background using the RooFit yield.

period
Chain 1 Chain 2
(×10−3) (×10−3)

E-I 7.5 ± 1.1 11.5 ± 1.4
E 10.1 ± 4.9 12.5 ± 3.8
F 8.1 ± 2.0 16.8 ± 3.5
G 6.5 ± 2.5 9.5 ± 4.7
H 10.1 ± 5.1 11.6 ± 6.6
I 10.7 ± 5.1 11.4 ± 4.6
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(b) Chain 2

Figure 4.18: Kaon fake rates with respect to the different data taking periods for
both chains.

Due to the various Trigger and the beam configurations during data recording,
it is important to extract the fake rates in the different data taking periods. In
Table 4.9 the extracted numbers for the Kaon are shown. In the first row, the
integrated numbers are presented and below, the numbers for every period individ-
ually. Since the pT spectra in the different periods was different, the distributions
are reweighted with respect to the pT distribution of period F. The results are also
shown in Figure 4.18 where it can be seen that numbers are at the same level.

The muon fake rates have been studied using the decay D∗ → D0πs → (Kπ)πs.
The extracted integrated K fake rates for Chain 1 and Chain 2 are 8.7± 1.3× 10−3

and 14.8 ± 1.6 × 10−3, correspondingly. For π, the study could not be conclusive
with the available statistics. The estimation of the muon fake rate is very important
since fake muons consist part of the background of important channels as H → 4ℓ,
as is shown in Section 5.5.3. It is particularly important to show that simulation
describes sufficiently this effect and this can be noted in the agreement between data
and MC simulation in the above study.
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Figure 4.19: The cumulative probability of the muons is presented as a function of
the number of tracks included in a cone of ∆R = 0.4 taking into account a bunch
spacing configuration of (a) 50 ns and (b) 75 ns, applying different selection on the
tracks to be considered in the cone size. The curves correspond to 10 and 15 average
number of reconstructed vertices.

4.3.2 Study on the effect of pileup on muon isolation

As the parameters of the LHC evolve towards the designed values, the average
number of interactions per bunch crossing increase. In Figure 2.4, it is shown how
the average number of interactions has evolved during 2011 and 2012 data. This
increase in the pileup is making the reconstruction of physics objects and the physics
analysis more complicated. Therefore, it is important to study the effect of pileup
on the physics objects and more specifically on their isolation.

In order to perform this study in expectation of the 2011 data, generated events
with single muons of 100 GeV are used with different pileup and bunch spacing
conditions. Samples with average number of interactions of 10 and 15, with bunch
spacing of 50 ns and 75 ns and with or without cavern background are compared to
each other and to a sample with no pileup.

Both the tracking and the calorimetric isolation of muons is studied. The tracking
isolation is defined as the sum of the transverse momenta of all tracks greater than
500 MeV within a cone around the muon (

∑

pT) and the calorimetric isolation is
respectively defined as the sum of the transverse energy deposits in the calorimeter
within a cone (

∑

ET). The definition of the cone size is

∆R ≡
√

∆φ2 + ∆η2 (4.5)

In Figures 4.19 the cumulative probability is presented for the muons to have
as many tracks as indicated in the x axis within their cones, considering a cone of
∆R = 0.4 which gives the worst case scenario concerning isolation. The cumulative
probability is shown for a bunch spacing of 50 ns in 4.19(a) and of 75 ns in 4.19(b).
Three of the curves correspond to an average µ value of 10 considering different
selection for the tracks to be taken into account within the cone and three curves
to an average µ value of 15. Additional selection on the tracks to be considered
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Figure 4.20: The cumulative probability of the muons is presented with respect to
the track isolation for different pileup and bunch spacing conditions applying (a)
the basic selection and (b) additional selection on the tracks to be considered in the
cone size of ∆R = 0.3.

within the muon cones are encouraged in order to rely on well reconstructed tracks
originating from the same vertex as the muon. These include requirements to have
at least four silicon hits, pT greater than 1 GeV and a longitudinal impact parameter
within 10 mm the one of the muon. It can be noted that these selections for the
tracks lead to better determination of isolated leptons and the difference between
various µ values is decreased. Finally, there is little difference between the two bunch
spacing configurations. For the rest of the plots a bunch spacing of 50 ns, as in the
configuration of the 2011 data, will be implied unless stated otherwise.

In Figure 4.20(a) only the basic selection for the tracks inside the muon cone is
considered for different pileup and bunch spacing conditions using an intermediate
cone of ∆R = 0.3. In Figure 4.20(b) the additional selections are applied. The
effect on the muon isolation is huge and it enables to clearly point out the isolated
muons and distinguish them from the non-isolated ones. For an average number of
interactions per bunch crossing of 10 and bunch spacing of 75 ns about 52 % of the
muons are well isolated using the basic selection while 98 % are well isolated using
the additional selection.

In Figures 4.21 the cumulative probability is shown with respect to the isolation
using different cone sizes around the muons. Therefore, the percentage of the muons
having isolation equal or less than the value on the x axis is presented for each
number of reconstructed vertices. The additional selections on the tracks included
in the muon cones are applied. For 17 reconstructed vertices more than 88% of the
muons are completely isolated using ∆R = 0.4, more than 91% using ∆R = 0.3 and
more than 95% using ∆R = 0.2.

For the calorimetric isolation there is a double effect of the pileup. The first
is due to the contribution of tracks from other interaction vertices, known as the
in-time pileup and the second is due to the shape of the calorimetric bipolar pulse
which at its end extends to negative values up to about 600 ns. If the bunch spacing
is small signals can be added up resulting to the out-of-time pileup. In Figures 4.22
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Figure 4.21: The cumulative probability of the muons is presented as a function of
the track isolation using a cone of (a) ∆R = 0.4, (b) ∆R = 0.3 and (c) ∆R = 0.2
after applying the selection on the tracks included in the cone for different numbers
of reconstructed vertices. A bunch spacing configuration of 50 ns is considered.
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Figure 4.22: The cumulative probability of the muons is presented as a function
of the calorimetric isolation using a cone of (a) ∆R = 0.4, (b) ∆R = 0.3 and (c)
∆R = 0.2. Different pileup and bunch spacing conditions are considered.
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Figure 4.23: The cumulative probability of the muons is presented as a function of
the calorimetric isolation for different numbers of reconstructed vertices using a cone
of ∆R = 0.4 and a bunch spacing of (a) 50 ns and (b) 75 ns.

the cumulative probability of the muons as a function of the calorimetric isolation is
presented for different pileup and bunch spacing conditions and for three cone sizes.
The case where no pileup is considered is also included. It can be noted that the
effect of the bunch spacing is considerable in calorimetric isolation as well as the
effect of the average number of interactions and evidently the selected cone size.

In Figure 4.23(a) the percentage of the muons with calorimetric isolation greater
or equal to the value on the x axis is shown for various numbers of reconstructed
vertices assuming a cone of ∆R = 0.4 and a bunch spacing configuration of 50 ns.
The effect of the in-time pileup can be seen as the number of reconstructed vertices
increases compared to the “no pileup” scenario. In Figure 4.23(b), a bunch spac-
ing of 75 ns is considered. Comparing with 4.23(a) the effect of out-of-time pileup
can be assessed. Assuming 17 reconstructed vertices, all muons are isolated when
considering isolation at about 10 GeV for 50 ns and 9GeV for 75 ns.

In general, the pileup is affecting both tracking and calorimetric isolation due to
the contribution of particles from other reconstructed vertices (in-time pileup) in the
sense that the larger the average number of reconstructed vertices, the less isolated
the muons. The effect of pileup is suppressed in tracking isolation by applying
additional selection on the tracks to be considered in the momenta sum and the
effect of bunch spacing is minimal. The effect of pileup is considerable in the case
of the calorimetric isolation due to both the in-time and out-of-time pileup. The
bunch spacing configuration has also a large effect on calorimetric isolation due to
the out-of-time pileup but it can be mitigated by using a smaller cone size. This is
the reason why a cone of ∆R = 0.2 has been used in the H → ℓ analysis.

4.3.3 Muon efficiencies for isolation and impact parameter selection

criteria using Z → µ−µ+ events

The Z → µµ decay results in well isolated muons from the primary vertex giving a
clean signature in the same way as the muons coming from the H → ZZ(∗) → 4ℓ.
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In order to study the efficiency of the isolation and impact parameter cuts used in
the H → ZZ(∗) → 4ℓ analysis on the muons, one can use the signal-like muons
from Z → µµ decays. The main background processes to these decays are the
Z → τ+τ− where both tau leptons decay to a muon and the tt̄ production where
each t quark decays to W and b and the each of the two muons comes either from
the hadronization of the quark or the leptonic decay of the W .

The relative tracking isolation is defined as the sum of the transverse momenta
of the tracks included in a cone of defined size around the muon over the transverse
momentum of the track

relative tracking isolation ≡
∑

pT

pT
(4.6)

and the relative calorimetric isolation is accordingly defined as the sum of the energy
deposited in the calorimeters included in a cone of defined size around the muon over
the energy deposited by the muon in the calorimeters

relative calorimetric isolation ≡
∑

ET

pT
(4.7)

Finally, the significance of the transverse impact parameter of the track

significance of the transverse impact parameter ≡ d0

σd0

(4.8)

is also used in the analysis selection, where d0 is the distance of closest approach on
the transverse plane and σd0 the corresponding uncertainty. The selection criteria
under study are ΣpT/pT < 0.15, ΣET/ET < 0.3 and transverse impact parameter
significance d0/σd0 < 3.5. For both the tracking and calorimetric isolation a cone of
0.2, defined in Equation 4.5, around the muon is used.

This study was performed on the total 4.8 fb−1 2011 data and several Monte
Carlo samples both for the signal, Z → µ+µ− generated by alpgen-jimmy, and
the backgrounds: Z → τ+τ− also generated by alpgen-jimmy and tt̄ generated by
mc@nlo. All Monte Carlo samples correspond to 50 ns of bunch spacing configura-
tion as in data.

The “Tag and Probe” method is a data-driven method used for efficiency esti-
mation. According to this method, a well defined muon, called “tag”, is required,
satisfying strict selections described below and a “probe” muon is searched for sat-
isfying the requirements under study. The efficiency is extracted by studying the
percentage of the probes that satisfy the selection under consideration. The highest
pT muon selected as the tag is required to be a combined muon satisfying further
Inner Detector hits requirements, to have pT > 20 GeV and longitudinal impact
parameter with respect to the primary vertex less than 10 mm in order to reduce
cosmics and cavern background contribution. It should also be well isolated with a
relative tracking isolation less than 0.05.

The Probe muon is the remaining highest-pT muon, either combined or segment-
tagged, satisfying basic muon requirements described in Section 4.2. It is also re-
quired to have pT > 7GeV and longitudinal impact parameter with respect to the
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(a) (b)

(c) (d)

Figure 4.24: The invariant mass distribution for the tag and probe pair in data is
presented for (a) opposite charge combinations before and (b) after applying the
tracking isolation cut, (c) for the same charge combinations before and (d) after the
tracking isolation cut, where the probe has a transverse momentum within 12 and
15 GeV.
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(a) (b)

(c) (d)

Figure 4.25: The invariant mass distribution for the tag and probe pair in data is
presented for (a) opposite charge combinations before and (b) after applying the
tracking isolation cut, (c) for the same charge combinations before and (d) after the
tracking isolation cut, where the probe has a transverse momentum within 35 and
40 GeV.
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primary vertex less than 10 mm for background rejection. Dimuon pairs (tag-probe)
are formed with an opposite charge requirement and their invariant mass distribu-
tion is used in order to estimate the selection criteria efficiency on the probe muon.
Consequently, the efficiency is defined as

efficiency ≡ number of probes satisfying the selection

total number of probes
(4.9)

The estimation is performed both in the total phase space and in different pT inter-
vals for the probe muons down to 7GeV.

For the data, the resulting mass distributions for every probe pT bin are fitted
using a shape template from the Z → µ+µ− Monte Carlo sample to describe the
signal, including the smearing corrections to be applied on the Monte Carlo samples.
To describe the QCD background, templates from the data same charge combination
invariant mass distribution are being used while templates from the Z → τ+τ− and
tt̄ MC simulation are also taken into account. The latter background contributions
are normalized to the luminosity used, before and after applying the selection criteria
separately and the QCD normalization is left free in the combined fit in the mass
range 66-116 GeV. In order to estimate the efficiency, only a mass range of 3 GeV
around the Z mass peak is considered in order to introduce as less as possible
uncertainties due to the background estimation.

In Figures 4.24 and 4.25 the invariant mass distributions are shown for the probe
pT intervals of 12-15 GeV and 35-40 GeV, respectively. The results of the fits on the
opposite and same charge combination distributions are presented before and after
applying the tracking isolation cut. The blue dashed lines correspond to the QCD
estimation using the same charge templates from data. The red dashed lines corre-
spond to the estimated Z → τ+τ− and the green ones to the tt̄ contribution. The
combination of all the templates is shown with the continuous blue lines. Logarith-
mic scale is used to illustrate the tails. The rest of the pT intervals are presented in
Appendix A.

The corresponding invariant mass distributions for the opposite charge combina-
tions after applying the calorimetric isolation cut, the transverse impact parameter
significance cut and all three cuts simultaneously for the pT intervals of 12-15 GeV
and 35-40 GeV are presented in Figures 4.26 and 4.27, respectively. The combination
of the templates is in agreement with the data in all probe pT bins (Appendix A). It
is noticeable that the backgrounds and mainly the QCD one are small for low probe
transverse momenta and even smaller after applying the selection criteria while they
vanish as the momenta increase.

For the Monte Carlo, the yields are extracted directly from the invariant mass
distributions before and after the cuts and for the calculation of the efficiency only
the yields in the window of 3GeV around the Z mass peak are considered, for
consistency to the data efficiency estimation. In Figures 4.28 the invariant mass
distribution for the Monte Carlo Z → µµ signal is presented for the probe pT

intervals of 12-15 GeV and 35-40 GeV after applying all selections. It can be noted
that there is a non-negligible radiation tail to the distribution in the low probe
momenta that decreases as the probe momenta increase. All distributions before
and after the tracking isolation cut for all pT intervals are shown in Appendix A.
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(a) (b)

(c)

Figure 4.26: The invariant mass distribution for the tag and probe pair in data
is presented for the opposite charge combinations after applying (a) calorimetric
isolation, (b) d0 significance and (c) all three cuts simultaneously, for the probe pT

interval of 12 and 15 GeV.
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(a) (b)

(c)

Figure 4.27: The invariant mass distribution for the tag and probe pair in data
is presented for the opposite charge combinations after applying (a) calorimetric
isolation, (b) d0 significance and (c) all three cuts simultaneously, for the probe pT

interval of 12 and 15 GeV.

(a) (b)

Figure 4.28: The invariant mass distributions for the tag and probe pair in Z →
µ+µ− Monte Carlo are presented after applying all three cuts in the pT interval of
(a) 12-15 GeV and (b) 35-40 GeV.
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Figure 4.29: Probe muon efficiencies as function of the transverse momentum of the
probe muon for both data and Monte Carlo for (a) the track isolation cut of 0.15
using a cone of 0.2, (b) the calorimeter isolation cut of 0.3 using a cone of 0.2, (c)
the d0 impact parameter cut of 3.5 and (d) all three cuts combined (4.8 fb−1).

The systematic uncertainties arealso studied. In order to estimate them, a range
of 5 and 8 GeV around the Z peak are considered, in turn, for the efficiency esti-
mation. Also, the fitting range is expanded to the broader 56-126 GeV, compared
to the standard 66-116 GeV. Finally, a pythia generated Z → µ+µ− Monte Carlo
sample is taken into account. Using different generators proves to be the source of
the largest systematics. The efficiencies of the cuts along with the efficiency ratios
for data and Monte Carlo are calculated for every case considered for the systematics
in Appendix A and the systematic uncertainties are found to be less than 8 per mil.

The resulting efficiency estimation of the tracking isolation can be seen in Fig-
ure 4.29(a) for both data and Monte Carlo while for the calorimetric isolation and
the d0 significance, the results are shown in Figures 4.29(b) and 4.29(c), and in
Figure 4.29(d) for the simultaneous application of all three cuts. The effect of the
selection criteria is minimal for the well isolated muons from Z → µ+µ− decays,
as the effect is less than 5 %, even for low-pT muons. In Table 4.10 the efficiencies
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Figure 4.30: Scale factors for the efficiency as a function of the transverse momentum
of the probe muon for both data and Monte Carlo and for all three individual cuts
and all cuts simultaneously.

of the cuts along with the efficiency ratios for data and Monte Carlo are calculated
and in Figure 4.30 the ratio of the efficiency in data over Monte Carlo are shown
including statistical and systematic uncertainties. As can be easily noted, all scale
factors are compatible with unity. Finally, the integrated efficiency and scale factors
are provided in Table 4.11.
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Table 4.10: The lepton selection criteria efficiencies and their ratio between data (4.8 fb−1) and Monte Carlo are presented in the
various probe pT bins.

probe pT Track Isolation Calorimeter Isolation d0 significance all three
(GeV) Data MC ratio Data MC ratio Data MC ratio Data MC ratio

7 - 12 0.972 0.965 1.008 0.991 0.983 1.008 0.994 0.988 1.006 0.961 0.952 1.010
12 - 15 0.978 0.976 1.002 0.992 0.987 1.005 0.992 0.988 1.004 0.967 0.965 1.002
15 - 20 0.985 0.983 1.002 0.995 0.991 1.004 0.991 0.991 1.000 0.975 0.975 1.000
20 - 25 0.989 0.987 1.002 0.996 0.994 1.003 0.993 0.992 1.001 0.981 0.981 1.001
25 - 30 0.993 0.991 1.002 0.998 0.996 1.002 0.993 0.993 1.000 0.985 0.985 1.000
30 - 35 0.995 0.994 1.001 0.999 0.997 1.002 0.993 0.993 1.000 0.988 0.988 1.000
35 - 40 0.998 0.997 1.001 1.000 0.998 1.001 0.993 0.994 0.999 0.991 0.991 0.999
40 - 45 0.999 0.998 1.001 1.000 0.999 1.001 0.993 0.994 0.999 0.992 0.993 0.999
45 - 50 0.999 0.996 1.003 1.000 0.997 1.003 0.994 0.993 1.001 0.993 0.992 1.002

Table 4.11: The integrated lepton selection criteria efficiency and the ratio between data (4.8 fb−1) and Monte Carlo. The error
corresponds to the systematic uncertainty.

Selection variable Efficiency in Data Efficiency in MC Ratio
[%] [%]

d0/σd0 < 3.5 99.3 99.3 1.000 ± 0.001
Norm. Calo. isolation < 0.3 99.9 99.7 1.002 ± 0.002
Norm. Track isolation < 0.15 99.5 99.4 1.002 ± 0.002
All cuts 98.8 98.8 1.000 ± 0.001



Chapter 5

Search for the H → ZZ(∗) → 4ℓ
using 4.8 fb−1 of 7 TeV data

One of the objectives of the ATLAS detector is the search for the Higgs boson.
As stated in Section 1.3.2, the H → ZZ(∗) → ℓ+ℓ−ℓ′+ℓ′−, where ℓ, ℓ′ = e, µ, is
the “golden” channel for the Higgs discovery due to the clean final state signature,
the sensitivity in a wide mass range, from 110 GeV to 600 GeV, and the ability to
fully reconstruct the Higgs mass accompanied by the excellent detector resolution.
However, it has a relatively low branching ratio especially in the lower masses as
already pointed out in Figure 1.10. This analysis has been published in Phys. Lett.
B710.

5.1 Signal and background topology

Due to the excellent momentum and energy resolution in ATLAS, the channel
H → ZZ(∗) → ℓ+ℓ−ℓ′+ℓ′−, where ℓ, ℓ′ are muons or electrons, is experimentally
the cleanest one. Firstly, the Higgs boson decays into two Z bosons, as shown in
Figure 5.1, which can be off-shell. The Z boson decays to electrons and muons at
a small branching ratio of 6.7 % in contrast to 69.9 % of its decays to hadrons [1].
In the leptonic channel H → ZZ(∗) → ℓ+ℓ−ℓ′+ℓ′− where, ℓ, ℓ′ = e, µ, there are three
possible final states: 4e (two electron pairs), 4µ (two muon pairs) and 2e2µ (one
electron and one muon pair).

The same final state particles can also come from other physics processes which
are background sources for the H → ZZ(∗) → 4ℓ search. The major contribution
comes from ZZ(∗)/γ∗ production, referred to as ZZ(∗) hereafter. The diagrams for
this background process are presented in Figure 5.2. The most challenging region
is the low mass one up to 2mZ where one of the Z bosons is off-shell giving low
transverse momentum leptons. In this regime there is also important background
contribution from Z production accompanied by jets and tt̄ production. In the first
case, the charged leptons arise either from decays of hadrons with b- or c-quark
content as in Figure 5.3 or from misidentification of light jets. In the second case,
shown in Figure 5.4, each top quark decays mainly to a W boson and a b quark,
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Figure 5.1: The H → ZZ(∗) → 4ℓ channel is presented.
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Figure 5.2: The production of a pair of Z bosons which decay leptonically is the
major background in the H → ZZ(∗) → 4ℓ channel.
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Figure 5.3: In the low mH region there is background contribution from Z boson
production accompanied by heavy quark jets.



5.2. DATA AND MC SIMULATION SAMPLES 99

q̄

q

g t̄

t

(a)

g

g

g t̄

t

(b)

t̄g

tg

(c)

Figure 5.4: The pair production of top quarks is another background contribution
for the H → ZZ(∗) → 4ℓ channel.

where W gives a lepton and a neutrino at 33 % and the b quark can result to a lepton
from hadrons.

The Z production accompanied by jets has a larger cross section than the top-
quark pair and the ZZ(∗) background. However the b quarks produced in the tt̄
decays are more energetic resulting in leptons with higher transverse momenta. Fur-
thermore, the presence of jets in the Z+jets background makes the process more
distinguishable than the ZZ(∗) background. Other background processes with neg-
ligible contribution after applying the selections of the analysis are the WZ pro-
duction, resulting to three leptons and considering a fourth lepton from an accom-
panying jet, and the various QCD processes producing multiple jets. The control
and the estimation of the background contributions is essential in order to achieve
high Higgs discovery potential. So the analysis is directed and aiming to an as more
precise background estimation as possible.

5.2 Data and MC simulation samples

The data used in this section were recorded with the ATLAS detector during the
2011 LHC run involving pp collisions at

√
s = 7 TeV. During this year, the LHC

has delivered 5.61 fb−1 and the ATLAS detector has recorded 5.25 fb−1 divided in
periods A-M. The evolution of the delivered and recorded luminosity was shown in
Figure 2.3. A number of quality requirements are imposed on the data in order to
ensure that all essential components of the ATLAS detector are working as expected.
The integrated luminosity is then calculated per final state channel and the values
extracted are: 4.8 fb−1, 4.8 fb−1 and 4.9 fb−1 for the 4µ, 2e2µ and 4e final states,
respectively.

The H → ZZ(∗) → 4ℓ signal is modeled in the range 110 to 600 GeV using the
powheg Monte Carlo event generator [41,42], which calculates separately the gluon
and vector-boson fusion production mechanisms of the Higgs boson with matrix
elements up to next-to-leading order (NLO). The Higgs boson transverse momen-
tum, pT, spectrum in the gluon fusion process is reweighted [43] to include QCD
corrections up to NLO and QCD soft-gluon resummations up to next-to-next-to-
leading logarithm (NNLL). powheg is interfaced to pythia [38] for showering and
hadronization, which in turn is interfaced to photos [44] for QED radiative correc-
tions in the final state and to tauola [45] for the description of τ decays. pythia

is used to simulate the production of a Higgs boson in association with a W or a
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Table 5.1: Higgs boson production cross sections are quoted for gluon fusion, vector-
boson fusion and associated production with a vector boson in pp collisions at√
s = 7 TeV. The quoted uncertainties correspond to the total theoretical systematic

uncertainty. The branching ratio of H → 4ℓ, with ℓ = e, µ, is reported in the last
column.

mH σ (gg → H) σ (qq → Hqq) σ (qq →WH) σ (qq → ZH) BR (H → 4ℓ)
[GeV] [pb] [pb] [pb] [pb] ×10−3

125 15.3+3.0
−2.3 1.21 ± 0.03 0.57+0.02

−0.03 0.32 ± 0.02 0.13

130 14.1+2.7
−2.1 1.15 ± 0.03 0.50 ± 0.02 0.28 ± 0.01 0.19

190 5.9+1.0
−0.9 0.69 ± 0.02 0.125 ± 0.005 0.074 ± 0.004 0.94

400 2.03+0.32
−0.33 0.162+0.009

−0.005 − − 1.21

600 0.37 ± 0.06 0.058+0.005
−0.002 − − 1.23

Z boson. The contribution of the associated production with a top quark pair is
negligible.

The cross sections for the Higgs boson production, the corresponding branching
fractions, as well as their uncertainties, have been calculated by the LHC Higgs
Cross Section Working Group [46]. The cross sections for the exclusive production
mechanisms and the branching ratios for some generated mH are listed in Table 5.1
for pp collisions at

√
s = 7TeV. They correspond to next-to-next-to-leading order

(NNLO) in QCD for the gluon fusion [47–52] and vector boson fusion [53] and the
associated production with a W or Z boson [54] processes. In addition, QCD soft-
gluon resummations up to next-to-next-to-leading log (NNLL) are available for the
gluon fusion process [55], while the NLO electroweak corrections are applied to the
gluon fusion [56, 57], the vector-boson fusion [58, 59] and the associated production
with a W or Z boson [60] processes. These cross section calculations do not take into
account the width of the Higgs boson, which is implemented through a Breit-Wigner
line shape applied at the event generator level. The Higgs boson decay branching
ratio to the four-lepton final state is predicted by prophecy4f [18,61], including the
complete NLO QCD and EW corrections with all interference and leading two-loop
heavy Higgs boson corrections to the four-fermion width.

The irreducible ZZ(∗) → 4ℓ background is generated using pythia, implement-
ing the qq̄ initial state and taking into account the Z-γ interference, while the in-
clusive total cross section and the shape of the mZZ(∗) spectrum is calculated using
mcfm [62, 63]. mcfm v6.1 computes the cross section at LO and NLO for the pro-
cess qq̄ → ZZ including ZZ, Zγ∗ and their interference, for the double resonant (or
t-channel) and single resonant (or s-channel) diagrams, and for the process gg → ZZ
including both quark-antiquark annihilation at QCD NLO and gluon fusion.

The inclusive Z boson and Zbb̄ production is modeled using alpgen [64], while
for the tt̄ production mc@nlo [65–67] is employed. Both alpgen and mc@nlo

generators are interfaced to herwig [68] for parton shower and hadronization, and
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jimmy [69] for simulation of the underlying events. For the inclusive Z boson and
Zbb̄ processes, overlaps between the two samples are removed. Namely, bb̄ pairs with
separation ∆R =

√

∆φ2 + ∆η2 ≥ 0.4 between the jets are taken from the matrix-
element calculation, while for ∆R < 0.4 the parton-shower jets are used. The total
inclusive cross section for Z boson production is normalized to the QCD NNLO
prediction by fewz [70,71], while Zbb̄ is normalized to the mcfm prediction [62,63].
The tt̄ background is normalized to the approximate NNLO cross section calculated
using hathor [72]. Finally, the WZ background was produced with herwig and
was interfaced to jimmy for simulation of the underlying events. In Table 5.2 the
cross sections are quoted for the MC samples used.

During the 2011 data taking the parameters of the LHC machine were continu-
ously evolving resulting in increasing values for the average number of interactions
in every bunch crossing. In order to depict this effect on the MC samples used, a
pileup reweighting procedure had become necessary in order to compare data and
MC in all analyses.

5.3 Event selection

Good quality data are selected for the H → ZZ(∗) → 4ℓ analysis and trigger re-
quirements are applied. Event candidates are retained if they have a reconstructed
primary vertex with at least three tracks. On these events, leptons are selected
in order to form quadruplets satisfying specific requirements. Finally, additional
selections are applied to reject most of the reducible background processes. The
requirements are detailed in the following sections.

5.3.1 Data quality requirements

The collected data are divided into Luminosity Blocks (LB), which consist of one
or two minutes of approximately constant instantaneous luminosity and data taking
conditions, such as detector status and trigger menu. Only LB where the LHC has
declared “stable beams” have been used as well as LB where the involved components
of the detector were declared to be operating as expected.

5.3.2 Trigger

Events within the surviving LB are then selected on single- or di-lepton triggers. For
the single muon trigger, the pT threshold is 18 GeV while for the single electron trig-
ger the transverse energy, ET, threshold varies from 20 to 22 GeV. For the dilepton
triggers the thresholds are 12 GeV in the dielectron trigger and 10 for the dimuon
one. The corresponding triggers are applied on the MC simulation, too. The trigger
selection is evolving into using higher thresholds as the machine parameters tunings
result to higher instantaneous luminosity. Finally, the efficiency of these triggers on
mH = 125 GeV signal events with is 98.2 % for the 4µ final state, 98.1 % for 2e2µ
and 99.8 % for 4e.
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Table 5.2: Background processes and their corresponding cross sections.

Process Cross section
[fb]

Z → ee, no gen. partons 827375
Z → ee, 1 gen. parton 166625
Z → ee, 2 gen. partons 50375
Z → ee, 3 gen. partons 14000
Z → ee, 4 gen. partons 3375
Z → ee, 5 gen. partons 1000
Z → µµ, no gen. partons 822125
Z → µµ, 1 gen. parton 166000
Z → µµ, 2 gen. partons 49500
Z → µµ, 3 gen. partons 13875
Z → µµ, 4 gen. partons 3500
Z → µµ, 5 gen. partons 1000
Z → ττ , no gen. partons 828125
Z → ττ , 1 gen. parton 167375
Z → ττ , 2 gen. partons 50375
Z → ττ , 3 gen. partons 13750
Z → ττ , 4 gen. partons 3500
Z → ττ , 5 gen. partons 1000
Z → ee+ bb (mee > 30 GeV), no gen. partons, mℓℓ > 60/12 GeV 20.701
Z → ee+ bb (mee > 30 GeV), 1 gen. parton, mℓℓ > 60/12 GeV 18.8029
Z → ee+ bb (mee > 30 GeV), 2 gen. partons, mℓℓ > 60/12 GeV 10.505
Z → ee+ bb (mee > 30 GeV), 3 gen. partons, mℓℓ > 60/12 GeV 7.30463
Z → µµ+ bb (mµµ >30 GeV), no gen. partons, mℓℓ > 60/12 GeV 21.516
Z → µµ+ bb (mµµ >30 GeV), 1 gen. parton, mℓℓ > 60/12 GeV 19.6674
Z → µµ+ bb (mµµ >30 GeV), 2 gen. partons, mℓℓ > 60/12 GeV 10.516
Z → µµ+ bb (mµµ >30 GeV), 3 gen. partons, mℓℓ > 60/12 GeV 7.93834
Z → ee+ bb (mee >30GeV), no gen. partons, 3ℓ, veto mℓℓ > 60/12 GeV 1058.848
Z → ee+ bb (mee >30GeV), 1 gen. parton, 3ℓ, veto mℓℓ > 60/12 GeV 605.15
Z → ee+ bb (mee >30GeV), 2 gen. partons, 3ℓ, veto mℓℓ > 60/12 GeV 246.4
Z → ee+ bb (mee >30GeV), 3 gen. partons, 3ℓ, veto mℓℓ > 60/12 GeV 135.45
Z → µµ+ bb (mµµ >30 GeV), no gen. partons, 3ℓ, veto mℓℓ > 60/12 GeV 1022.336
Z → µµ+ bb (mµµ >30 GeV), 1 gen. parton, 3ℓ, veto mℓℓ > 60/12 GeV 605.15
Z → µµ+ bb (mµµ >30 GeV), 2 gen. partons, 3ℓ, veto mℓℓ > 60/12 GeV 251.02
Z → µµ+ bb (mµµ >30 GeV), 3 gen. partons, 3ℓ, veto mℓℓ > 60/12 GeV 129.35468
tt̄, at least one lepton 91550.6
tt̄, (with mℓℓ > 60 GeV filter and mℓℓ > 12 GeV) 515.2
ZZ → 4ℓ 3LepFilter 91.54
WZ 5735
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Table 5.3: The subleading dilepton invariant mass (m34) is required to exceed a
threshold based on the reconstructed four-lepton invariant mass (m4ℓ). The actual
cut value is obtained by linear interpolation between the following mass points.

m4ℓ (GeV) ≤120 130 140 150 160 165 180 190 ≥200
threshold (GeV) 15 20 25 30 30 35 40 50 60

5.3.3 Lepton selection

After the events are selected concerning good quality data and trigger, an additional
requirement that the reconstructed primary vertex has at least three tracks is applied
to assure good vertex quality, and then individual leptons are selected. As far as
muons are concerned, combined and segment tagged muons are selected satisfying
the basic requirements explained in Section 4.2. Concerning electrons, loose quality
electrons, described in Section 4.1, are required while the Gaussian-sum filter (GSF)
has been applied to account for energy losses due to bremsstrahlung.

The muons should have a transverse momentum of pT > 7GeV and a pseu-
dorapidity |η| < 2.7 limited by the acceptance of the Muon Spectrometer and the
electrons, ET > 7GeV and |η| < 2.47, respectively. In order to reject cosmic muons,
the transverse impact parameter of the muons with respect to the primary vertex
is required to be within 1 mm (|d0| < 1 mm). A requirement on the longitudinal
impact parameter of the lepton Inner Detector tracks, |z0| < 10 mm, is applied to
assure association to the primary vertex.

Care is also taken to remove overlaps concerning lepton tracks. When two elec-
tron candidates are sharing the same Inner Detector track, the electron with the
highest ET is kept. When an electron shares the same track with a muon, the
electron is removed from the selection.

5.3.4 Lepton quadruplet selection

All four-lepton combinations satisfying the lepton flavor requirements of the final
states, four muons for the 4µ channel, four electrons for the 4e channel, and two
muons and two electrons for the 2µ2e channel, are retained for the analysis. In this
way quadruplets are formed consisting of two same flavor, opposite charge pairs. In
addition, they should contain at least two high pT leptons, satisfying pT > 20 GeV.
Within the quadruplet the same flavor, opposite charge pair with invariant mass
closer to the mZ = 91.1876 GeV [1] is called the “leading” dilepton and the other
one, the “subleading” dilepton.

All dileptons are required to satisfy mℓℓ > 15 GeV and additionally, the leading
dilepton is required to have an invariant mass (m12) close to mZ , within 15 GeV
and the subleading pair invariant mass (m34) should exceed a threshold, depending
on the reconstructed four-lepton invariant mass (m4ℓ) as described in Table 5.3, but
not 115 GeV. The actual cut value for the lower threshold of m34 is obtained by
linear interpolation between the mass points in Table 5.3. The leptons are required
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to be well separated to each other, satisfying ∆R > 0.1. Finally, only the quadruplet
with m12 closer to mZ and with the most energetic off-shell m34 within the event is
considered.

5.3.5 Additional lepton selection

The leptons coming from the H → ZZ(∗) → 4ℓ channel are expected to be well
isolated and directly associated to the primary vertex. Based on this, additional
selections are applied on the leptons in order to reject the background contributions
that produce non-isolated leptons and leptons from secondary vertices. These re-
quirements concern the relative tracking isolation, the relative calorimetric isolation
and the significance of the transverse impact parameter.

The relative tracking isolation discriminant is defined as the sum of the transverse
momenta of tracks,

∑

pT, inside a cone of ∆R = 0.20 around the lepton, divided by
the lepton pT. The tracks considered in the sum are of good quality, having at least
four silicon hits, and satisfy pT > 1GeV. All leptons in the quadruplet are required
to have a relative tracking isolation smaller than 0.15.

The relative calorimetric isolation discriminant is defined as the sum of the trans-
verse energy deposit in the calorimeter cells,

∑

ET, inside an isolation cone of 0.20
around the lepton, divided by the lepton pT. In case of electromagnetic showers,
the corresponding cells are excluded from the sum. Each lepton is required to have
a relative calorimetric isolation less than 0.30.

Since leptons originating from b or c quarks are associated to displaced vertices,
the impact parameter significance of the leptons, d0/σd0 , is a good discriminant for
this case. The transverse impact parameter, d0, is defined as the distance of closest
approach on the transverse plane, and σd0 is the corresponding uncertainty. For
the muons, the significance is required to be lower than 3.5 while for the electrons
lower than 6, since bremsstrahlung smears the impact parameter distribution and
therefore reduces the discriminating power of this selection.

The performance of the isolation and impact parameter criteria are studied us-
ing Z → ℓℓ decays for signal-like leptons and b, c → µ events for background-like
leptons. The efficiency of the selection criteria in simulation was found to be in close
agreement with that observed in the data. For the signal-like leptons, this can be
seen in Figures 5.5, where the efficiency ratio is presented, as well as in Table 5.4
where the integrated efficiencies and ratios are quoted. The Tag and Probe method
had been used for these results and the study on the signal-like muons is extensively
described in Section 4.3.3. For the background-like leptons the results can be seen
in Tables 5.9 and 5.15 of the following sections.

In Figures 5.6 the efficiency of the additional selection is presented from simu-
lation for each individual final state channel and for the inclusive H → ZZ(∗) → 4ℓ
with respect to mH . In all cases the efficiency is higher than 85 %. In Table 5.5 the
percentage of the background events failing the additional requirements is quoted.
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Figure 5.5: The ratio of the efficiency of the additional selection criteria in data and
MC simulation is shown as a function of the transverse momentum of the (a) muons
and (b) electrons.

Table 5.4: The efficiency of the additional lepton selection requirements imposed in
the analysis are quoted for data and MC as well as their ratio using Z → ℓℓ events.

Selection variable Data efficiency MC efficiency Ratio
[%] [%]

Electrons

d0/σd0 < 6.0 99.4 99.5 0.999 ± 0.002
Norm. Calo. isolation < 0.3 99.7 99.7 0.999 ± 0.002
Norm. Track isolation < 0.15 99.4 99.5 0.998 ± 0.002
All requirements 98.6 98.8 0.997 ± 0.002

Muons

d0/σd0 < 3.5 99.3 99.3 1.000 ± 0.001
Norm. Calo. isolation < 0.3 99.9 99.7 1.002 ± 0.002
Norm. Track isolation < 0.15 99.5 99.4 1.002 ± 0.002
All requirements 98.8 98.8 1.000 ± 0.001

Table 5.5: The percentage of the background events failing the additional selection
requirements is quoted.

Background Tracking Calorimetric d0 All additional
process isolation [%] isolation [%] significance [%] selection [%]

ZZ(∗) 2.60 2.52 0.70 5.10
Z+ light jets 63.91 71.22 6.92 82.94
Zbb̄ 87.61 72.43 62.83 96.15
tt̄ 97.24 91.54 59.40 99.82
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(a) H → ZZ(∗) → 4µ
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(b) H → ZZ(∗) → 2e2µ
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(c) H → ZZ(∗) → 4e
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(d) H → ZZ(∗) → 4ℓ

Figure 5.6: The efficiency of the isolation and impact parameter criteria on the
signal is shown with respect to mH on the three final states separately and on the
inclusive H → ZZ(∗) → 4ℓ channel. The efficiencies are shown for every individual
requirement and for applying simultaneously all three of them.
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Table 5.6: Efficiency of reconstructing the Higgs signal after the analysis selection
criteria.

Analysis efficiency in %

Higgs mass 4µ 2e2µ 4e

110 10.5 6.12 3.55
115 23.4 14.7 8.68
120 32.2 21.5 14.8
125 39.5 25.9 18.5
130 44.5 29.9 21.4
135 47.4 33.1 23.0
140 49.0 35.3 27.9
145 52.4 36.4 28.7
150 54.0 39.3 30.0
180 70.2 54.1 44.5
200 71.8 58.0 47.4
260 69.7 59.1 49.7
360 70.0 61.0 52.8
460 69.5 63.2 56.0
600 68.9 64.1 59.8

5.4 Selection efficiency and mass resolution

Applying the previously described selection criteria to generated samples of Higgs
decays to ZZ∗ at different masses one evaluates the global analysis efficiency to
reconstruct the H → ZZ(∗) → 4ℓ final states. Table 5.6 quotes the efficiency on
selected Higgs masses. Final state electrons and muons with pT > 5.5 GeV and
|η| < 2.7 were required in the truth events in addition to the mZ ,mZ∗ > 12 GeV
requirement.

The resolution of the reconstructed Higgs mass is dominated by experimental
performance at low mH values and by the natural Higgs boson width at high mH

with a full-width at half-maximum of approximately 35 GeV at mH = 400 GeV.
Figures 5.7 show the invariant mass distribution for a simulated signal sample with
mH = 130 GeV for the four final states. The resolution is obtained from an unbinned
maximum likelihood fit of a Gaussian model to the m4ℓ distribution.

5.5 Data-driven background estimation

As already mentioned, the control and the estimation of the background contri-
butions is essential in order to achieve high Higgs discovery potential. The QCD
background is expected to have negligible effect while the tt̄ and Z+jets backgrounds
will need to be estimated with data-driven studies. The major contribution will re-
main the irreducible ZZ(∗). The Z+jets background will be handled separately for
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Figure 5.7: The invariant mass distribution for a simulated MC sample with mH =
130 GeV, in the (a) 4µ, (b) 2e2µ, (c) 2µ2e and (d) 4e final state channels is presented.
The Gaussian fit to the m4ℓ peak is superimposed (red line).
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Table 5.7: The number of events in the QCD control region in data are in agreement
with Monte Carlo simulation after applying all the selection criteria of the 4ℓ analysis
confirming that the QCD jet production has a negligible contribution to the analysis.
MC includes ZZ(∗), Z+jets and tt̄.

Selection 4µ 2e2µ 4e
Data MC Data MC Data MC

Lepton quadruplet, kinematic req.,
13 5.53 6 4.24 10 7.68charge requirement, dilepton mass

requirements, ∆R(ℓ, ℓ′) > 0.10

Application of additional req. independently

Tracking isolation on leading dilepton 1 0.43 1 1.43 5 3.76
Tracking and calorimeter isolation

1 0.36 1 1.33 4 3.37on leading dilepton
Tracking isolation on all leptons 0 0.04 1 0.48 1 2.66

Tracking and calorimeter isolation
0 0.04 1 0.39 1 1.47on all dileptons

Isolation on all leptons
0 0.02 0 0.38 1 1.39and d0 significance

heavy quark jets and for light quarks due to the different source and behavior.

5.5.1 QCD multijet background

In this analysis, where the presence of four isolated leptons with low impact param-
eter significance is required in the final state, the possible contributions from QCD
multijet production is expected to be minimal. However, since the production cross
section of these processes are several orders of magnitude higher than the signal and
other major backgrounds considered in this channel, it is important to check the
contribution in a data-driven method.

The control region for the QCD background study is constructed by selecting
events where the primary dilepton is formed by same sign leptons and fulfill all
the other criteria of the analysis. One should also take into account the expected
number of events in this control region from other processes like ZZ(∗), Z+jets
and tt̄, especially for the electrons where the charge mis-identification rate is non-
negligible. From MC, the ratio of same-sign to opposite-sign QCD events is expected
to be O(50 %).

The event yields in the QCD control region are summarized in Table 5.7 where
the MC includes ZZ(∗), Z+jets and tt̄. By applying relative tracking isolation
selection on the leptons, all QCD-like events are rejected in the leading dilepton
mass window. In the 4e final state one event survives in data which is compatible
with the expectation from ZZ(∗), Z+jets and tt̄. Thus, no QCD events are expected
after the application of the full analysis selection.
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Figure 5.8: The invariant mass distribution of (a) m4ℓ, (b) m12 and (c) m34 are
presented for the measured and expected events in the QCD control region after
applying the analysis selection criteria with the exception of the isolation and impact
parameter requirements.

In Figures 5.8 the four lepton invariant mass distributions are shown for the
measured and expected events in the QCD control region after applying all the
requirements of the analysis except for the additional selection on isolation and
impact parameter. The discrepancy between data and MC provide an estimation of
the QCD contribution at this level of the analysis.

5.5.2 tt̄ background

In tt̄ production each top quark decays mainly to a W boson, which decays lepton-
ically with a branching ratio of about 11 % per lepton flavor, and a b quark which
hadronizes resulting to multiple leptons. The b quarks produced are considerably
energetic resulting in leptons with relatively high transverse momenta.

The control region for tt̄ is constructed by selecting events with an eµ opposite
charge dilepton, with an invariant mass within 15 GeV from mZ , and two additional
same flavor, opposite charge leptons. Events with a same-flavor opposite-charge pair
with mℓℓ within 15 GeV from mZ are vetoed from the study. The leptons should
satisfy the identification criteria of the H → 4ℓ analysis up to the level before the
additional lepton selection, requiring the eµ pair leptons to satisfy pT > 20 GeV.
Finally, isolation requirements are only applied on the leptons of the eµ pair. The
invariant mass distributions are presented in Figures 5.9 and 5.10, where agreement
between data and MC simulation can be noted. Extrapolation to the signal region
for the estimation of the tt̄ background can be based on the MC simulation using
the transfer factors from the control region to the signal region.

5.5.3 Z + (QQ → µµ) background

One of the reducible backgrounds are the Z+jets events, contributing in the low
mass region (m4ℓ < 2mZ). For the ee/µµ + µµ final state the main contribution
comes from Z+QQ, whereQ refers to heavy flavor jets originating from mainly b but
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Figure 5.9: The invariant mass distribution of (a) m4ℓ, (b) m12 and(c) m34 are pre-
sented for the measured and expected events in the tt̄ control region, reconstructing
eµ+µµ events. Only isolation and no impact parameter requirements are applied on
the eµ pair. On the additional lepton pair no isolation or impact parameter criteria
are required.
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Figure 5.10: The invariant mass distribution of (a) m4ℓ, (b) m12 and(c) m34 are pre-
sented for the measured and expected events in the tt̄ control region, reconstructing
eµ+ee events. Only isolation and no impact parameter requirements are applied on
the eµ pair. On the additional lepton pair no isolation or impact parameter criteria
are required.
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Table 5.8: The total number of observed Z + µ+µ− events with m34 < 72GeV are
presented along with the expected ones from ZZ(∗), WZ and tt̄ decays and the data-
driven estimated ones from P (π/K → µ) in light jets. The true Z(QQ → µ+µ−)
events are also derived for comparison.

Z + µ+µ−

Observed 34

ZZ 8.2 ± 0.2
WZ 0.2 ± 0.1
tt̄ 6.4 ± 0.4

Total MC 14.8 ± 0.5

Z+light jets 7 ± 2

Total without Z(QQ→ µ+µ−) 22 ± 2

Estimated Z(QQ→ µ+µ−) 12 ± 7
True Z(QQ→ µ+µ−) 13.3 ± 1.8

also c quarks, usually denoted simply as Z+ bb̄. The MC prediction of the Z(QQ→
µ+µ−) background contribution is affected by the theoretical uncertainty on the
ZQQ production cross section and by uncertainties related to lepton reconstruction
within b-jets. Therefore, the control and estimation of this background can be carried
out by selecting suitable control regions where the signal is negligible and the Z+ bb̄
background is favored. Extrapolating the background yield from the control region
to the signal region gives an estimation of this background contribution.

A control region is formed by requiring the selection criteria of the analysis
but applying the isolation and impact parameter requirements only on the leading
dilepton. For the subleading dilepton two additional muons are requested with an
invariant mass m34 > 15 GeV without applying any isolation and impact parameter
selection. In order to suppress the ZZ(∗) contribution m34 < 72 GeV is required.
The contribution in this final state are muons from heavy quark decays, Q → µ,
produced in association with a Z boson, muons from ZZ(∗), WZ and tt̄ decays, and
muons from pion and kaon decays in-flight and punch-through hadrons in events
with a Z candidate.

The contamination due to pion and kaon decays is estimated through a track
weighting procedure and is therefore subtracted. Each charged track, satisfying
the analysis selection requirements, is assigned a pT- and η-dependent probability
P (π/K → µ) to be reconstructed as a muon [73]. In events with a Z boson and one
additional muon, the probability P (π/K → µ) is applied to each of the additional
tracks in the event. The systematic uncertainty on P (π/K → µ) is 20 %.

The results are presented in Table 5.8 where the observed events are quoted along
with the expected contributions from ZZ(∗), WZ and tt̄. The data-driven estimation
for the muons from pion and kaon decays in-flight are denoted as Z+light jets.
The Z(QQ → µ+µ−) contribution is then derived by subtracting all the expected
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Table 5.9: The efficiency of the isolation and impact parameter criteria on the
additional muon of the Z + µ events are shown.

Data (%) MC (%)

Norm. Track isolation < 0.15 31.9 ± 0.9 32.6 ± 0.24
Norm. Calo. isolation < 0.3 43.0 ± 0.8 44.01 ± 0.23
All isolation requirements 25.0 ± 1.0 25.3 ± 0.25
d0/σd0 < 3.5 82.6 ± 0.5 81.8 ± 0.13
All requirements 20 ± 1 20.3 ± 0.4
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Figure 5.11: The Rη shower shape distributions for electron candidates, after track
and electromagnetic cluster matching, in Z + X events are shown including light
quark, heavy quark and conversion contributions. These candidates are not associ-
ated with the Z boson.

contributions from the observed yield. The estimation is in agreement with the one
from the MC simulation.

A check on the efficiency of the additional lepton selection on background-like
muons is also studied by reconstructing Z + µ events. The results are presented in
Table 5.9 for both data and MC and good agreement is noted.

5.5.4 Z + (XX → ee) background

For the ee/µµ + ee final state the main Z+jets contribution comes from light jets
where the additional electrons can originate from hadrons in jets faking an electron
denoted by j, photons, e.g. from π0 decays, denoted by γ, or from heavy quark
mesons decaying semi-leptonically denoted by Q. For this study, a control region
is chosen composed by a reconstructed Z and two reconstructed Loose electron
candidates. Then, the relative composition of the background sources for the Loose
electron candidates is extracted and extrapolation to the signal region is performed
by using the efficiency of each component predicted by simulation [74].

The first step is to extract the yields in the control region. In the case of a
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Table 5.10: The predicted Z + qX yields at different cut levels for the additional
electrons in reconstructed Z → ℓℓ events using the Rη method. The yields are shown
separately for the 4e and 2µ2e final states. The quoted uncertainties are statistical.
The systematic uncertainties of these predictions are of the order of 20 %.

Selection Predicted Predicted Predicted
level ZjX → 4e ZjX → 2µ2e

Loose, m34 >15GeV 20 ± 4 32 ± 6
Loose, final m34 selection 11 ± 3 12 ± 3
Loose, final selection 3 ± 2 1.7 ± 0.7

subleading electron pair, the main contribution for Z + 2e(Loose) are the Z + jX
events. Since the MC is not reliable as far as the description of fake electrons is
concerned, a data-driven method to normalize the expected Z + jX events is used.
In order to estimate this component, Z + ee events are selected without the Loose
quality requirement for the additional electrons. In order to select events dominated
by jets, the Rη variable is used, which is defined as the ratio of the energy sum in 3×7
(η×φ) over 7×7 cells in the calorimeter. Figure 5.11 shows the simulated distribution
of the Rη variable for electron candidates (X) in Z +X events, and separately the
contribution from light quarks, heavy quarks and photon conversions. One can thus
acquire the normalization for the Z inclusive MC sample (NCR

ZjX) to the data using

the region Rη < 0.7 (NData
Rη<0.7, N

MC
Rη<0.7) and then, considering the scaled MC, predict

the Z + jX yields after Loose quality requirement using the efficiency ǫMC(Loose).
The predicted Z + jX yields are given by the following formula:

NjX(Loose) = NCR
ZjX ×

NData
Rη<0.7

NMC
Rη<0.7

× ǫMC(Loose), (5.1)

In Table 5.10 the predictions for the above method are quoted for the data, sep-
arately for the 4e and 2µ2e final states, and at different cut levels. From simulation,
19 Z+ jX events (ee+XX = 8± 2, µµ+XX = 11± 3) are expected at the level of
the final m34 selection and is to be compared to 23 events predicted in Table 5.10. A
scale factor of 1.2± 0.2 is derived and used in order to normalize the MC prediction
in the control region.

The total systematic uncertainty of these expectations is of the order of 20 %,
arising mainly from the variation of the shower-shapes (≃ 15 %), the available statis-
tics in the normalization region (≃ 1.5 %) and the intrinsic accuracy of the normal-
ization method (< 3%).

The next step is the break-down of the composition of XX. The expected
Z +XX composition after the Loose requirement and final m34 selection is divided
into the 4e and 2µ2e final states, as shown in Table 5.11. The leading dilepton is
firstly selected using the analysis criteria and then truth matching is applied on the
additional leptons.

The last step is to use the appropriate efficiencies and extrapolate to the signal
region. A method which is based on pixel and silicon hits requirements is used to
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Table 5.11: The Z + XX composition is quoted after the Loose requirement and
final m34 selection.

[%] +jj +jγ +ej +γγ +jQ +γQ +γe

Z → ee 25 25 21 7 7 7 7
Z → µµ 35 57 - 8 - - -

Table 5.12: Percentage of jet-like and photon-like additional electron candidates
in Z + ee events based on Pixel and B-Layer requirements. Results are provided
before and after the application of the isolation and impact parameter significance
requirements.

Before requirements (%) After requirements (%)

Both Jets

Data 65 ± 9 73 ± 25
Z+jets MC 57 ± 6 58 ± 13

Both Conversions

Data 1.0 ± 1.0 0.0 ± 7
Z+jets MC 0.8 ± 0.2 0.0 ± 7

Jet - Conversion

Data 34 ± 8 27 ± 15
Z+jets MC 42 ± 6 42 ± 20

Table 5.13: The efficiency of the isolation and impact parameter criteria are pre-
sented when applied to the jet-like additional electron of Z + e events.

Data (%) Monte Carlo (%) Truth light Hadrons (%)

Norm. Track isolation < 0.15 48.3 ± 0.6 48.57 ± 0.23
Norm. Calo. isolation < 0.3 47.4 ± 0.6 46.91 ± 0.22
All isolation requirements 32.4 ± 0.7 31.80 ± 0.26
d0/σd0 < 6 91.4 ± 0.3 92.92 ± 0.10
All requirements 28.7 ± 0.7 28.5 ± 0.3 26 ± 2
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Table 5.14: The efficiency of the isolation and impact parameter criteria are pre-
sented when applied to the photon-like additional electron of Z + e events.

Data (%) Monte Carlo (%) Truth photons (%)

Norm. Track isolation < 0.15 71.6 ± 0.7 68.2 ± 0.4
Norm. Calo. isolation < 0.3 59.4 ± 0.9 59.88 ± 0.5
All isolation requirements 50.4 ± 1.0 48.98 ± 0.6
d0/σd0 < 6 67.7 ± 0.8 62.12 ± 0.4
All requirements 34.1 ± 1.1 33.9 ± 0.3 34.5 ± 1.3

Table 5.15: The efficiency of the isolation and impact parameter criteria are pre-
sented when applied to the additional electron of Z + e events.

Data (%) Monte Carlo (%)

Norm. Track isolation < 0.15 54.6 ± 0.5 54.3 ± 0.3
Norm. Calo. isolation < 0.3 50.6 ± 0.5 50.0 ± 0.3
All isolation requirements 37.3 ± 0.6 36.5 ± 0.3
d0/σd0 < 6 84.5 ± 0.3 85.6 ± 0.2
All requirements 29.9 ± 0.6 30.4 ± 0.4

separate jet-like and photon-like electron candidates. Jets are expected to have B-
Layer hits or, in cases where the B-layer module is dead, at least an extra Pixel hit
in addition to that of the Loose quality definition. In this selection, jets include all
non-photon contribution. The purity, estimated using Z inclusive MC simulation,
is 92.3 % for the jet category and 90.7 % for the photon category.

Table 5.12 presents the composition of the additional electrons in Z + ee events
using the definition above before and after the isolation and impact parameter sig-
nificance selection. To suppress the ZZ(∗) background, m34 < 72 GeV is applied. In
Tables 5.13 and 5.14 the efficiencies of the tracking and calorimetric isolation and
of the impact parameter significance are quoted for the two categories using Z + e
events. The results both in data and MC are in agreement with the ones extracted
from MC truth. In Table 5.15 the efficiencies are quoted for the additional electron
in the Z + e events without taking into account the categorization.

Taking into account all the calculated efficiencies and purities it is possible to
extrapolate to the H → 4ℓ signal region. The final estimates are 1.5 ± 0.7 and
1.2 ± 0.5 events for the 4e and 2µ2e final states, respectively.

5.6 Data and simulation comparison in control regions

In order to check that the estimation of the background processes is well controlled,
control regions are used with a four-lepton final state selected as in the standard
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Figure 5.12: The invariant mass distributions are shown when applying the analysis
selection but relaxing the charge, isolation and impact parameter requirements on
the subleading dilepton.
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analysis, but relaxing the additional lepton requirements on isolation and impact
parameter significance and the charge requirement on the subleading dilepton. For
all the plots in this section the ZjX contribution in simulation is scaled by ∼ 1.2 as
indicated in Section 5.5.4.

Relaxed selection control region

The invariant mass distributions for data and the simulation background samples
are shown in Figures 5.12 for µµ/ee+µµ and µµ/ee+ee in this control region, where
the selection of the standard analysis is applied apart from the impact parameter
selection on the leading dilepton, and the charge, isolation and impact parameter
requirements for the subleading dilepton. The ratio of data over MC simulation is
also added in the bottom part of the plots. In this region, the irreducible contribution
from the ZZ(∗) background is visible as well as the main reducible background
contributions, Zbb̄ for the µµ/ee + µµ and Z+jets for the µµ/ee + ee final state.
The data are described well by the MC simulation.

Inverted impact parameter criteria control region

Inverting the requirement on the transverse impact parameter significance selects
leptons coming from displaced vertices, such as muons coming from b hadronization.
In this control region the selection described in the previous paragraph is used and in
addition, the impact parameter requirement is inverted for the subleading dilepton.
The effect of this selection on data and the various MC samples can be seen in
Figures 5.13. The number of events in the data and the expected ones from the
various backgrounds are quoted on the plots. No significant contribution of the
Z + ee background is shown in this control region and in the Z + µµ case the data
are found in agreement with the expectation.

Inverted isolation criteria control region

In Figures 5.14 the requirements of the relaxed selection control region are applied.
In addition the standard selection for the impact parameter significance is required
on the subleading dilepton while the tracking isolation is inverted. This selection
favors non-isolated leptons as the ones coming from jets and jets faking leptons.
General agreement is observed between data and Monte Carlo.

5.7 Results of event selection

Applying the selection criteria of the analysis as described in Section 5.3 on the
2011 7 TeV data, corresponding to an integrated luminosity of 4.8 fb−1, 71 candidate
events are selected presented in Tables 5.17, 5.18 and 5.16 for the three different final
states, 4µ, 2e2µ and 4e, respectively. The corresponding expected events from the
background processes are 62 ± 9 events.
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Figure 5.13: The invariant mass distributions are shown when applying the analy-
sis selection but relaxing the charge and isolation requirements while inverting the
impact parameter requirement on the subleading dilepton.
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Figure 5.14: The invariant mass distributions are shown when applying the analysis
selection but relaxing the charge requirement while inverting the isolation require-
ment on the subleading dilepton. The impact parameter requirements are only
applied on the subleading dilepton.
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Table 5.16: List of the 4e candidates passing the full selection using 4.9 fb−1 of 7TeV
data.

N Run Number Event Number LB m4ℓ m12 m34

[GeV] [GeV] [GeV]

1 182787 35518831 265 196.0 93.2 85.8
2 183216 75692579 371 270.3 85.0 111.5
3 184022 20046902 320 245.4 92.2 99.8
4 184022 78541915 625 496.1 92.5 85.5
5 186216 10253640 49 264.4 91.1 90.1
6 186216 36894463 176 157.6 81.3 36.1
7 186729 203362752 1004 200.4 89.5 84.4
8 186934 65787798 649 230.7 90.0 87.8
9 187453 34960141 622 226.0 90.2 93.8
10 187552 3744932 16 331.2 91.1 87.0
11 187763 83732606 528 172.0 89.8 76.9
12 189483 33468656 145 238.4 86.7 68.4
13 189751 51800361 355 184.9 90.5 88.6
14 190933 99272087 804 426.2 91.6 94.2
15 191138 17388332 70 194.6 90.5 100.2
16 191139 5871977 305 202.3 84.3 99.2
17 191635 2200900 568 315.0 89.5 102.0
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Table 5.17: List of the 4µ candidates passing the full selection using 4.8 fb−1 of
7TeV data.

N Run Number Event Number LB m4ℓ m12 m34

[GeV] [GeV] [GeV]

1 182284 91584073 745 277.7 90.9 98.3
2 182486 33852510 282 208.6 83.8 76.9
3 182766 5404925 213 243.0 91.1 85.3
4 183003 44433120 385 222.2 93.8 100.6
5 183003 121099951 723 603.5 85.9 99.7
6 183391 19834577 303 204.9 97.5 82.5
7 183426 47756740 317 455.3 89.6 94.3
8 183602 282919 20 239.7 89.2 88.0
9 184130 194694606 1304 182.9 93.3 76.8
10 186156 65491657 381 234.4 89.9 86.3
11 187219 88203394 476 372.2 89.1 94.0
12 189207 79774710 330 250.7 89.7 88.0
13 189207 81313827 338 171.9 83.9 62.1
14 189280 82801561 439 208.7 87.9 85.3
15 189280 128083498 640 220.6 91.1 92.6
16 189280 143576946 713 124.6 89.7 24.6
17 189561 20659041 117 207.3 91.9 73.4
18 189693 10714212 266 209.6 92.2 87.4
19 189822 75634934 460 217.0 102.4 71.6
20 190116 60445481 341 199.8 91.9 88.8
21 190300 60554334 325 145.8 94.3 29.7
22 190872 52781235 212 264.2 91.0 91.5
23 191426 60906769 447 225.5 91.9 92.2
24 191676 1888359 380 487.4 92.4 96.5
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Table 5.18: List of the 2e2µ candidates passing the full selection using 4.8 fb−1 of
7TeV data.

N Run Number Event Number LB m4ℓ m12 m34

[GeV] [GeV] [GeV]

1 179710 25946709 422 234.5 90.5 92.8
2 180636 71391739 407 242.9 90.9 86.1
3 180710 37143864 561 247.3 92.6 94.2
4 182747 63217197 281 209.2 85.6 85.5
5 182796 74566644 413 124.3 76.8 45.7
6 183407 136901836 930 188.9 90.0 93.3
7 183426 50303812 330 251.9 84.4 104.8
8 183462 75344317 798 486.8 92.4 86.9
9 186399 14250520 331 325.1 91.3 93.1
10 186877 12509901 232 191.0 90.1 94.0
11 186877 84622334 602 123.6 89.3 30.0
12 186923 96974859 507 238.7 86.0 82.8
13 187014 105211056 963 292.2 91.4 89.7
14 189242 7233912 57 158.2 102.4 46.9
15 189483 1021987 10 460.1 92.5 105.1
16 189561 105481981 570 214.2 88.6 87.1
17 189719 37988693 382 314.8 89.1 88.6
18 189781 8619753 57 568.1 91.7 90.1
19 190046 8638208 105 267.0 87.8 87.2
20 190300 17344710 114 321.7 91.5 92.0
21 190878 50034828 274 210.9 90.2 92.2
22 190878 57044890 309 200.2 91.5 92.8
23 190975 20471852 272 281.4 90.6 89.1
24 190975 62905396 449 268.2 90.2 101.9
25 191138 15762515 64 199.4 88.1 80.2
26 191150 5742674 170 244.1 92.21 92.28
27 191150 45707611 308 222.34 90.63 97.19
28 191190 76273161 513 218.6 87.9 87.9
29 191218 1072214 9 249.71 87.1 93.16
30 191428 25718643 213 236.4 92.1 97.8



124
C

H
A

P
T

E
R

5
.

S
E

A
R

C
H

F
O

R
H

→
Z
Z

(∗
)→

4ℓ
W

IT
H

7
T

E
V

D
A
T
A

Table 5.19: The expected number of signal and background events, with their systematic uncertainty, separated into “low mass”
(m4ℓ < 180 GeV) and “high mass” (m4ℓ ≥ 180 GeV) regions. The observed numbers of events are also presented.

µµµµ eeµµ eeee
Low mass High mass Low mass High mass Low mass High mass

Int. Luminosity 4.8 fb−1 4.8 fb−1 4.9 fb−1

ZZ(∗) 2.1 ± 0.3 16.3 ± 2.4 2.8 ± 0.6 25.2 ± 3.8 1.2 ± 0.3 10.4 ± 1.5
Z+jets and tt̄ 0.16 ± 0.06 0.02 ± 0.01 1.4 ± 0.5 0.17 ± 0.08 1.6 ± 0.7 0.18 ± 0.08

Total Background 2.2 ± 0.3 16.3 ± 2.4 4.3 ± 0.8 25.4 ± 3.8 2.8 ± 0.8 10.6 ± 1.5

Data 3 21 3 27 2 15

mH = 130 GeV 1.00 ± 0.17 1.22 ± 0.21 0.43 ± 0.08
mH = 150 GeV 2.10 ± 0.40 2.90 ± 0.40 1.12 ± 0.18
mH = 200 GeV 4.9 ± 0.7 7.7 ± 1.0 3.1 ± 0.4
mH = 400 GeV 2.0 ± 0.3 3.3 ± 0.5 1.49 ± 0.21
mH = 600 GeV 0.34 ± 0.04 0.62 ± 0.10 0.30 ± 0.06
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Figure 5.15: The invariant mass distributions for (a) m12 and (b) m34 are shown
for the 7 TeV candidates. All plots show comparisons with background expectation
from the dominant ZZ∗ and the sum of tt̄, Zbb̄ and Z+jets processes. Error bars
represent 68.3 % central confidence intervals.

As already explained, particular interest is focused in the “low mass” region
defined as m4ℓ < 180 GeV. In Table 5.19 the observed and expected number of
events are quoted for the different final states in the low (m4ℓ < 180 GeV) and high
(m4ℓ ≥ 180 GeV) mass region separately. The expected numbers from various mH

signal samples are also added.

In Figures 5.15 the invariant mas distributions for m12 and m34 are shown. The
expected background is also added in two components: the dominant ZZ∗ and the
sum of the tt̄, Zbb̄ and Z+jets backgrounds. In Figures 5.16 the m4l distribution
of the candidates is superimposed to the total background expectation. The Higgs
signal corresponding to various mH is also added. In Figures 5.17 the three final
state channels of the analysis are presented separately.

Figure 5.18 shows the η and pT distributions of the leptons in the 71 candidates.
In Figure 5.19(a)-(d) the pT distributions of the leptons, from the highest-pT to the
lowest-pT one, are presented. In Figure 5.20 the distribution of m12 versus m34 for
the selected candidates together with the background expectation is shown.

5.8 Systematic uncertainties

As in every analysis an important component is to extract the systematic uncertain-
ties either theoretical, related to the cross sections used, or experimental, related
to the methods implemented in the measurement. All the systematic uncertainties
taken into account in the H → 4ℓ analysis are summarized below.
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Figure 5.16: The m4ℓ distribution of the selected candidates is compared to the
background expectation (a) in the low mass region and (b) in the whole mass spec-
trum of the analysis. Error bars represent 68.3 % central confidence intervals. The
signal expectation for several mH hypotheses is also shown.

5.8.1 Theoretical uncertainties

The theoretical uncertainties concern the cross section calculation both of the signal
and the background processes.

Cross sections of the Higgs boson production

The Higgs boson production cross sections have been studied extensively by the
LHC Higgs cross section working group. All processes for Higgs production are
used, gg → H, qq → H and qq →W/ZH, and their uncertainties are applied to the
signal samples for all mass points. The uncertainty in the production cross section
due to the choice of QCD scale is +12

−8 % for the gluon fusion process, and ±1% for
the vector-boson fusion, associated WH production, and associated ZH production
processes [46]. The uncertainty in the production cross section due to the parton
distribution function (PDF) and αs is ±8 % for gluon initiated processes and ±4%
for quark initiated processes [75–79]. Recent studies [80–82] have indicated that
effects related to off-shell Higgs boson production and interference with other SM
processes may become sizable at high masses (mH > 400 GeV) considered in this
search. In the absence of a full calculation, a conservative estimate of the possible
size of such effects was included as a signal normalization systematic uncertainty
following a parameterization as a function of mH : 150% × (mH [TeV])3, for mH ≥
300 GeV.



5.8. SYSTEMATIC UNCERTAINTIES 127

 [GeV]4lm
100 150 200 250

E
ve

nt
s/

5 
G

eV

0

2

4

6

8

10

-1Ldt = 4.8 fb∫
 = 7 TeVs

µ4→(*)
ZZ→H

DATA
Background

=125 GeV)
H

Signal (m
=150 GeV)

H
Signal (m

=190 GeV)
H

Signal (m
Syst.Unc.

ATLAS

(a)

 [GeV]4lm
100 150 200 250

E
ve

nt
s/

5 
G

eV

0

2

4

6

8

10

-1Ldt = 4.8 fb∫
 = 7 TeVs

µ2e2→(*)
ZZ→H

DATA
Background

=125 GeV)
H

Signal (m
=150 GeV)

H
Signal (m

=190 GeV)
H

Signal (m
Syst.Unc.

ATLAS

(b)

 [GeV]4lm
100 150 200 250

E
ve

nt
s/

5 
G

eV

0

2

4

6

8

10

-1Ldt = 4.8 fb∫
 = 7 TeVs

4e→(*)
ZZ→H

DATA
Background

=125 GeV)
H

Signal (m
=150 GeV)

H
Signal (m

=190 GeV)
H

Signal (m
Syst.Unc.

ATLAS

(c)

Figure 5.17: The m4ℓ distributions of the selected candidates are compared to the
background expectation in the (a) 4µ, (b) 2e2µ and (c) 4e final state channels. Error
bars represent 68.3 % central confidence intervals.
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Figure 5.18: The (a) η and (b) pT distributions are shown for the leptons of the 71
candidates surviving the selection criteria. The expected background distributions
are also shown.

Cross sections of background processes

An uncertainty of ±5% has been assigned to the ZZ(∗) background due to the
QCD scale uncertainty and ±4% (±8 %) due to the PDF and αs uncertainties for
quark-initiated (gluon-initiated) processes. An additional theoretical uncertainty of
±10% on the inclusive ZZ(∗) cross section is conservatively included due to the
missing higher-order QCD corrections for the gluon-initiated process, and a cor-
related uncertainty on the predicted mZZ(∗) spectrum is estimated by varying the
gluon-initiated contribution by 100 % [83]. The effect of the QCD scale uncertainty
on the tt̄ cross section is +4

−9 %, while the effect of PDF and αs uncertainties is ±7 %.

5.8.2 Experimental uncertainties

The experimental uncertainties concern the calculation of the integrated luminosity,
the data-driven methods used for the background estimation, lepton reconstruction
and identification and trigger efficiency.

Luminosity

The integrated luminosity considered in the analysis is estimated with an overall
normalization uncertainty of 3.9 %. This uncertainty is only applied to MC samples
for which the normalization is not obtained from the data. When it is applied, this
systematic is assumed to be correlated across samples.
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Figure 5.19: The pT distribution is presented for the (a) highest-pT , (b) second
highest-pT , (c) third highest-pT and (c) lowest-pT leptons of the 71 candidates sur-
viving the selection criteria. The expected background distributions are also shown.
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Figure 5.20: The invariant mass distributionm12 with respect to m34 for the selected
candidates is presented. Comparison with background expectation is shown for the
sum of the dominant ZZ(∗), the tt̄, the Zbb̄ and the Z+jets processes.

Background processes

An uncertainty of 45 % and 40 % is assigned on the normalization of the Z+light-
flavor-jets and Zbb̄ samples, respectively, to account for the uncertainty on their
data-driven estimation. This is coming from the statistical uncertainty in the control
region yields and the extrapolation to the signal region based on the MC simulation.
There is an additional uncertainty in the tt̄ selection efficiency, estimated to be 10 %,
which is negligible in comparison with the uncertainties on the main backgrounds.

Electron Reconstruction and Identification

The effect of the energy resolution in the final state is negligible, while the electron
energy scale uncertainty results in an uncertainty of less than 0.6 % (0.3 %) on the
mass scale of the m4ℓ distribution for the 4e (2e2µ) channel. The uncertainty in the
electron efficiency results in a relative acceptance uncertainty of 2.3 % (1.6 %) for the
4e (2e2µ) channel at m4ℓ = 600 GeV and reaches 8.0 % (4.1 %) at m4ℓ = 110 GeV.

Muon Reconstruction and Identification

The effect of muon momentum resolution and scale uncertainties are found to be
negligible. The uncertainty on the identification efficiency of muons is estimated to
be between 0.5 % and 1% for the phase space of interest.
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Figure 5.21: The expected and observed 95 % CL upper limits on the Standard
Model Higgs boson production cross section are presented as a function of mH ,
divided by the expected SM Higgs boson cross section. The 1σ and 2σ fluctuations
are also included.

Trigger

Owing to the high lepton trigger efficiency and the presence of multiple high pT

leptons in the final state, a trigger efficiency very close to 100 % is achieved, while
the corresponding uncertainties are found to be negligible.

5.9 Exclusion limits on H → ZZ(∗) → 4ℓ and statistical

interpretation

As detailed in Section 5.7, 71 candidates were found in 2011 7TeV data of 4.8 fb−1

integrated luminosity, which can be found in Tables 5.16 5.19 along with the back-
ground expectation and the expected signal for various mH hypotheses. The corre-
sponding total expected events from background processes are 62 ± 9.

The median expected and observed 95 % CL upper limit on the Standard Model
Higgs boson production cross section as a function of the Higgs boson mass is pre-
sented in Figure 5.21 and in Figures 5.22 for the low and high Higgs mass regions
separately. The dashed line corresponds to the expected and the solid line to the
observed limit. The 1σ and 2σ fluctuations are also indicated. The upper limits are
derived using the CLs modified frequentist formalism [84] with the profile likelihood
test statistic [85] and calculated using RooStats [86]. The test statistic is evalu-
ated with a binned maximum-likelihood fit of signal and background models to the
observed m4ℓ distribution.

The SM Higgs boson is excluded at 95 % CL in the mass ranges 134 − 156 GeV,
182 − 233 GeV, 256 − 265 GeV and 268 − 415 GeV. The expected exclusion ranges
are 136 − 157 GeV and 184 − 400 GeV.

The p0-value is the probability of upward fluctuations in the background as high
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Figure 5.22: The expected and observed 95 % CL upper limits on the Standard
Model Higgs boson production cross section are presented in the (a) low and (b)
high mass regions separately as a function of mH , divided by the expected SM Higgs
boson cross section. The 1σ and 2σ fluctuations are also included.
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Figure 5.23: The observed local p0 and the expected median local p0 for the signal
hypothesis when tested at mH are presented for the 5.23(a) full and 5.23(b) low
mass range.
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as or higher than the excesses observed in data. In Figure 6.17 the p0-values, cal-
culated using an ensemble of simulated pseudo-experiments, are given as a function
of mH for the full mass range of the analysis as well as in the low mass region.
The observed local p0 is shown as the solid line and the dashed curve the expected
median local p0 for the signal hypothesis when tested at the corresponding mH . The
two horizontal dashed lines indicate the p0 values corresponding to local significance
of 2σ and 3σ.

The most significant upward deviations from the background-only hypothesis
are observed for mH = 125 GeV with a local p0 of 1.6 % (2.1 standard deviations),
mH = 244 GeV with a local p0 of 1.3 % (2.2 standard deviations) andmH = 500 GeV
with a local p0 of 1.8 % (2.1 standard deviations). The median expected local p0

in the presence of a SM Higgs boson are 10.6 % (1.3 standard deviations), 0.14 %
(3.0 standard deviations) and 7.1 % (1.5 standard deviations) for mH = 125 GeV,
244 GeV and 500 GeV, respectively.

These results do not account for the so-called “Look-Elsewhere” Effect (LEE) [87],
which takes into account that such an excess or a larger one can appear anywhere
in the search range as a result of an upward fluctuation of the background. When
considering the complete mass range of this search the global p0-value for each
of the three excesses becomes of O(50 %). Thus, once the look-elsewhere effect is
considered, none of the observed local excesses are significant.

From the results presented above, only a hint can be extracted for the observation
of a new Higgs-like particle [88]. When combining the results from theH → 4ℓ search
with the other Higgs searches (H → γγ, H → WW , H → τ+τ− and H → bb̄), an
excess of events is observed at Higgs boson mass hypothesis around 126 GeV with
a local significance of 2.9 standard deviations [89].
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Chapter 6

Optimization of the

H → ZZ(∗) → 4ℓ analysis for a

low mass Higgs

For the 2012 data taking, an optimization of the analysis selection was performed
to maximize the expected signal significance for a low mass Higgs boson, owing to
the results in Chapter 5. The focus was brought to the low mass region between
120 and 130 GeV which is more challenging and where changes in the kinematic
requirements have a large impact on both the signal and the background processes.
The optimization was performed on MC samples and signal-free control regions.

6.1 Optimization of the kinematic requirements

The optimization studies for the kinematic requirements were focused on the invari-
ant mass of the leading (m12) and the subleading dilepton (m34), and the transverse
momenta of the four leptons. The criterion for the selected optimized values was the
signal sensitivity and the statistical variable used was the local expected p0 which
is the probability that the observed number of events are as large or larger than the
expected background. To estimate the expected number of signal and background
events a window of ±6 GeV around the Higgs mass hypothesis is used. The proba-
bility is expressed as the equivalent number of standard deviations Z0 for a Gaussian
probability density function

Z0 =

√

2
(

(s+ b) ln
(

1 +
s

b

)

− s
)

(6.1)

where s is the number of signal and b the number of background events. In general if
small dependency of the expected Z0 is observed, the cut selection has moved towards
a more conservative value with respect to the reducible background contribution.

135
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Figure 6.1: The minimum m34 requirement in the optimized analysis has been tight-
ened in the low m4ℓ and relaxed for the high masses with respect to the 2011 analysis.

6.1.1 ℓℓ + µµ final state channels

The selected cut value for the minimum m12 is selected to be 50 GeV, much relaxed
compared to the mZ −15GeV described in Section 5.3.5. For the m34, the minimum
requirement is chosen to be 20 GeV for m4ℓ = 125 GeV which is more tight than in
the 2011 analysis selection. As presented in Figure 6.1, the m34 requirement is
tightened for low m4ℓ and relaxed for high m4ℓ.

Concerning the transverse momenta of the muons, the second highest-pT and
lowest-pT muons show more sensitivity. So it has been decided to relax them to
15 GeV instead of 20 GeV for the second highest-pT muon and to 6GeV instead of
7GeV for the lowest-pT one. In contrary, the pT requirement for the third highest-pT

muon is tightened to the more conservative 10 GeV due to lack of sensitivity.

6.1.2 ℓℓ + ee final state channels

Since the 4e and 2µ2e final state channels share similar background composition, the
optimization study for the kinematic requirements is performed for both at the same
time. The minimum pT required for the electrons is 7 GeV due to the availability
of reliable efficiency scale factors only above this value. The selection criteria which
were considered for optimization were the m12 invariant mass, the lower-pT lepton
in the leading dilepton, denoted as pT2, and the highest-pT lepton in the subleading
dilepton, denoted as pT3.

Concerning the m12 requirement, it is noted that the efficiency increases for
lower values of the m12 cut especially for mH = 120 GeV. The selection at 50 GeV is
accepted since below this value the significance reaches a plateau. For pT2 > 15 GeV
there is a clear increase in the significance in comparison to the 20 GeV cut of the
2011 analysis. Finally, for pT3, a stricter requirement at 10 GeV has offered a good
rejection of the reducible background processes with a very small impact on the
signal events, compared to 7 GeV used in the 2011 analysis.
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Figure 6.2: The invariant mass distribution for the cross-pairings is presented, ex-
hibiting a clear peak at the J/ψ invariant mass range for the data. Quadruplets
have been considered fulfilling the analysis selection with the exception of the lep-
ton isolation and impact parameter requirements.

6.2 Further optimization on the H → ZZ(∗) → 4ℓ analysis

In addition to the kinematic requirements, the inclusion of other type of muons
apart from the combined and the segment-tagged, described in Section 4.2, is stud-
ied. More specifically, the inclusion of calorimeter-tagged muons for |η| < 0.1 and
standalone muons for 2.5 < |η| < 2.7 has been considered which extends the muon
acceptance. For mH = 125 GeV the signal efficiency is improved by 9% in the
optimized kinematic region when including the calorimeter-tagged and standalone
muons.

The muon calorimetric isolation (
∑

pT) used in the analysis had been added
a correction according to the pileup. This correction has showed a decrease in
sensitivity due to increase of the reducible background. So, during the optimization
of the analysis this correction is removed, following a more conservative approach.
Moreover, the relative calorimetric isolation for standalone muons, which have no
Inner Detector track, is required to be less than 0.15.

The additional selection criteria concerning the impact parameter significance
is also revised. For the 2011 analysis, the requirement has only been applied to
the two lowest-pT leptons of the quadruplet. Due to slight improvement in the
sensitivity, in the optimized analysis this selection is applied to all four leptons. The
impact parameter significance for the electron is broader due to Bremsstrahlung and
is relaxed a little to 6.5 instead of 6.

The possibility of mispairing is also considered. In order to study this, cross-



138 CHAPTER 6. OPTIMIZATION OF THE H → ZZ(∗) → 4ℓ ANALYSIS

 [GeV]µµµµm

80 90 100 110 120 130 140 150

a.
u.

 / 
0.

5 
G

eV

0

0.02

0.04

0.06

0.08

0.1
ATLAS Simulation Internal

all [with Z mass constraint]

 0.05) GeV±m = (129.85 

 0.05) GeV± = (1.87 σ

 = 130 GeVHm
gaussian fit

: 0.17σ 2±fraction outside 

(a)

 [GeV]µµeem

80 90 100 110 120 130 140 150

a.
u.

 / 
0.

5 
G

eV

0

0.02

0.04

0.06

0.08

0.1

ATLAS Simulation Internal

all [with Z mass constraint]

 0.09) GeV±m = (129.20 

 0.07) GeV± = (1.85 σ

 = 130 GeVHm
gaussian fit

: 0.23σ 2±fraction outside 

(b)

 [GeV]eeµµm

80 90 100 110 120 130 140 150

a.
u.

 / 
0.

5 
G

eV

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09 ATLAS Simulation Internal

all [with Z mass constraint]

 0.11) GeV±m = (128.94 

 0.09) GeV± = (2.20 σ

 = 130 GeVHm
gaussian fit

: 0.19σ 2±fraction outside 

(c)

 [GeV]eeeem

80 90 100 110 120 130 140 150

a.
u.

 / 
0.

5 
G

eV

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09 ATLAS Simulation Internal

all [with Z mass constraint]

 0.12) GeV±m = (128.23 

 0.11) GeV± = (2.45 σ

 = 130 GeVHm
gaussian fit

: 0.22σ 2±fraction outside 

(d)

Figure 6.3: The invariant mass distribution for a simulated MC sample with mH =
130 GeV, in the (a) 4µ, (b) 2e2µ, (c) 2µ2e and (d) 4e final state channels is presented.
The Z mass constraint is applied. The Gaussian fit to the m4ℓ peak is superimposed
(red line).

pairing is checked by selecting the remaining combination of opposite charge and
same flavor lepton pairs within the selected quadruplets. In Figure 6.2 the mℓℓ

invariant mass for the cross-pairs in the 4µ and 4e final states is presented for data
and MC simulation. The analysis selection is applied for these quadruplets but no
lepton isolation and impact parameters requirements. A peak at the low mass range
at about 3GeV can be clearly seen in data. Part of this is considered to arise from
production of a prompt J/ψ in association with a Z boson [90,91]. As a consequence,
it has been decided to reject such events by requiring that the cross-pairing invariant
mass of opposite charge and same flavor leptons in the quadruplet, is larger than
5GeV. The effect of this selection on the signal is very small.

Finally, in order to enhance the mass resolution in the low mass region where
the width of the signal peak is dominated by the detector resolution, the Z mass
constraint method is used. This method adjusts the lepton momenta according
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Figure 6.4: The signal reconstruction efficiency is presented as a function of mH for
the 2011 and the new analysis selection. The efficiency for each final state is shown
separately.

to their uncertainties so that the invariant mass of the leading dilepton equals a
constraint mass mc. Due to the non-negligible mass width of the Z boson the mc is
estimated by maximizing the likelihood consisting of the product of the Z lineshape
and the detector mass resolution. In Figures 6.3 the invariant mass distribution
considering mH = 130 GeV is shown for the four final states applying the Z mass
constraint. The resolution is obtained from an unbinned maximum likelihood fit of
a Gaussian model to the m4ℓ distribution. The improvement on the resolution is
6% for the 4µ, 25 % for the 2e2µ, 14 % for the 2µ2e and 3 % for the 4e final state.

Taking into account the optimized analysis selection on mH = 125 GeV signal
sample, there has been an increase in the significance of 29 % for the 4µ final state
channel, 24 % for 2µ2e and 2e2µ, and 19 % for 4e. In Figures 6.4 the effect of the
optimized selection is reflected on the signal. The signal efficiency with respect to
truth is depicted as a function of mH for the two analysis selection sets and for every
final state channel separately.

6.3 Background estimation for the optimized analysis

In the optimization procedure, an important check was to study the effect of the new
selection on the background processes and the comparison of data and simulation
in the control regions.

6.3.1 QCD multijet background

The event yields in the QCD multijet control region in the optimized analysis are
summarized in Table 6.1 where the MC includes ZZ(∗), Z+jets and tt̄. Applying
the track isolation to the leading leptons rejects most QCD multijet events. For
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Table 6.1: The number of events in the QCD multijet control region are shown at
different levels of the analysis.

Selection 4µ 2e2µ 4e
Data MC Data MC Data MC

Lepton quadruplet, kinematic req.,
37 23.1 26 10.3 12 8.8charge requirement, dilepton mass

requirements, ∆R(ℓ, ℓ′) > 0.10

Application of additional requirements independently

Tracking isolation on leading dilepton 2 2.4 10 3.3 8 5.6
Tracking and calorimeter isolation

1 1.4 8 2.6 7 5.0on leading dilepton
Tracking isolation on all leptons 0 0.3 4 0.8 6 3.8

Tracking and calorimeter isolation
0 0.2 3 0.7 4 3.1on all dileptons

Isolation on all leptons
0 0.0 1 0.6 3 1.7and d0 significance

example, in the 4e final state we are left with three surviving events in the data
which is generally in agreement with the expectation from ZZ(∗), Z+jets and tt̄
due to charge misidentification. Thus, no significant QCD multijet contribution is
expected after the application of the full analysis selection.

6.3.2 Control plots for the tt̄ background contribution

For the tt̄ control region, an eµ opposite charge dilepton pair with an invariant mass
within 20 GeV from mZ and two additional same flavor, opposite charge leptons
are selected. The analysis selection is followed but isolation requirements are only
applied on the eµ pair and no impact parameter criteria are required. The invariant
mass distributions with the yields using the new analysis are presented in Figures 6.5
and 6.6. In the results for the subleading dimuon, data and MC simulation are in
very good agreement while in the subleading dielectron case the relatively small
difference is deduced to the larger QCD multijet contribution.

6.3.3 Control plots for the total background

For Figures 6.7 and 6.8 the relaxed control region is used, where the analysis selection
is applied but the charge and isolation requirement on the subleading dilepton as
well as the impact parameter requirement on all leptons are relaxed. In 6.7 the
invariant mass distributions for the four final states correspond to the opposite
charge combinations for the subleading dilepton while in 6.8 to the same charge
combinations. Some disagreement is noted in the subleading dimuon final states.
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Figure 6.5: The invariant mass distribution of (a) m4ℓ, (b) m12 and (c) m34 are pre-
sented for the measured and expected events in the tt̄ control region reconstructing
eµ+µµ events. Only isolation and no impact parameter requirements are applied on
the eµ pair. On the additional lepton pair no isolation or impact parameter criteria
are required.
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Figure 6.6: The invariant mass distribution of (a) m4ℓ, (b) m12 and (c) m34 are pre-
sented for the measured and expected events in the tt̄ control region reconstructing
eµ+ee events. Only isolation and no impact parameter requirements are applied on
the eµ pair. On the additional lepton pair no isolation or impact parameter criteria
are required. Multijet QCD background is not included.
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Figure 6.7: The invariant mass distributions are shown when applying the analysis
selection but relaxing the isolation and impact parameter requirements on the sub-
leading dilepton. Only opposite charge combinations for the subleading muons are
considered.
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Figure 6.8: The invariant mass distributions are shown when applying the analy-
sis selection but relaxing the isolation and impact parameter requirements on the
subleading dilepton. Only same charge combinations for the subleading muons are
considered.
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Figure 6.9: The invariant mass distributions are shown for Z(→ ee) + µµ and
Z(→ µµ) + µµ when applying the analysis selection but relaxing the charge and
isolation requirements while inverting the impact parameter requirement on at least
one of the leptons in the subleading pair. Only opposite charge combinations for
the subleading muons are considered.
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Figure 6.10: The invariant mass distributions are shown for Z(→ ee) + µµ and
Z(→ µµ) + µµ when applying the analysis selection but relaxing the charge and
isolation requirements while inverting the impact parameter requirement on at least
one of the leptons in the subleading pair. Only same charge combinations for the
subleading muons are considered.
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Figure 6.11: The invariant mass distributions are shown for Z(→ ee)+µµ and Z(→
µµ) + µµ when applying the analysis selection but relaxing the charge requirement
while inverting the tracking isolation requirement on the subleading dileptons. The
impact parameter requirements are only applied on the subleading dilepton. Only
opposite charge combinations for the subleading electrons are considered.

The background contribution of the subleading dimuon final states is further in-
vestigated using the inverted impact parameter and inverted isolation control regions
described in Section 5.6. In Figures 6.9 and 6.10 the invariant mass distributions are
shown in the inverted impact parameter control region for the opposite- and same-
charge combination, respectively. Isolation is required only for the leading dilepton
while the impact parameter requirement is inverted for the subleading dimuon. At
this level, agreement of the observed with the expected yields is noted in the opposite
charge combination.

In Figures 6.11 and 6.12 the inverted isolation control region is applied for the
opposite- and same-charge combination, respectively. Isolation requirements are
applied in the leading dilepton and tracking isolation is inverted for at least one
muon in the subleading pair. The impact parameter requirement is only applied in
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Figure 6.12: The invariant mass distributions are shown for Z(→ ee)+µµ and Z(→
µµ) + µµ when applying the analysis selection but relaxing the charge requirement
while inverting the tracking isolation requirement on the subleading dileptons. The
impact parameter requirements are only applied on the subleading dilepton. Only
same charge combinations for the subleading electrons are considered.
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Table 6.2: Same charge subleading candidates found in data after the full analysis
selection. For the 4µ and 2e2µ final states no candidates were found.

Type Run Number Event Number m4ℓ m12 m34

[GeV] [GeV] [GeV]

4e 183391 22157502 161.5 84.0 39.5
4e 189719 41739189 145.6 71.8 51.7
4e 190343 498361 96.8 58.1 33.1
4e 190618 46965700 150.3 91.0 34.5

2µ2e 183407 126937239 97.6 53.3 41.4
2µ2e 186721 140569735 185.8 90.5 87.1

Table 6.3: The transfer factors from the tt̄ and Z + bb̄ control regions to the signal
region are quoted along with their statistical and systematic uncertainties.

[%] Zbb̄ tt̄

µµ/ee+ µµ 3.3 ± 0.3 ± 1.0 0.2 ± 0.1 ± 0.1
µµ/ee+ ee 26.1 ± 3.6 ± 18.6 4.2 ± 12.7 ± 24.8

the subleading dimuon. In this control region there is general agreement between
the expected and the observed yields.

After applying the full analysis selection on the same charge subleading dileptons,
as can be seen in Table 6.2, no events survive for the 4µ and 2e2µ final state.

6.3.4 Background data-driven estimation

The expected background yield in the signal region is estimated using MC simulation
normalized to the theoretical cross section for the ZZ(∗) production while for the
Z+jets and tt̄ processes the yield and and its composition is extracted by data-driven
methods.

For the subleading dimuon cases, dominated by Z+bb̄ and tt̄, the m12-fit method
is used. According to this method, the relaxed control region where no additional
requirements are applied on the subleading dimuon is used but it is required that
at least one of the subleading muons fails the impact parameter significance re-
quirement. This removes ZZ(∗) contribution with small effect on the Z + bb̄ and
tt̄ ones. The m12 distribution, shown in Figure 6.13, is then fitted using a second
order Chebychev polynomial for the tt̄ component and a Breit-Wigner line-shape
convoluted with a Crystal-Ball resolution function for the Z+jets one. The yields
are afterwards extrapolated to the signal region using transfer factors, quoted in Ta-
ble 6.3, from simulation. The transfer factors are based on the calculated efficiency
for the isolation and impact parameter requirement. The systematic errors associ-
ated to the extrapolation from the control region to the signal region are comparable
with the statistical errors of the fit. The expected background yields are quoted in
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Figure 6.13: Distribution of m12 in the control region where the isolation require-
ments are not applied to the two subleading muons, and at least one of these muons
fails the impact parameter significance requirement. The fit used to obtain the yields
for tt̄ and Z+jets is presented.

Table 6.4.

The reconstructed electron objects contain apart from true isolated electrons,
electrons from heavy flavor semileptonic decays, electrons from photon conversions,
and light jets misidentified as electrons, denoted as fake electrons. Therefore, in the
subleading dielectron final states, a control region with µµ/ee+ ee events is selected
where the selection criteria for the subleading dielectron are relaxed. The events are
then separated into reconstruction categories which are electron-like (E), conversion-
like (C) and fake-like (F), using discriminating variables that are not used in the
electron identification [92] performed in the analysis and are based on the number
of B-layer hits, the fraction of high threshold hits in the TRT, the energy in the
first layer of the electromagnetic calorimeter and the lateral containment of the
cluster along φ in the second layer of the electromagnetic calorimeter. The number
of observed and expected events in each category are shown in Table 6.5. For each
reconstructed category, the expected truth composition is estimated, and based on
the electron candidate truth origin and the efficiency of the truth category to satisfy
the remaining analysis selection, the expected yield in the signal region is extracted.
This method estimates the sum of Z+jets and tt̄ background contributions. The
estimations are presented in Table 6.4.

A cross-check method developed for the subleading dielectron final states is the
3ℓ + ℓ. Quadruplets are built as in the analysis and all the cuts are applied to the
three highest pT leptons while for the least energetic electron only a certain number
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Table 6.4: The estimation for the reducible background is presented. The first
uncertainty is statistical, while the second one is systematic.

Method Estimated
number of events

4µ
m12 fit: Z + jets contribution 0.25±0.10±0.08
m12 fit: tt̄ contribution 0.02±0.01±0.01

2e2µ
m12 fit: Z + jets contribution 0.20±0.08±0.06

m12 fit: tt̄ contribution 0.02±0.01±0.01

2µ2e
ℓℓ+ e±e∓ 2.6± 0.4 ±0.4

ℓℓ+ e±e± (check) 3.7± 0.9 ±0.6
3ℓ+ ℓ (check) 2.0± 0.5 ±0.3

4e
ℓℓ+ e±e∓ 3.1± 0.6 ±0.5

ℓℓ+ e±e± (check) 3.2± 0.6 ±0.5
3ℓ+ ℓ (check) 2.2± 0.5 ±0.3

Table 6.5: The observed and expected yields of µµ/ee+ ee events are quoted for the
subleading dielectron categories in the control region where the electron requirements
on the subleading dielectron are relaxed.

4e 2µ2e
Data MC Data MC

EE 11 14.61 8 17.82
EC 4 2.431 3 1.768
EF 6 10.34 5 5.358
CE 5 1.592 6 3.059
CC 2 1.378 2 0.774
CF 7 4.68 10 5.282
FE 5 3.529 4 3.733
FC 5 2.784 4 4.048
FF 12 10.11 17 9.149
Total 57 51.46 59 50.99
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Table 6.6: New candidates, in addition to those in Tables 5.16 to 5.18, passing the
full analysis with the optimized selections for the 4.9 fb−1 2011 data.

N Run Number Event Number LB m4ℓ m12 m34

[GeV] [GeV] [GeV]

4µ

1 182747 136528490 615 157.3 66.5 65.5
2 186721 22103472 186 89.8 51.9 29.8
3 187219 24256525 199 178.8 75.2 52.0
4 187219 34502707 241 118.9 72.4 32.6
5 190256 56600537 490 114.0 86.6 21.0
6 191920 7775570 281 187.4 64.6 61.2

4e

1 183045 28329677 311 105.2 79.5 17.9
2 183081 121479214 634 213.6 89.1 97.7
3 186361 29706533 201 193.0 91.2 89.4
4 187811 40399631 361 115.7 53.7 53.2
5 189561 48300215 250 102.9 72.4 23.0
6 190116 63457816 355 156.5 73.2 44.1
7 190256 175308437 1093 122.0 55.7 53.0
8 190643 23010890 226 217.9 87.0 58.8
9 191190 9522152 244 199.9 92.0 74.5
10 191513 9086448 245 141.2 54.3 44.0
11 191635 48018112 720 142.4 66.9 65.4

2e2µ

1 182486 21528951 236 335.8 90.1 88.4
2 190300 121067450 653 92.8 71.6 19.3
3 190878 14892058 85 103.1 59.3 30.8

of hits (nSi >7 and nPix >0) is required, and the electron identification, isolation
and impact parameter selection criteria are not applied. As the composition problem
is simplified in this method, a two-dimensional fit is used to to obtain the yields for
the different components. The variables used to discriminate between hadrons and
conversions are: the number of B-layer hits, and the fraction of high-threshold hits in
the TRT, in the barrel region and the energy in the first layer of the EM calorimeter,
in the endcaps. The expected background in the signal region, is obtained applying
the electron selection efficiency estimated from simulation. Following, a data-MC
comparison in the Z+X control region, a systematic uncertainty of 5 % on those
efficiencies is assigned. The results of this method are quoted in Table 6.4.
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Table 6.7: The observed numbers of events and the final estimate for the expected backgrounds, separated into “Low mass”
(m4ℓ < 160 GeV) and “High mass” (m4ℓ ≥ 160 GeV) regions. The expected numbers of signal events is also shown for various
Higgs boson mass hypotheses. For signal and background estimates, the corresponding total uncertainty is given.

4µ 2e2µ/2µ2e 4e
Int. Luminosity 4.8 fb−1 4.8 fb−1 4.9 fb−1

Low mass High mass Low mass High mass Low mass High mass

ZZ(∗) 4.9±0.2 18.1±1.3 3.1±0.2 27.3±2.0 1.6±0.2 10.2±0.8
Z+jets and tt̄ 0.2±0.1 0.07±0.03 2.1±0.5 0.7±0.2 2.3±0.6 0.8±0.2

Total Background 5.1±0.2 18.2±1.3 5.1±0.5 28.0±2.0 3.9±0.6 11.0±0.8

Data 8 25 5 28 4 18

mH = 125 GeV 1.0±0.1 1.0±0.1 0.37±0.05
mH = 150 GeV 3.0±0.4 3.4±0.5 1.4±0.2
mH = 190 GeV 5.1±0.6 7.4±1.0 2.8±0.4
mH = 400 GeV 2.3±0.3 3.8±0.5 1.6±0.2
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Table 6.8: Candidates from Tables 5.16 to 5.18 failing the new analysis. The reason
of their removal is also added.

N Run Number Event Number LB m4ℓ m12 m34 Reason
[GeV] [GeV] [GeV]

4µ

1 189207 81313827 338 171.9 83.9 62.1 J/ψ veto
2 190300 60554334 325 145.8 94.3 29.7 J/ψ veto

4e

1 186216 36894463 176 157.6 81.3 36.1 J/ψ veto

6.4 Impact of the optimization on 4.8 fb−1 of 7 TeV data

By applying the optimized analysis selection on the 2011 7TeV data, 88 candidates
are found; 33 in the 4µ channel, 21 in the 2e2µ channel, 12 in the 2µ2e channel and
22 in the 4e channel. The new candidates found are quoted in Table 6.6 and the
lost candidates in Table 6.8. The three events failing the new analysis were removed
by the J/ψ veto. The expected events from the background processes are 71.3 ±
2.6. In Table 6.7, the observed numbers of events passing the optimized analysis
requirements in each final state are summarized and compared to the expected
backgrounds, separately form4ℓ < 160 GeV and m4ℓ ≥ 160 GeV, and to the expected
signal for various mH hypotheses.
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Figure 6.14: The distribution of the four lepton invariant mass, m4ℓ, for the selected
candidates is compared to the background expectation (a) in the range 80−600 GeV
and (b) in the 80− 250 GeV mass range. The error bars represent the 68.3% central
confidence intervals. The signal expectation for several mH hypotheses is also shown.

In Figures 7.9 the m4ℓ distributions are presented for data, compared to the
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Figure 6.15: The distribution of the m4ℓ is presented for the selected candidates for
the various sub-channels: (a) 4µ, (b) 2µ2e, (c) 2e2µ and (d) 4e, compared to the
background expectation for the 80−250 GeV mass range. Error bars represent 68.3 %
central confidence intervals. The signal expectation for several mH hypotheses is also
shown.
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Figure 6.16: The expected (dashed) and observed (full line) 95 % CL upper limits
on the SM Higgs boson production cross section as a function of mH , divided by
the expected SM Higgs boson cross section is presented (a) in the full range under
consideration and (b) in the low mass region. The dark (green) and light (yellow)
bands indicate the expected limits with ±1σ and ±2σ fluctuations, respectively.

expected for the total background and several signal hypotheses in the whole mass
range and in the low mass region. In Figures 7.10 the m4ℓ mass distributions for
each sub-channel, 4µ, 2µ2e, 2e2µ and 4e are shown, respectively.

The systematic uncertainties remain at the same level as described in Section 5.8.
However, systematics for the background estimation have changed due to the new
methods applied. For them12-fit method, an uncertainty of 50 % has been applied to
the tt̄ estimation and 30 % to the Z+jets contribution. In the µµ/ee+ee estimation
a systematic uncertainty of 15 % has been used.

Upper limits are set on the Higgs boson production cross section at 95 % CL,
using the CLs modified frequentist formalism with the profile likelihood ratio test
statistic. The test statistic is evaluated using a binned maximum-likelihood fit of
signal and background models to the observed m4ℓ distribution. Figures 6.16 show
the observed and expected 95 % CL cross section upper limits, as a function of mH .
The SM Higgs boson is excluded at 95 % CL in the mass ranges 132 − 156 GeV,
180 − 239 GeV, 251 − 264 GeV and 268 − 414 GeV. The expected exclusion mass
ranges are 132 − 159 GeV and 181 − 426 GeV.

In Figure 6.17 the local p0 is presented as a function of the mH hypothesis
for each analysis subchannel. The most significant upward deviations from the
background-only hypothesis in data are observed for mH = 125 GeV with a local
p0 of 0.6 % (2.6 standard deviations), for mH = 242 GeV with a local p0 of 0.5 %
(2.6 standard deviations) and for mH = 480 with a local p0 of 1.3 % (2.2 standard
deviations). The median expected local p0 in the presence of a SM Higgs boson are
6.7 % (1.5 standard deviations), 4.9 % (1.7 standard deviations) and 0.038 % (3.4
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Figure 6.17: The observed local p0, the probability that the background fluctuates
to the observed number of events or higher, is shown (a) in the low mass region
and (b) in the full mass range for each analysis subchannel and their combination.
Dashed curves show the expected median local p0 for the signal hypothesis when
tested at mH .

standard deviations) for mH = 125 GeV, 480 GeV and 240 GeV, respectively. The
increase on the expected signal significance for mH = 125 GeV in the new analysis
with respect to the 2011 one is 15 %.



Chapter 7

Search for the H → ZZ(∗) → 4ℓ
using 5.8 fb−1 of 8 TeV data and

4.8 fb−1 of 7 TeV data

For 2012 data taking, the LHC centre-of-mass energy was increased to 8TeV. This
results in an increase in both the signal cross section, of about 30 %, and the back-
ground ones, depending on the process and reaching up to 68.5 % for tt̄ production.
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Figure 7.1: The peak instantaneous luminosity delivered to ATLAS per day is pre-
sented versus time during the p− p runs of 2010, 2011 and 2012.

The LHC parameters during 2012 data taking have resulted to a relative increase
on the instantaneous luminosity delivered to ATLAS with respect to 2011 data
taking. In Figure 7.1 the peak instantaneous luminosity delivered to ATLAS per
day is presented versus time during the pp runs of 2010, 2011 and 2012. A peak
luminosity record of 6.8 × 1033 cm

−2s−1 has been reached. As a result, the mean
number of interactions per bunch crossing has increased by approximately a factor
of two as shown in Figure 2.4. In Figure 2.3 the cumulative integrated luminosity
per day during stable beams is presented for the three years of data taking.
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Table 7.1: Higgs boson production cross sections are quoted for gluon fusion, vector-
boson fusion and associated production with a vector boson in pp collisions at√
s = 8 TeV. The quoted uncertainties correspond to the total theoretical systematic

uncertainty. The branching ratio of H → 4ℓ, with ℓ = e, µ, is reported in the last
column.

mH σ (gg → H) σ (qq → Hqq) σ (qq →WH) σ (qq → ZH) BR (H → 4ℓ)
[GeV] [pb] [pb] [pb] [pb] ×10−3

125 19.5 ± 2.9 1.56+0.04
−0.05 0.70 ± 0.03 0.39 ± 0.02 0.13

130 18.1 ± 2.6 1.49 ± 0.04 0.61 ± 0.03 0.35 ± 0.02 0.19

190 7.9 ± 1.1 0.91+0.03
−0.02 0.156 ± 0.007 0.094 ± 0.006 0.94

400 2.9 ± 0.4 0.25 ± 0.01 − − 1.21
600 0.5 ± 0.1 0.097 ± 0.004 − − 1.23

In this Chapter, the results of the analysis on 5.8 fb−1 of 8 TeV data are presented
along with the results of the combination with 4.8 fb−1 of 7 TeV data and other Higgs
searches. These results have been published in Phys. Lett. B716.

7.1 Data samples and event selection

Both H → ZZ(∗) → 4ℓ signal and background samples have been modeled using the
same MC event generators as in the 7 TeV data described in Section 5.2. The cross
sections for the exclusive production mechanisms and the branching ratios for some
generated mH are listed in Table 7.1 for pp collisions at

√
s = 8 TeV.

Data are selected using single lepton and dilepton unprescaled triggers as in 2011
data taking but the pT thresholds have been increased a bit. For the single muon
trigger the threshold is raised to 24 GeV, while for the single electron to 25 GeV. For
the dimuon triggers the thresholds are pT = 13 GeV for each muon or pT1 = 18 GeV,
pT2 = 8 GeV in the case of the asymmetric trigger, while for the dielectron triggers
the thresholds are ET = 12 GeV for each electron.

For the 2012 LHC data taking, the electron reconstruction algorithm is improved
with respect to 2011, improving the performance at low pT. The ATLAS track
pattern recognition and fit procedure were updated to account for energy losses due
to bremsstrahlung, and the track-to-cluster matching algorithm was improved to
be less sensitive to bremsstrahlung losses. All tracks associated to electromagnetic
clusters are re-fitted using a Gaussian-Sum Filter [34], as in the 2011 analysis, which
allows for bremsstrahlung energy losses.

The requirements applied in the analysis follow the event selection in 2011, de-
scribed in Section 5.3 with the exception of the electron calorimetric isolation. The
calorimetric isolation for the electrons in the 2012 analysis is topological-cluster
based [93] rather than cell based. The algorithm for topological clustering sup-
presses noise by keeping cells with a significant energy deposit and their neighbours.
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Figure 7.2: The ratio of the isolation and impact parameter efficiencies between data
and simulation, estimated with the Tag and Probe method, using (a) Z → µµ and
(b) Z → ee events.

The ambient energy deposition in the event from pileup and the underlying event is
also accounted for using a calculation of the median transverse energy density from
low-pT jets [94, 95]. The normalized calorimetric isolation for electrons is required
to be less than 0.20, instead of 0.30 in 2011 analysis.

The efficiency of the isolation and impact parameter requirements on signal-like
muons and electrons has been revised using the Tag and Probe method. It is found
to be greater than 92 % even in the low energy leptons. The efficiency ratio between
data and MC simulation is shown in Figure 7.2.

The combined signal reconstruction and selection efficiencies for a SM Higgs with
mH = 125 GeV(mH = 130 GeV) are 36 %(41 %) for the 4µ channel, 22 %(27 %) for
the 2e2µ/2µ2e channels and 20 %(23 %) for the 4e channel.

7.2 Background estimation

The expected background yield and its composition is estimated using MC simu-
lation normalized to the theoretical cross section for ZZ(∗) production and using
data-driven methods for the Z+jets and tt̄ processes and the background compo-
sition depends on the flavor of the subleading dilepton. Following the methods
described in Section 6.3.4, the expected background yields in the signal region are
summarized in Table 7.2 for all the final states.

For the estimation of the Z+bb̄ and tt̄ background processes, the m12-fit method
is used in the subleading dimuon final states, described in Section 6.3.4. The m12

distribution for this control region is shown in Figure 7.3 and the transfer factors for
the extrapolation of the yields to the signal region are calculated to be 3.3±0.3±1.0
for Zbb̄ and 0.3 ± 0.1 ± 0.1 for tt̄.

For the background contribution of the subleading electron final states the method
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Table 7.2: The estimation for the reducible background is presented. The first
uncertainty is statistical, while the second one is systematic.

Method Estimated
number of events

4µ
m12 fit: Z + jets contribution 0.51±0.13±0.16
m12 fit: tt̄ contribution 0.04±0.02±0.02

2e2µ
m12 fit: Z + jets contribution 0.41±0.10±0.13

m12 fit: tt̄ contribution 0.04±0.01±0.01

2µ2e
ℓℓ+ e±e∓ 4.9± 0.8 ±0.7

ℓℓ+ e±e± (check) 4.1± 0.6 ±0.8

3ℓ+ ℓ (check) 3.5± 0.5 ±0.5

4e
ℓℓ+ e±e∓ 3.9± 0.7 ±0.8

ℓℓ+ e±e± (check) 3.1± 0.5 ±0.6
3ℓ+ ℓ (check) 3.0± 0.4 ±0.4
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Figure 7.3: Distribution ofm12 in the control region where the isolation requirements
are not applied to the two subleading muons, and at least one of these muons fails
the impact parameter significance requirement. The fit used to obtain the yields for
tt̄ and Z+jets is presented.
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Table 7.3: The observed and expected yields of µµ/ee+ ee events are quoted for the
subleading dielectron categories in the control region where the electron requirements
on the subleading dielectron are relaxed.

4e 2µ2e
Data MC Data MC

EE 11 14.61 8 17.82
EC 4 2.431 3 1.768
EF 6 10.34 5 5.358
CE 5 1.592 6 3.059
CC 2 1.378 2 0.774
CF 7 4.68 10 5.282
FE 5 3.529 4 3.733
FC 5 2.784 4 4.048
FF 12 10.11 17 9.149
Total 57 51.46 59 50.99

used in the 2011 analysis is applied. The subleading electrons in the relaxed electron
identification control region are classified into electron-like (E), conversion-like (C)
and fake-like (F), based on the B-layer, TRT and calorimeter measurement. The
numbers of observed events in each category are presented in Table 7.3. Extrapola-
tion is then performed to the signal region based on the truth based efficiencies of
the remaining selection. The final background estimation is quoted in Table 7.2.

The m12 and m34 distributions for events selected by the analysis when relaxing
the isolation and impact parameter requirements for the subleading dilepton are pre-
sented in Figure 7.4. The events are divided according to the flavor of the subleading
lepton pair into ℓℓ+µµ and ℓℓ+ee events. The MC is normalized to the data driven
background estimations given in Table 7.2. The shape and normalization of the
backgrounds are in good agreement with data. This is observed both for large val-
ues of m34, where the ZZ(∗) background dominates, and for low m34 values. When
combining with the 2011 data, Figures 7.5 are extracted dividing the distributions
according to the subleading dilepton flavor and in Figures 7.6 the distributions are
combined for all flavors, including the contribution of the mH = 125 GeV signal.

The shapes for the background are based on the MC simulation. The MC shape
templates are checked with data in a Z+jets and tt̄ enhanced control region where the
subleading dilepton fails either the isolation or the impact parameter requirements.
The comparison is shown in Figure 7.7 where the MC template is shown to be in
good agreement within statistics with the data.
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Figure 7.4: The invariant mass distributions of the lepton pairs in the control sample
defined by a Z boson candidate and an additional same-flavor lepton pair are pre-
sented divided according to the flavor of the additional lepton pair. In (a) the m12

and in (c) the m34 distributions are presented for ℓℓ (µ+µ−/e+e−)+µ+µ− events. In
(b) them12 and in (d) them34 distributions are presented for ℓℓ (µ+µ−/e+e−)+e+e−

events. The kinematic selection of the analysis is applied. Isolation and impact pa-
rameter significance requirements are applied to the first lepton pair only.
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Figure 7.5: The invariant mass distributions of the lepton pairs in the relaxed control
region are presented divided according to the flavor of the subleading dilepton after
the combination of the 2011 and 2012 data. In (a) the m12 and in (c) the m34

distributions are presented for ℓℓ (µ+µ−/e+e−) + µ+µ− events. In (b) the m12

and in (d) the m34 distributions are presented for ℓℓ (µ+µ−/e+e−) + e+e− events.
The kinematic selection of the analysis is applied. Isolation and impact parameter
significance requirements are applied to the first lepton pair only.
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Figure 7.6: The (a) m12 and (b) m34 invariant mass distributions of the lepton pairs
in the relaxed control region are presented after the combination of the 2011 and
2012 data. The kinematic selection of the analysis is applied. Isolation and impact
parameter significance requirements are applied to the first lepton pair only.
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Table 7.4: List of the 4e candidates passing the full selection using 5.9 fb−1 of 8TeV
data.

N Run Number Event Number LB m4ℓ m12 m34

[GeV] [GeV] [GeV]

1 201113 36934150 399 307.39 83.88 75.14
2 202991 29492591 418 209.61 91.38 76.64
3 203335 44927851 250 211.11 96.00 85.55
4 203432 58320601 456 162.20 76.45 52.73
5 203524 64340754 365 188.74 90.64 92.83
6 203602 82614360 429 124.49 70.63 44.66
7 203602 99681996 532 174.60 79.83 70.22
8 203602 106701658 578 296.57 92.42 113.69
9 203636 95484441 546 399.18 87.43 101.72
10 203680 44088690 548 229.24 89.02 94.45
11 203719 20441551 149 264.36 91.14 88.69
12 203739 73042609 864 220.25 89.80 79.23
13 203934 89714329 997 87.38 51.22 30.05
14 203934 91585470 1005 160.06 72.78 47.13
15 204240 29054747 685 195.52 90.85 86.37
16 204265 11531490 170 201.28 89.15 88.61
17 204265 15870479 185 193.92 90.74 93.34
18 204564 72798274 843 143.80 84.63 31.64
19 204564 76786292 858 114.14 57.28 49.05
20 204564 193961472 1290 192.23 91.11 87.19
21 204564 228171673 1464 301.72 88.80 87.78
22 204633 4809722 171 193.42 87.37 84.98
23 204668 60678687 252 202.59 87.72 86.36
24 204726 20583917 203 105.06 51.41 31.21
25 204910 22993546 376 125.52 88.93 22.28
26 204932 53150539 301 187.78 91.69 64.28
27 204932 60690285 335 261.82 89.36 88.08
28 204954 19454464 152 378.19 84.48 83.41
29 204955 90366740 412 114.55 77.26 35.82
30 205055 13546817 348 208.81 90.76 89.33
31 205071 193422310 1106 549.31 91.93 93.05
32 205112 46981864 434 280.77 91.04 89.70
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Table 7.5: List of the 4µ candidates passing the full selection using 5.8 fb−1 of 8 TeV
data.

N Run Number Event Number LB m4ℓ m12 m34

[GeV] [GeV] [GeV]

1 200926 17712380 418 300.17 90.39 94.42
2 201494 26817712 140 273.60 91.85 85.11
3 202668 26299894 221 384.08 90.82 83.75
4 203195 5763465 109 255.93 86.05 83.46
5 203258 59505222 399 228.83 92.53 86.64
6 203277 22949094 269 191.04 89.44 88.84
7 203353 26647061 384 242.54 91.53 86.98
8 203432 46880033 391 213.27 91.09 92.56
9 203456 24914034 119 187.57 91.35 74.74
10 203524 62321499 355 237.94 91.01 90.39
11 203602 80248134 415 376.59 91.94 92.41
12 203636 34504484 215 337.53 88.57 86.26
13 203745 63994592 371 227.42 91.39 91.59
14 203779 46710128 499 344.23 93.90 80.11
15 203876 9282788 483 326.67 87.46 85.90
16 203934 100600041 1050 210.74 91.83 89.81
17 204026 87732822 472 189.95 89.98 93.54
18 204071 30963264 476 261.35 88.98 77.71
19 204073 18405446 203 278.84 91.02 87.11
20 204153 22992989 146 120.99 54.55 20.85
21 204153 32436165 180 574.78 88.08 82.53
22 204158 108769641 783 231.71 91.24 90.90
23 204240 52902065 786 209.05 94.36 85.81
24 204416 20491680 88 295.18 93.47 72.17
25 204564 25416035 663 128.72 90.94 27.48
26 204564 149682166 1125 281.83 88.34 86.99
27 204763 64671324 313 220.33 93.95 61.55
28 204763 198344978 956 361.78 92.19 85.51
29 204769 71902630 398 124.09 86.34 31.57
30 204769 82599793 447 123.25 84.01 34.21
31 204769 84802829 457 422.79 91.59 89.21
32 204976 52368897 312 191.49 90.87 96.97
33 205016 37425673 144 513.24 92.28 97.61
34 205017 7255669 33 196.20 89.54 89.34
35 205071 55053974 414 264.86 88.06 94.68
36 205071 222074238 1245 303.05 91.87 91.94
37 205112 29305779 362 213.82 89.97 85.84
38 205112 58173349 479 319.11 100.19 74.51
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Table 7.6: List of the 2e2µ candidates passing the full selection using 4.8 fb−1 of
8TeV data.

N Run Number Event Number LB m4ℓ m12 m34

[GeV] [GeV] [GeV]

1 200987 50726675 356 246.36 87.17 110.04
2 201113 29045106 344 202.32 91.60 90.37
3 201113 34945963 383 264.99 87.92 94.89
4 201138 27887257 407 212.80 89.58 86.61
5 201190 13200815 151 236.30 87.75 106.78
6 202798 43736485 699 161.04 74.92 61.78
7 203027 71454016 782 193.62 91.34 92.81
8 203195 25217284 227 361.43 91.93 89.71
9 203228 15214720 173 233.75 90.67 87.77
10 203258 105740575 742 129.92 86.24 25.44
11 203353 79978481 686 373.72 83.38 56.36
12 203432 20659622 238 448.87 90.88 96.62
13 203523 13350735 295 206.62 93.23 84.79
14 203636 10916804 109 319.08 89.70 93.70
15 203636 69879354 396 432.08 91.88 89.35
16 203739 67630085 839 259.21 88.51 94.43
17 203876 96963848 750 341.25 87.45 64.44
18 204153 33235991 183 193.27 90.30 89.83
19 204158 18242755 397 264.46 91.06 96.38
20 204240 31409138 695 228.96 90.43 79.30
21 204240 151358568 1230 193.69 90.50 89.85
22 204265 72546153 406 198.86 87.64 86.98
23 204416 42212637 172 193.05 88.24 97.09
24 204474 56451245 335 266.04 85.50 84.23
25 204474 89082513 490 184.28 95.22 78.48
26 204763 5630931 75 89.05 51.36 17.89
27 204763 67344918 325 214.16 89.94 88.42
28 204910 95498501 722 266.89 89.57 64.92
29 204955 16392574 70 325.42 83.81 101.79
30 204955 72469686 322 181.39 91.20 89.27
31 205112 25095415 346 168.15 89.44 71.57
32 205113 12611816 632 122.65 87.96 19.63
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Table 7.7: List of the 2µ2e candidates passing the full selection using 4.8 fb−1 of
8TeV data.

N Run Number Event Number LB m4ℓ m12 m34

[GeV] [GeV] [GeV]

1 201113 55604596 559 222.15 92.54 88.27
2 201257 21308431 430 188.00 89.26 86.16
3 201257 121862343 980 353.11 90.95 93.62
4 201289 10043905 131 219.11 88.86 82.33
5 201556 6395332 436 177.52 88.82 86.04
6 201556 10787809 453 212.54 80.22 77.61
7 202798 7203716 466 241.14 87.05 63.69
8 203258 114413312 804 185.53 88.12 95.26
9 203335 49048571 273 283.14 93.03 88.84
10 203353 7225045 288 162.04 83.70 52.13
11 203353 28661403 394 200.93 93.95 87.55
12 203524 28303221 183 198.44 89.66 82.69
13 203636 65210779 369 211.00 89.77 84.61
14 203680 10638148 388 175.39 84.76 79.99
15 203719 12262192 124 251.36 86.80 85.88
16 203745 75039428 433 230.74 96.53 69.92
17 203745 90860257 524 310.81 90.47 83.83
18 203876 36135200 578 287.43 89.83 78.60
19 203876 60324400 653 209.61 90.15 88.41
20 203934 70728810 914 148.80 88.45 49.51
21 203934 98492930 1038 254.36 90.95 90.17
22 204071 32311568 481 293.63 92.93 88.38
23 204073 38389153 276 190.56 89.54 88.83
24 204153 26755807 159 225.19 83.50 83.32
25 204265 223273173 1213 368.63 91.69 112.88
26 204474 131005091 707 230.69 84.44 59.88
27 204474 134814016 725 93.44 56.20 25.35
28 204564 68230882 825 896.52 90.97 92.87
29 204564 198222712 1308 219.26 92.57 62.45
30 204668 141229289 617 201.90 92.44 94.04
31 204763 95056361 457 118.83 89.23 27.26
32 204769 38987331 252 242.53 92.15 86.66
33 204772 81936527 384 85.48 56.16 27.93
34 204932 57770438 323 265.12 90.25 87.58
35 204954 36015359 211 154.04 93.01 48.18
36 205017 18590216 79 152.11 95.92 47.39
37 205055 201414970 1178 272.84 91.28 86.12
38 205071 36046056 346 128.19 89.68 31.91
39 205112 5259842 277 113.60 88.22 20.79
40 205113 28375316 689 247.80 92.50 89.12
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Table 7.8: The observed numbers of events and the final estimate for the expected backgrounds, separated into “Low mass”
(m4ℓ < 160 GeV) and “High mass” (m4ℓ ≥ 160 GeV) regions. The expected numbers of signal events is also shown for various
Higgs boson mass hypotheses. For signal and background estimates, the corresponding total uncertainty is given.

4µ 2e2µ/2µ2e 4e
Int. Luminosity 5.8 fb−1 5.8 fb−1 5.9 fb−1

Low mass High mass Low mass High mass Low mass High mass

ZZ(∗) 6.3±0.3 27.5±1.9 3.7±0.2 41.7±3.0 2.9±0.3 17.7±1.4
Z+jets and tt̄ 0.4±0.2 0.15±0.07 3.9±0.9 1.4±0.3 2.9±0.8 1.0±0.3

Total Background 6.7±0.3 27.6±1.9 7.6±1.0 43.1±3.0 5.7±0.8 18.8±1.4

Data 4 34 11 61 7 25

mH = 125 GeV 1.4±0.2 1.7±0.2 0.8±0.1
mH = 150 GeV 4.5±0.6 5.9±0.8 2.7±0.4
mH = 190 GeV 8.2±1.0 12.5±1.7 5.3±0.8
mH = 400 GeV 3.9±0.5 6.6±0.9 2.9±0.4
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Table 7.9: The numbers of expected signal and background events together with the number of observed events, in a window of
±5GeV around the hypothesized Higgs boson mass for the 5.8 fb−1 at

√
s = 8 TeV and the 4.8 fb−1 at

√
s = 7TeV datasets as

well as for their combination.
√
s = 8 TeV

√
s = 7 TeV

√
s = 8 TeV and

√
s = 7 TeV

4µ

mH exp. signal exp. bkg obs exp. signal exp. bkg obs exp. signal exp. bkg obs

120 0.68±0.09 0.61± 0.04 2 0.48±0.06 0.46± 0.03 2 1.16± 0.15 1.07± 0.07 4
125 1.25±0.17 0.74± 0.05 4 0.84±0.11 0.56± 0.03 2 2.09± 0.28 1.30± 0.08 6
130 1.88±0.25 0.81± 0.05 2 1.38±0.18 0.63± 0.03 1 3.26± 0.43 1.44± 0.08 3

2e2µ/2µ2e

mH exp. signal exp. bkg obs exp. signal exp. bkg obs exp. signal exp. bkg obs

120 0.81±0.12 1.15± 0.17 2 0.48±0.07 0.78± 0.10 1 1.29± 0.19 1.93± 0.18 3
125 1.45±0.20 1.30± 0.19 3 0.83±0.11 0.89± 0.11 2 2.28± 0.31 2.19± 0.21 5
130 2.24±0.32 1.34± 0.20 2 1.27±0.17 0.94± 0.11 1 3.51± 0.49 2.28± 0.21 3

4e

mH exp. signal exp. bkg obs exp. signal exp. bkg obs exp. signal exp. bkg obs

120 0.35±0.05 0.79±0.15 1 0.15±0.02 0.60±0.12 1 0.50±0.07 1.39±0.19 2
125 0.61±0.09 0.90±0.17 2 0.28±0.04 0.69±0.13 0 0.89±0.13 1.59±0.22 2
130 0.91±0.15 0.96±0.17 1 0.42±0.06 0.74±0.14 0 1.33±0.21 1.70±0.22 1
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Figure 7.8: Them4ℓ invariant mass is presented for the selected candidates compared
to the background expectation in the range 80 − 600 GeV for the (a)

√
s = 8TeV

and (b)
√
s = 7TeV datasets. The error bars represent the 68.3% central confidence

intervals. The signal expectation for several mH hypotheses is also shown.

7.3 Results of event selection

Using 5.8 fb−1 of 8 TeV data 142 candidates events survive the analysis. The details
on these events are presented in Tables 7.4 to 7.7. In Table 7.8, the numbers of
events observed in each final state are summarized and compared to the expected
backgrounds, separately form4ℓ < 160 GeV and m4ℓ ≥ 160 GeV, and to the expected
signal for various mH hypotheses. Table 7.9 presents the observed and expected
events, in a window of ±5 GeV around various hypothesized Higgs boson masses,
for the 5.8 fb−1 at

√
s = 8 TeV and the 4.8 fb−1 at

√
s = 7 TeV datasets as well as

for their combination.

The expected m4ℓ distributions for the total background and several signal hy-
potheses are compared to the data in Figure 7.8. Figure 7.9 presents the same
distributions only for the low mass range 80 − 250 GeV. In Figures 7.10 and 7.11
the m4ℓ mass distributions for each sub-channel (4µ, 2µ2e, 2e2µ, 4e) are shown for
the data at

√
s = 8 TeV and the combination of 2011 and 2012, respectively. In

Figure 7.12 the m34 invariant mass with respect to m12 is presented. The expected
distribution formH = 125 GeV is superimposed, with the size of the boxes indicating
the relative density, as well as the expected distribution for the total background,
with the intensity of the shading indicating the relative density. The distribution
does not depict results from the Z-mass constrained kinematic fit.

High-pT photon emissions from final state radiation (FSR), although occurring
at a low rate, are not taken into account explicitly in the lepton reconstruction, and
affect the reconstructed invariant mass in rare cases. In MC, QED corrections are
fully considered and accounted for in the templates used for the mass distributions.
All candidates selected have been checked and no appreciable FSR activity has been
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Figure 7.9: Them4ℓ invariant mass is presented for the selected candidates compared
to the background expectation in the 80 − 250 GeV mass range for the (a)

√
s =

8TeV and (b)
√
s = 7 TeV datasets. Error bars represent 68.3% central confidence

intervals. The signal expectation for several mH hypotheses is also shown.

found for the candidates below 160 GeV.

7.4 Systematic uncertainties

The theoretical uncertainties have been studied extensively by the LHC Higgs cross
section working group [12]. The QCD scale uncertainties for mH = 125 GeV amount
to +7

−8 % for the gluon-fusion process and ±1% for the vector-boson fusion and as-
sociated WH/ZH production processes. The uncertainty of the production cross
section due to uncertainties of the parton distribution function (PDF) and αs is ±8%
for gluon-initiated processes and ±4% for quark-initiated processes, estimated by
following the prescription in Reference [75] and by using the PDF sets of CTEQ [77],
MSTW [78] and NNPDF [79]. The PDF uncertainties are assumed to be 100 % cor-
related among processes with identical initial states, regardless of these being signal
or background [75–79]. The uncertainties on the predicted branching ratios amount
to ±5%.

For the SM ZZ(∗) background, which is estimated from MC simulation, the un-
certainty on the total yield due to the QCD scale uncertainty is ±5%, while the effect
of the PDF and αs uncertainties is ±4 % and ±8% for processes initiated by quarks
and gluons, respectively [13]. In addition, the dependence of these uncertainties
on the four-lepton invariant mass spectrum has been taken into account. Though
a small excess of events is observed for m4ℓ > 180 GeV, the measured ZZ(b) → 4ℓ
cross section [96] is consistent with the SM theoretical prediction. The impact of not
using the theoretical constraints on the ZZ(b) yield on the search for a Higgs boson
with mH < 2mZ has been studied [97] and has been found to be negligible. The
impact of the interference between a Higgs signal and the non-resonant gg → ZZ(b)
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Figure 7.10: The m4ℓ distributions are shown for the selected candidates for the√
s = 8TeV analysis, for the various sub-channels (a) 4µ, (b) 2µ2e, (c) 2e2µ and

(d) 4e, compared to the background expectation for the 80 − 250 GeV mass range.
Error bars represent 68.3% central confidence intervals. The signal expectation for
several mH hypotheses is also shown.
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Figure 7.11: The m4ℓ distributions are shown for the selected candidates for the√
s = 8TeV analysis, for the various sub-channels (a) 4µ, (b) 2µ2e, (c) 2e2µ and

(d) 4e, compared to the background expectation for the 80 − 250 GeV mass range.
Error bars represent 68.3% central confidence intervals. The signal expectation for
several mH hypotheses is also shown.
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Figure 7.12: The distribution of the m34 versus the m12 invariant mass is presented,
before the application of the Z-mass constrained kinematic fit, for the selected can-
didates in the m4ℓ range 120 to 130 GeV. The expected distributions for a SM Higgs
with mH = 125 GeV (the sizes of the boxes indicate the relative density) and for
the total background (the intensity of the shading indicates the relative density) are
also shown.

background is small and becomes negligible for mH < 2mZ [98].

The uncertainties on the integrated luminosity are determined to be 1.8 % for
the 7 TeV data and 3.6 % for the 8 TeV data. The improved evaluation of the 7TeV
luminosity has been accomplished through comparisons of the long-term stability
and accuracy of the calibration applied to the pp collisions at

√
s = 7 TeV [99].

The uncertainties on the lepton reconstruction and identification efficiencies and
on the momentum scale and resolution are determined using samples of Z and
J/ψ decays [30, 100]. The relative uncertainty on the signal acceptance due to
the uncertainty on the muon reconstruction and identification efficiency is ±0.7 %
(±0.5 %/±0.5 %) for the 4µ (2e2µ/2µ2e) channel for m4ℓ = 600 GeV and increases
to ±0.9 % (±0.8 %/±0.5 %) for m4ℓ = 115 GeV. Similarly, the relative uncertainty
on the signal acceptance due to the uncertainty on the electron reconstruction and
identification efficiency is ±2.6 % (±1.7 %/±1.8 %) for the 4e (2e2µ/2µ2e) chan-
nel for m4ℓ = 600 GeV and reaches ±8.0 % (±2.3 %/±7.6 %) for m4ℓ = 115 GeV.
The uncertainty on the electron energy scale results in an uncertainty of ±0.7 %
(±0.5 %/±0.2 %) on the mass scale of the m4ℓ distribution for the 4e (2e2µ/2µ2e)
channel. The impact of the uncertainties on the electron energy resolution and on
the muon momentum resolution and scale are found to be negligible.
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Figure 7.13: The expected (dashed) and observed (full line) 95 % CL upper limits
on the Standard Model Higgs boson production cross section as a function of mH ,
divided by the expected SM Higgs boson cross section, for the

√
s = 8 TeV data

sample in the (a) low mass range and (b) the full range under consideration. The
dark (green) and light (yellow) bands indicate the expected limits with ±1σ and
±2σ fluctuations, respectively.

7.5 Exclusion limits and statistical interpretation

Figures 7.13 and 7.14 show the observed and expected 95 % CL cross section upper
limits, as a function of mH , for the 2012

√
s = 8 TeV data and for the combination

of the 2011 and 2012 data. Combining the two datasets, the SM Higgs boson is
excluded at 95 % CL in the mass ranges 131 − 162 GeV and 170 − 460 GeV. The
expected exclusion ranges are 124 − 164 GeV and 176 − 500 GeV.

In Figure 7.15 the local p0 is presented as a function of the mH hypothesis for
the 2011, 2012 data and their combination. In the

√
s = 8TeV data, the most

significant upward deviations from the background-only hypothesis are observed at
mH = 125.5 GeV with a local p0 of 0.4 % (2.7 standard deviations), and for mH =
266 GeV with a local p0 of 3.5 % (1.8 standard deviations). In the combined analysis
of the two datasets, the lowest local p0 value is 0.018 % (3.6 standard deviations),
at mH = 125 GeV.

The probability that such an excess occurs anywhere in the full mass range con-
sidered in this search, applying the “Look-Elsewhere” Effect, is evaluated [87], using
the mass range between 110 GeV and 141 GeV (i.e., the mass range not previously
excluded at the 95 % C.L. by the LHC experiments [101]). The global p0 of the
excess located at mH = 125 GeV is 0.65 %, or 2.5 standard deviations. In the high
mass region (mH > 160 GeV), the lowest p0 is at 1.9 % (2.1 standard deviations), at
mH = 266 GeV.

In Figure 7.16(a) the signal strength parameter µ = σ/σSM is presented as a
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Figure 7.14: The expected (dashed) and observed (full line) 95 % CL upper limits
on the Standard Model Higgs boson production cross section as a function of mH ,
divided by the expected SM Higgs boson cross section, for the combination of the
2011 and 2012 data in (a) the low mass range and (b) the full range under consider-
ation. The dark (green) and light (yellow) bands indicate the expected limits with
±1σ and ±2σ fluctuations, respectively.
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Figure 7.15: The observed local p0 for the combination of the 2011 and 2012 datasets
(solid black line); the

√
s = 7 TeV and

√
s = 8TeV data results are shown in solid

lines (blue and red, respectively). The dashed curves show the expected median local
p0 for the signal hypothesis when tested at the corresponding mH . The horizontal
dashed lines indicate the p0 values corresponding to local significance of 1σ, 2σ, 3σ
and 4σ.
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Figure 7.16: The signal strength parameter µ = σ/σSM obtained from a fit to the
data is presented (a) for the combined fit to the 2011 and 2012 data samples and
(b) for the expected value of µ as a function of mH when a SM Higgs signal with
mH = 125 GeV is injected.

function of mH for the combination of the two data samples. The corresponding
result in the case where a SM Higgs signal of mH = 125 GeV is injected is shown in
Figure 7.16(b). The bands illustrate the µ interval corresponding to −2 lnλ(µ) < 1,
where λ is the profile likelihood ratio test statistic, and represent an approximate
±1σ variation. The fitted signal strength divided by the expected SM rate is denoted
with µ̂. The expected µ̂ has an asymmetric shape and because the expected SM rate
rises rapidly with mH in the low mass region, the expected µ̂ is increased below the
injected signal mass and slightly exceeds one for a small mass range.

Combining the 2011 and 2012 datasets recorded by ATLAS, an excess of events is
observed around mH = 125 GeV, whose p0 value is 0.029 % (3.4 standard deviations)
and the SM Higgs boson is excluded at 95 % CL in the mass ranges 131 − 162 GeV
and 170 − 460 GeV [97].

7.6 Combination with other Higgs boson searches

The conclusion of the Higgs searches in the H → 4ℓ channel has been supported by
other channels, too. More specifically, the H → ZZ(∗) → 4ℓ search was combined
with the results of the H → γγ and H → WW (∗) → eνµν searches in the 8 TeV
data, with previously published results of searches for H → ZZ(∗), H → WW (∗),
H → bb̄ and H → ττ in the 7TeV data, and results from improved analyses of the
H → ZZ(∗) → 4ℓ and H → γγ channels in the 7 TeV data [102]. In Figure 7.17 the
diphoton invariant mass is presented. The distribution is fitted with the sum of a
signal component fixed to mH = 126.5 GeV and a background component described
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Figure 7.17: The invariant mass distribution of the diphoton candidates is presented
for the combined

√
s = 7 TeV and

√
s = 8 TeV data samples. The result of a fit to the

data of the sum of a signal component fixed to mH = 126.5 GeV and a background
component described by a fourth-order Bernstein polynomial is superimposed. The
bottom inset displays the residuals of the data with respect to the fitted background
component.
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Figure 7.19: The local probability p0 for a background-only experiment to be more
signal-like than the observation is presented (a) in the full mass range of this analysis
and (b) in the low mass range including the p0 for individual channels, as a function
of mH . The dashed curves show the median expected local p0 under the hypothesis
of a Standard Model Higgs boson production signal at that mass. The horizontal
dashed lines indicate the p-values corresponding to significance of 1σ to 6σ.



7.6. COMBINATION WITH OTHER HIGGS BOSON SEARCHES 181

 [GeV]Hm
110 115 120 125 130 135 140 145 150

)µ
S

ig
na

l s
tr

en
gt

h 
(

-0.5

0

0.5

1

1.5

2

2.5
Best fit 

) < 1 µ(λ-2 ln 
-1Ldt = 5.8-5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV:  s

ATLAS 2011 + 2012 Data

Figure 7.20: The best-fit signal strength is presented as a function of the Higgs
boson mass hypothesis for the full combination of the 2011 and 2012 data.

by a fourth-order Bernstein polynomial.
In Figure 7.18 the combined search results are presented. The combined 95 %

CL exclusion limits on the production of the SM Higgs boson, expressed in terms of
the signal strength parameter µ, are shown as a function of mH . The expected 95 %
CL exclusion region covers the mH range from 110 GeV to 582 GeV. The observed
95 % CL exclusion regions are 111− 122 GeV and 131 − 559 GeV. The mass regions
excluded at 99 % CL are the 113 − 114, 117 − 121 and 132 − 527 GeV, while the
expected excluded mass region at 99 % CL is the 113 − 532 GeV.

In Figure 7.19 the local p0 is presented as a function of the mH hypothesis for
the combination of the two analyses using both the 2011 and 2012 data. The largest
local significance for the combination of the 7 and 8TeV data is found for a SM
Higgs boson mass hypothesis of mH = 126.5 GeV, where it reaches 6.0 σ, with an
expected value in the presence of a SM Higgs boson signal at that mass of 4.9 σ.

The mass of the observed new particle is estimated using the profile likelihood
ratio λ(mH) for H → ZZ(∗) → 4ℓ and H → γγ, the two channels with the highest
mass resolution. The resulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat)±0.4 (sys) GeV.

The best-fit signal strength, µ̂, is shown in Figure 7.20 as a function of mH .
The interval around mu-hat corresponds to a variation of -2lnλ(µ) < 1 that, in the
asymptotic limit, corresponds to the 68 % confidence interval. The observed excess
corresponds to µ̂ = 1.4 ± 0.3 for mH = 126 GeV, which is consistent with the SM
Higgs boson hypothesis µ = 1.
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Chapter 8

Conclusions

ATLAS is one of the experiments at the CERN LHC, the world’s largest and highest-
energy particle accelerator and collider. It is a general purpose detector with a wide
physics program from Standard Model precision tests to search for exotic processes.
The size and complexity of the detector requires a powerful system for the control
and monitoring of its various components. This has been accomplished, as shown
in this thesis, by using the SCADA framework, PVSS, to perform essential actions
such as operation and alarming. Due to the fine granularity of the detectors, a
Finite State Machine has been added to complement the PVSS with an efficient
hierarchy-based structure of the detector.

One of the main goals of the physics program of ATLAS is the search for the
Higgs boson. The Higgs boson is a postulated particle by the Standard Model but
had not been experimentally observed up to the latest experiments. Its mass is a free
parameter of the theory but it can be constrained using theoretical arguments, direct
searches performed in LEP and Tevatron, and indirect searches involving precision
measurements of the electroweak observables in connection with their theoretical
predictions.

The Higgs in the LHC is produced mainly through gluon fusion, but also through
vector boson fusion and in association with a vector boson or a tt̄ pair. The subject of
this thesis is the search for the SM Higgs boson in the decay channel H → ZZ(∗) →
4ℓ. In this channel only muons and electrons are considered in the final state.
Electrons are reconstructed and identified by combining inner tracking detector and
calorimeter information whereas for the muons, the inner tracking detector and the
muon spectrometer are used. Muon isolation has been studied for various pileup
conditions as well as the muon fake rate from kaon and pion decays-in-flight. In
addition, the efficiency of the isolation and transverse impact parameter significance
requirements has been measured in data using the Tag and Probe technique while
the simulation was found to be in agreement.

The search for the SM Higgs boson through the decay H → ZZ(∗) → 4ℓ is sen-
sitive in the mass range 110 − 600 GeV. The main background contribution to this
final state is the irreducible ZZ(∗) production. However, the reducible background
processes depend on the subleading dilepton flavor, with Z+ light quark jets domi-
nating in electron final states and Zbb̄ and the tt̄ production, in muon final states.
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The control and estimation of the background contribution are vital for the Higgs
boson searches. In this thesis, it is shown that the background processes are well
understood and various methods are used for the estimation of their contribution in
the signal region.

The Higgs boson search in the H → ZZ(∗) → 4ℓ channel is performed using
4.8 fb−1 of 7 TeV and 5.8 fb−1 of 8TeV data, leading to the observation of an excess
of events around mH = 126.5 GeV. This observation is supported by H → γγ and
H → WW (∗) → eνµν searches. Combination of the Higgs searches using 7 TeV
and 8 TeV data has led to clear evidence for the production of a neutral boson
with a measured mass of 126.0 ± 0.4 (stat)±0.4 (sys) GeV. This observation, which
has a local statistical significance of 5.9 standard deviations, corresponding to a
background fluctuation probability of 1.7× 10−9, is compatible with the production
and decay of the Standard Model Higgs boson.
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Appendix A

Additional results on muon

efficiencies

The efficiencies for muon isolation and impact parameter cuts for Z → µµ muons are
derived using a Tag and Probe approach as described in 4.3.3. The selection criteria
under study are ΣpT /pT < 0.15 (tracking isolation), ΣET /ET < 0.3 (calorimeter
isolation) and d0/σd0 < 3.5 (transverse impact parameter significance). For both
the tracking and calorimetric isolation a cone of 0.2 around the muon is used. This
study is performed on 4.8 fb−1 7TeV data and several Monte Carlo samples both
for the signal and the backgrounds.

The results of the fits on the opposite and same charge combination invariant
mass distributions are presented for all probe pT bins in the Figures A.1 to A.9 in
the case of the tracking isolation cut (4.8 fb−1). The blue dashed line corresponds
to the QCD estimation using the same charge templates from the data. The red
dashed line corresponds to the estimated Z → τ+τ− and the green one to the tt̄
contribution. The combination of all the templates is shown with the continuous
blue line. The combination of the templates is in agreement with the data in all
probe pT bins.

In Figures A.10 to A.18 the Z → µµ invariant mass distributions are presented
using MC simulation for the probe pT bins. The distributions are shown for both
before and after applying the tracking isolation selection.

In order to estimate the systematics, larger ranges are considered for the cal-
culation of the efficiency (5 GeV and 8GeV around the Z peak), a broader fitting
range is used (56-126 GeV) and a Pythia generated Z → µ+µ− Monte Carlo sample
is taken into account. The results from these systematics studies are summarized in
Tables A.1 to A.4.
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Figure A.1: Invariant mass distributions for the opposite sign muon pairs (top plots)
and same sign ones (bottom plots) before (left plots) and after (right plots) applying
the tracking isolation cut, using the Tag and Probe method for the probe pT bin 6
to 12 GeV (4.8 fb−1).
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Figure A.2: Invariant mass distributions for the opposite sign muon pairs (top plots)
and same sign ones (bottom plots) before (left plots) and after (right plots) applying
the tracking isolation cut, using the Tag and Probe method for the probe pT bin 12
to 15 GeV (4.8 fb−1).
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Figure A.3: Invariant mass distributions for the opposite sign muon pairs (top plots)
and same sign ones (bottom plots) before (left plots) and after (right plots) applying
the tracking isolation cut, using the Tag and Probe method for the probe pT bin 15
to 20 GeV (4.8 fb−1).
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Figure A.4: Invariant mass distributions for the opposite sign muon pairs (top plots)
and same sign ones (bottom plots) before (left plots) and after (right plots) applying
the tracking isolation cut, using the Tag and Probe method for the probe pT bin 20
to 25 GeV (4.8 fb−1).
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Figure A.5: Invariant mass distributions for the opposite sign muon pairs (top plots)
and same sign ones (bottom plots) before (left plots) and after (right plots) applying
the tracking isolation cut, using the Tag and Probe method for the probe pT bin 25
to 30 GeV (4.8 fb−1).
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Figure A.6: Invariant mass distributions for the opposite sign muon pairs (top plots)
and same sign ones (bottom plots) before (left plots) and after (right plots) applying
the tracking isolation cut, using the Tag and Probe method for the probe pT bin 30
to 35 GeV (4.8 fb−1).
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Figure A.7: Invariant mass distributions for the opposite sign muon pairs (top plots)
and same sign ones (bottom plots) before (left plots) and after (right plots) applying
the tracking isolation cut, using the Tag and Probe method for the probe pT bin 35
to 40 GeV (4.8 fb−1).
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Figure A.8: Invariant mass distributions for the opposite sign muon pairs (top plots)
and same sign ones (bottom plots) before (left plots) and after (right plots) applying
the tracking isolation cut, using the Tag and Probe method for the probe pT bin 40
to 45 GeV (4.8 fb−1).
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Figure A.9: Invariant mass distributions for the opposite sign muon pairs (top plots)
and same sign ones (bottom plots) before (left plots) and after (right plots) applying
the tracking isolation cut, using the Tag and Probe method for the probe pT bin 45
to 50 GeV (4.8 fb−1).
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Figure A.10: Invariant mass distributions for Z → µµ using MC simulation (a)
before and (a) after applying the tracking isolation cut in the probe pT bin 7 to
12 GeV.
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Figure A.11: Invariant mass distributions for Z → µµ using MC simulation (a)
before and (a) after applying the tracking isolation cut in the probe pT bin 12 to
15 GeV.
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Figure A.12: Invariant mass distributions for Z → µµ using MC simulation (a)
before and (a) after applying the tracking isolation cut in the probe pT bin 15 to
20 GeV.

Entries  413850

70 75 80 85 90 95 100 105 110 115
310×0

5000

10000

15000

20000

25000

30000

35000

Entries  413850

(a)

Entries  406675

70 75 80 85 90 95 100 105 110 115
310×0

5000

10000

15000

20000

25000

30000

35000

Entries  406675

(b)

Figure A.13: Invariant mass distributions for Z → µµ using MC simulation (a)
before and (a) after applying the tracking isolation cut in the probe pT bin 20 to
25 GeV.
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Figure A.14: Invariant mass distributions for Z → µµ using MC simulation (a)
before and (a) after applying the tracking isolation cut in the probe pT bin 25 to
30 GeV.
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Figure A.15: Invariant mass distributions for Z → µµ using MC simulation (a)
before and (a) after applying the tracking isolation cut in the probe pT bin 30 to
35 GeV.
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Figure A.16: Invariant mass distributions for Z → µµ using MC simulation (a)
before and (a) after applying the tracking isolation cut in the probe pT bin 35 to
40 GeV.
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Figure A.17: Invariant mass distributions for Z → µµ using MC simulation (a)
before and (a) after applying the tracking isolation cut in the probe pT bin 40 to
45 GeV.
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Figure A.18: Invariant mass distributions for Z → µµ using MC simulation (a)
before and (a) after applying the tracking isolation cut in the probe pT bin 45 to
50 GeV.
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Table A.1: Selection criteria efficiencies and their ratio between data (4.8 fb−1) and Monte Carlo when using a ±5GeV range
around the mZ for the efficiency calculation.

probe pT Track Isolation Calorimeter Isolation d0 significance all three
(GeV) Data MC ratio Data MC ratio Data MC ratio Data MC ratio

7 - 12 0.968 0.964 1.004 0.988 0.983 1.006 0.994 0.988 1.007 0.957 0.951 1.007
12 - 15 0.977 0.975 1.001 0.992 0.987 1.005 0.992 0.988 1.004 0.966 0.965 1.002
15 - 20 0.985 0.983 1.002 0.995 0.991 1.004 0.991 0.991 1.000 0.975 0.975 1.000
20 - 25 0.989 0.987 1.002 0.996 0.993 1.003 0.993 0.992 1.001 0.981 0.980 1.000
25 - 30 0.992 0.991 1.002 0.998 0.995 1.002 0.993 0.993 1.000 0.984 0.985 1.000
30 - 35 0.995 0.994 1.001 0.999 0.997 1.001 0.993 0.993 1.000 0.988 0.988 1.000
35 - 40 0.998 0.996 1.001 1.000 0.998 1.001 0.993 0.994 0.999 0.990 0.991 0.999
40 - 45 0.999 0.998 1.001 1.000 0.999 1.001 0.993 0.994 0.999 0.992 0.993 0.999
45 - 50 0.999 0.997 1.003 1.000 0.997 1.003 0.994 0.993 1.001 0.993 0.992 1.001
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Table A.2: Selection criteria efficiencies and their ratio between data (4.8 fb−1) and Monte Carlo when using a ±8GeV range
around the mZ for the efficiency calculation.

probe pT Track Isolation Calorimeter Isolation d0 significance all three
(GeV) Data MC ratio Data MC ratio Data MC ratio Data MC ratio

7 - 12 0.968 0.964 1.004 0.990 0.982 1.008 0.994 0.987 1.007 0.957 0.950 1.007
12 - 15 0.977 0.975 1.001 0.991 0.987 1.004 0.991 0.988 1.003 0.966 0.964 1.001
15 - 20 0.985 0.983 1.002 0.994 0.991 1.004 0.991 0.990 1.000 0.974 0.974 1.000
20 - 25 0.989 0.987 1.002 0.996 0.993 1.003 0.992 0.992 1.001 0.980 0.980 1.000
25 - 30 0.992 0.990 1.002 0.997 0.995 1.002 0.992 0.992 1.000 0.983 0.984 0.999
30 - 35 0.994 0.993 1.001 0.999 0.997 1.002 0.993 0.993 1.000 0.987 0.987 1.000
35 - 40 0.997 0.996 1.001 0.999 0.998 1.001 0.992 0.993 0.999 0.989 0.990 0.999
40 - 45 0.999 0.998 1.001 1.000 0.999 1.001 0.993 0.994 0.999 0.992 0.993 0.999
45 - 50 0.999 0.997 1.002 1.000 0.997 1.003 0.993 0.993 1.000 0.992 0.992 1.000
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Table A.3: Selection criteria efficiencies and their ratio between data (4.8 fb−1) and Monte Carlo when using a wider fitting range
(56 − 126 GeV).

probe pT Track Isolation Calorimeter Isolation d0 significance all three
(GeV) Data MC ratio Data MC ratio Data MC ratio Data MC ratio

6 - 12 0.972 0.965 1.007 0.990 0.983 1.007 0.993 0.988 1.006 0.960 0.952 1.009
12 - 15 0.977 0.976 1.001 0.991 0.987 1.004 0.992 0.988 1.004 0.966 0.965 1.001
15 - 20 0.985 0.983 1.002 0.994 0.991 1.003 0.991 0.991 1.000 0.975 0.975 0.999
20 - 25 0.989 0.987 1.002 0.996 0.994 1.003 0.993 0.992 1.001 0.981 0.981 1.001
25 - 30 0.993 0.991 1.002 0.998 0.996 1.002 0.993 0.993 1.000 0.985 0.985 1.000
30 - 35 0.995 0.994 1.001 0.999 0.997 1.002 0.993 0.993 1.000 0.988 0.988 1.000
35 - 40 0.998 0.997 1.001 1.000 0.998 1.001 0.993 0.994 0.999 0.991 0.991 0.999
40 - 45 0.999 0.998 1.001 1.000 0.999 1.001 0.993 0.994 0.999 0.992 0.993 0.999
45 - 50 0.999 0.996 1.003 1.000 0.997 1.003 0.994 0.993 1.001 0.993 0.992 1.001
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Table A.4: Selection criteria efficiencies and their ratio between data (4.8 fb−1) and Monte Carlo when using the pythia generated
MC.

probe pT Track Isolation Calorimeter Isolation d0 significance all three
(GeV) Data MC ratio Data MC ratio Data MC ratio Data MC ratio

6 - 12 0.972 0.972 1.000 0.991 0.991 1.000 0.993 0.989 1.004 0.961 0.957 1.004
12 - 15 0.977 0.983 0.995 0.992 0.995 0.997 0.991 0.990 1.001 0.966 0.971 0.995
15 - 20 0.985 0.987 0.999 0.995 0.995 0.999 0.991 0.992 0.999 0.975 0.977 0.998
20 - 25 0.989 0.991 0.997 0.996 0.997 1.000 0.993 0.993 1.000 0.981 0.983 0.998
25 - 30 0.993 0.993 1.000 0.998 0.998 1.000 0.993 0.994 0.999 0.985 0.986 0.999
30 - 35 0.995 0.995 1.000 0.999 0.999 1.000 0.993 0.994 1.000 0.988 0.989 0.999
35 - 40 0.998 0.998 1.000 1.000 1.000 1.000 0.993 0.994 0.999 0.991 0.992 0.999
40 - 45 0.999 0.999 1.000 1.000 1.000 1.000 0.993 0.995 0.999 0.992 0.994 0.999
45 - 50 0.999 0.999 1.000 1.000 1.000 1.000 0.994 0.995 0.999 0.993 0.994 0.999
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